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B rain aging involves neurofunctional, neuroanatomical, and
neurochemical changes, and the dynamic interactions
between these levels (see Cabeza, Nyberg, and Park, 2005;
Lindenberger, Li, and Bickman, 2006 for recent reviews). There
are about 100 billion nerve cells in the human brain and each of
these neurons communicates with at least 1,000 other neurons via
synaptic mechanisms. Over 99% of all synapses in the brain use
neurochemical transmissions. This chapter addresses age-related
neurochemical changes that affect neuronal signal transduction.
We focus specifically on age-related impairments in dopamine
(DA) systems and their relationships to cognitive deficits later in
life. Other neurotransmitter systems—most notably acetylcholine,
norepinephrine, serotonin, and glutamate—also undergo altera-
tions during the adult life course (see Morgan and May, 1990;
Segovia et al, 2001 for reviews). Thus far, however, the DA systems
have attracted the most attention and there is mounting evidence
that DA is a key neurotransmitter in the context of cognitive aging.
Molecular imaging methods for assessing age-related decline in
pre- and post-synaptic markers of the dopaminergic systems, as
well as more recent genomic imaging, multimodal imaging, and
computational neuroscience approaches to investigate how dopa-
minergic modulation affects cognitive aging will be particularly
highlighted here.

It was only a half century ago that DA was discovered as an
independent transmitter in the nervous system, as opposed to a
precursor of other transmitters (see Bjorklund and Dunnett,
2007 for review). The dopaminergic systems have, however,
already been widely studied in the context of aging research,
owing mainly to (a) the number of well-characterized biomar-
kers for their pre- and post-synaptic components, (b) the marked
age-related decrements observed, and (c) broad involvement of
DA in a wide range of cognitive functions and Parkinson’s dis-
ease. In the following section, we first describe the major DA
systems in the human brain and methods for imaging these
systems. Then we review evidence for DA’s role in cognition
and the relationship between age-related declines in DA systems
and cognitive aging. In the last section, we highlight emerging
themes and novel approaches that are amenable for investigating

dopaminergic modulation in the aging brain and its functional-
consequences. Although this chapter focuses on DA systems,
age-related changes in other transmitter systems are likely to
also interact with dopaminergic systems to affect cognitive func-
tions. Outstanding issues regarding other transmitter systems
that are likely to interact with dopamine in affecting cognitive
functions will be discussed as well.

DA Systems in the Human Brain

Originating in the mid-brain, DA neurons have wide innerva-
tions to various subcortical and cortical regions that make up
the nigrostriatal, mesocortical, and mesolimbic (see Lewis and
Sesack, 1997 for review), as well as the thalamic dopaminergic
systems (Sanchez-Gonzalez et al., 2003; see Figure 5.1 for a
schematic diagram of the four pathways). The nigrostriatal
and mesolimbic pathways form the two major subcortical DA
systems. The cell bodies of the nigrostriatal DA system are
located in the substantia nigra in the ventral mesencephalon.
The neurons project to the striatum—a region with dense
dopaminergic innervations. The mesolimbic DA system origi-
nates from a more diffuse collection of neurons in the ventral
mesencephalon, medial to the substantia nigra. This region is
called the ventral tegmentum. One portion of the neurons here
projects to limbic regions such as the nucleus accumbens, the
amygdala, the hippocampus, and the anterior cingulate cortex.
A third pathway, referred to as the mesocortical DA system, also
originates from the ventral tegmentum and projects throughout
the neocortex. A fourth pathway that projects to the thalamus,
and may be independent from the nigrostriatal and mesolimbic
systems, has only recently been identified in the primate brain
(Sanchez-Gonzalez et al,, 2005). In line with findings in pri-
mates, the thalamus in humans is also innervated by dopamine.
For instance, relatively high dopamine D2-receptor binding in
the thalamus has been identified in both receptor imaging
(e.g., Ito et al.,, 2008) and in postmortem (Rieck et al., 2004)
studies.
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Figure 5-1

A schematic diagram of major dopaminergic pathways in the human brain. (Adapted from Backman and Farde, 2005 and

Sanchez-Gonzilez et al., 2005; special thanks to the lab of C. Cavada for providing an earlier draft of the figure.)

Post- and Pre-synaptic Components of DA
Systems

The physiological effects of DA are mediated by binding to any of
the five currently identified receptor subtypes (D1-D5). The DA
receptor subtypes have distinct anatomical distributions in the
brain (Meador-Woodruff, 1994) and can thus be viewed as markers
for different clusters of DA-related functions. The five subtypes are
grouped into two families on the basis of structural homology and
biochemical characteristics. The family of DI-like receptors
includes the D1 and D5 subtypes and the family of D2-like recep-
tors including the D2, D3, and D4 subtypes. DA receptors exhibit
tissue- and cell-specific expressions that are modulated during
development, aging, and in conditions such as Parkinson’s disease
(Laurier, O’'Dowd, and George, 1994; Schambra et al., 1994; Stoessl
and de la Fuente-Femandez, 2003). The molecular mechanisms
regulating expressions of DA receptors are not well understood,
and research in this area is just starting (e.g., Pasuit, Li, and
Kuzhikandathil, 2004). The paucity of knowledge makes the task
of developing distinct biomarkers for DA receptors difficult and
complicates the interpretations of findings. In the following, the
two receptor families are referred to as D1 and D2 receptors, as
these are the most highly expressed DA receptor subtypes in the
human brain. In addition, most of the ligands currently used for
receptor imaging do not differentiate among the respective family
members.

DI receptors are more abundant than D2 receptors, reflecting
high concentration not only in the striatum but also throughout
the neocortex (Hall et al., 1994). D2 receptors are highly concen-
trated in the striatum. Lower concentrations are expressed in the
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brain stem and thalamus and concentrations are minute
throughout the neocortex (Kessler et al., 1993). Cortically, the D2
receptors have a regional-specific laminar distribution, located in
Lamina 2 of the lower temporal cortex and in Lamina 6 of the
remaining neocortex (Kohler, Ericson, and Radesater, 1991).
Early work with rodents suggested an anterior-to-posterior
gradient of dopaminergic projections to the neocortex, with a
preferential DA innervation of the frontal cortex (Ungerstedt,
1971). This generally accepted assumption has, however, not been
confirmed by more recent in vitro (Hall et al., 1994; Kessler et al.,
1992) and in vivo (Farde et al., 1997) data. Specifically, studies in
human subjects demonstrate a homogenous distribution of D1
receptors across the neocortex, and a preferential localization of
D2 receptors in the ventral temporal cortex. The species differences
in receptor distribution are consistent with findings that dopami-
nergic terminals are restricted to the frontal lobes in rodents,
whereas they are more widely distributed, though with varying
degrees of concentrations, across the entire cortex in monkeys
and humans (Brown and Goldman, 1977; Gaspar et al., 1989).
Most DA receptors are located on postsynaptic neurons,
although a small proportion is expressed on dopamine nerve term-
inals. The autoreceptors that are presynaptically located on nerve
terminals (Carlsson, 1975) regulate dopamine synthesis and release
and belong to the family of D2-like receptors (Roth, 1984). DA is
synthesized at the presynaptic terminal—a process that is deter-
mined by the enzyme tyrosine hydroxylase (TH) that converts
tyrosine to the DA precursor, dopa (see Figure 5.2). The DA
transporter (DAT) is a membrane-bound protein that serves as a
regulator of the synaptic concentration of DA at nerve terminals
(Giros et al., 1992). The DAT provides a rapid and efficient

9/5/2009 07:09 Page:72



Published in: W. Jagust & M. D'Esposito (Eds.), Imaging the aging brain (pp. 71-91). Oxford: Oxford University Press.

| OUP + UNCORRECTED PROOF |

5. Dopaminergic Modulation of Cognition in Human Aging 73
Presynaptic neuron Postsynaptic neuron
: DAT
D2R
D3R
Tyr ==3»Dopa ==p- Dopamine
D4R
pamine
Autoreceptor receptors

Figure 5-2 A schematic diagram of a DA synapse in the striatum with pre- and postsynaptic components. (Adapted with permission from Bickman

and Farde, 2005; copyright Oxford University Press.)

mechanism for reuptake of synaptic dopamine, and is essential for
the regulation of dopamine neurotransmission (Giros et al., 1996).
It has been suggested that the concentration of DAT may serve as a
marker of the homeostatic tone of the DA system (Jaber etal., 1997;
Jones et al., 1998). In addition, it should be noted that a small
population of presynaptic D2 receptors also participate in the
regulation of DA release (Roth, 1984). The highest concentration
of the DAT is found in the striatum, with much lower concentra-
tion in the brain stem and the thalamus (Ito et al, 2008).
Importantly, DAT is not expressed in the neocortex, where the
noradrenaline transporter serves as a regulator of DA concentra-
tion. Other than the DAT, which is a DA specific transporter, the
vesicular monoamine transporter (VMAT) is another presynaptic
protein that transports monoamines, including DA, norepi-
nephrine, and serotonin (Chen et al, 2008; Taylor et al, 2000).
The VMAT— specifically the type-2 transporter VMAT2—trans-
ports intracellular monoamines into the synaptic vesicles and is
expressed in all monoaminergic neurons. In the striatum, 95% of
the VMAT?2 binding takes place in dopaminergic neurons (Taylor
etal.,2000). A schematic illustration of the different components of
the striatal DA synapse is shown in Figure 5.2.

Imaging Dopaminergic Systems

The concentration of most receptor proteins in the brain is in the
nanomolar range. Such low concentrations cannot be detected
using magnetic resonance (MR)-based techniques. The nuclear
medicine imaging techniques, positron emission tomography
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(PET) and single photon emission tomography (SPECT), are
ideal for this purpose, as they have a clear sensitivity advantage
over MR-based techniques (Bickman and Farde, 2005). The PET
and SPECT techniques employ radioactive tracers to generate
images reflecting the distribution of ligands (i.e., signal triggering
molecules that bind to specific target receptors of transmitters) for
specific molecules in the brain, and they can be used to study the
synthesis and release of neurotransmitters and the availability of
receptors (see McGuire et al., 2008 for review). PET detects rather
short-lived radionuclides that decay via release of a positron,
whereas SPECT detects more long-lived radionuclides that decay
by release of a gamma ray.

Various ligands for imaging the different pre- and
postsynaptic markers of the dopaminergic systems in the human
brain have been developed (see Cropley et al., 2006; Halldin et al.,
2001, for overviews). PET studies on biochemical markers for
specific neurotransmission systems depend on the availability of
suitable ligands that can be rapidly labeled with short-lived radio-
nuclides such as carbon-11, which has a half-life of 20.3 minutes.
An advantage of radio-labeling with carbon-11, by substitution of
the naturally occurring carbon-12, is that the structure and proper-
ties of the molecule remain unchanged. When conducting a PET
study, a trace amount of about 1 ug of the radioligand is injected
intravenously and brain radioactivity is measured continuously for
about one hour while the subject lies on a scanner table with the
head fixated. The relatively long acquisition time is one reason for
the excellent test-retest reproducibility, which is usually
within 5% of discrepancy (Nordstrom et al., 1992). The binding
potential (BP) is a commonly used parameter in PET research on
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neuroreceptor binding. This parameter represents the ratio Bmax/
Kd, where Bmax is the concentration of a protein in a brain region
and Kd is the apparent in vivo affinity of the radioligand for the
receptor. .

The benzazepine [11C|SCH23390 was the first radioligand
developed for PET visualization of the DI receptor (Farde et al.,
1987) and has since been a reference ligand for this purpose.
[TICINNCI12 is a more recently developed ligand that provides
a higher signal-to-noise ratio for cqrtical DI receptors (Halldin
et al.,, 1998). The most commonly used radioligand for PET exam-
ination of D2 receptors is [ 1 1C]raclopride (Farde et al., 1986). This
ligand is suitable for quantification in regions with a high density of
D2 receptors (ie., the striatum). Another radioligand,
[11C]FLB457, has a very high affinity for D2 receptors and is one
example of ligands suitable for visualization of low-density D2
populations in the limbic system and the neocortex (Farde et al.,
1997). More recently, the BP of [11C]FLB457 in the hippocampus
has been found to be positively correlated with measures of
episodic memory and executive control in young adults
(Takahashi et al., 2006).

The L-[18F]DOPA was the first radiotracer developed for
imaging of the presynaptic DA neuron (Gamett et al., 1983). PET
studies with L-[ I8F]DOPA provide the rate constant k3, which is
assumed to serve as an index of DA synthesis. The tracer
6-[18F]fluoro-L-m-tyrosine (FMT) is another marker for quanti-
fying presynaptic DA synthesis (Cools et al., 2008; Eberling et al.,
2004; Nahmias et al., 1995). Further, different cocaine analogues
have been developed for quantifying DAT BP. Of these, [123I]
B-CIT is the most widely used ligand for SPECT imaging of the
DAT (Neumeyer et al,, 1991). This ligand, however, also has an
affinity for serotonin and noradrenaline transporters. Analogues
such as [11C]B-CIT-FE (Farde et al, 2000) and [11C] PE2l
(Halldin et al., 2003) provide a more selective signal and are
currently used in PET studies. In particular, [11C]PE2I is also
promising for detailed examination of extrastriatal DAT popula-
tions, such as those in the midbrain. Regarding PET imaging of
striatal VMAT, [ 11C]dihydrotetrabenazine (DTBZ) is a commonly
used ligand (Frey et al., 1995).

In summary, various ligands have been developed for imaging
different components of the dopaminergic systems using PET or
SPECT techniques. It is currently possible to use a range of mole-
cular imaging methods to assess striatal or extrastriatal dopamine
D1 and D2 receptor binding, DAT binding, and endogenous DA
synthesis rate, with some ligands being appropriate for the
striatal ([11C]raclopride) and others for the extrastriatal
(e.g., [11C]FLB457) components of the DA systems (see Frankle,
2007 for review). Efforts at establishing a normative molecular
imaging database of DA systems in healthy individuals are emer-
ging (Ito et al., 2008). With these methodological developments,
receptor imaging technologies provide new avenues for under-
standing the age-related decline in pre- and postsynaptic mechan-
isms of DA systems and their implications for cognitive deficits in
late life.

DA and Cognition

Data from animal work, clinical and pharmacological research,
candidate gene association studies, and computational neu-
roscience all converge to demonstrate a major influence of dopa-
minergic modulation on a wide range of cognitive functions.
Ample evidence from animal studies shows that lesions on the
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DA systems at multiple sites (e.g., prefrontal cortex, nucleus
accumbens, subthalamic nucleus) cause impairment in higher-
order cognitive functions such as attention, memory, and inhibi-
tion (see Backman et al,, 2006, for review). Clinical studies on
patient groups with severe alterations of the DA systems
(e.g., Parkinson’s disease and Huntington’s disease) reveal deficits
in several cognitive functions such as executive functioning, epi-
sodic memory, and cognitive speed (Brown and Marsden, 1990;
Brandt and Butters, 1986). Moreover, PET studies show strong
relations between DA biomarkers and cognitive performance
assessed outside the scanner in both Parkinson’s (Bruck et al,
2005) and Huntington’s (Backman et al., 1997) patients.

A range of association studies with candidate genes impli-
cating dopaminergic neurotransmission provided further support
for the DA-cognition link. For example, the COMT enzyme
degrades DA in the prefrontal cortex (Weinshilboum et al,
1999). A common val/met polymorphism accounts for much of
the enzymatic activity (val > met), resulting in less DA availability
in frontal DI receptors among val carriers (Egan et al., 2001).
In executively demanding tasks (e.g., working memory,
Wisconsin Card Sorting) an advantage of met carriers has been
found (see Goldberg and Weinberger, 2004 for review). Relatedly,
variations in the DAT gene (i.e., number of tandem repeats) are
associated with DAT availability in the striatum (more repeats >
fewer repeats), translating into less synaptic dopamine for persons
with more repeats (Maher et al., 2002). Alleles with 9 or 10 repeats
are most common (Mitchell et al., 2000). Behavioral evidence
shows lower performance among 10-repeat carriers in tasks asses-
sing speed and attention (Loo et al., 2003) as well as response
inhibition (Cornish et al., 2005).

Whereas gene-association studies on the DA-cognition link
build on individual differences in genetic predispositions for dopa-
minergic modulation, pharmacological studies intervene directly
with activity in the dopaminergic systems. Pharmacological
manipulations of the DA systems (i.e., increased activity through
agonists or decreased activity through antagonists) have been
shown to affect cognition in humans and animals alike. In general,
agonist studies indicate performance benefits in cognitive tasks
(e.g., working memory, speed, attention, and reinforcement
learning), whereas antagonist studies show decrements in the
same task domains (Halliday et al., 1994; Luciana and Collins,
1997; Pizzagalli et al., 2008; Ramaekers et al., 1999; Sawaguchi
and Goldman-Rakic, 1991; Servan-Schreiber et al, 1998).
However, the effects of these compounds are not entirely consis-
tent. In particular, they tend to vary with dosage and baseline
cognitive capacity (Kimberg and DEsposito, 2003; Kimberg,
DEsposito, and Farah, 1997). These findings have been interpreted
in terms of an inverted U-shaped function relating DA levels to
cognitive performance (Cai and Arnsten, 1997; Cools et al., 2001;
Goldman-Rakic, Muly, and Williams, 2000; Knutson and Gibbs,
2007; Liand Sikstrom, 2002). Evidence in favor of thisaccount was
obtained in a study that combined molecular genetics with phar-
macology and brain imaging (Mattay et al., 2003). In this study, val
carriers of the COMT gene (less frontal DA signaling) had to
recruit more frontal tissue than met carriers to achieve the same
performance level in a working-memory task, a pattern suggesting
lower neural efficiency among val carriers. Under the influence of a
DA agonist, however, the pattern was reversed, with the val carriers
showing a more efficient frontal response and the met carriers a less
efficient response. Obviously, this pattern of data provides direct
support for the viability of the inverted U-shape account of DA and

cognition.
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In addition to these lines of empirical evidence, various com-
putational approaches have been introduced to understand the
mechanisms whereby dopaminergic modulation affects cognition
(see Rolls et al., 2008 for review). These attempts range from
realistic biophysical firing rate models.of how D1 and D2 receptors
affect the stability of working memory representations ( Durstewitz,
Seamans, and Sejnowksi, 2000; see also Seamans and Yang, 2004,
for review) to more abstract models of dopaminergic effects on the
dynamic connectivity between prgfrontal cortex and basal ganglia
(O'Reilly and Frank, 2006). Other models focus on DA’s general
computational role in affecting the signal-to-noise ratio of neu-
ronal signal transduction (Cohen and Servan-Schreiber, 1992; Li,
Lindenberger, and Siktrom, 2001) or outcome-based valuation in
reinforcement leaming (see Montague, Hyman, and Cohen, 2004
for review).

Although the different computational approaches differ in
their level of analysis and biophysical specificity, one basic assump-
tion shared by most theories is that dopaminergic modulation
influences the properties of neuronal representations of cognitive
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and perceptual events. For instance, a two-stage model of
dopaminergic modulation of working memory aims at capturing
the dynamic interactions between DA and NMDA receptors in
affecting the neuronal representations of memory items in the
prefrontal cortex (Durstewitz, Seamans, and Sejnowksi, 2000).
Specifically, when D2 receptor modulation predominates during
the first stage, the prefrontal cortex (PFC)network is supposed to
be in an exploratory state with multiple weak representations.
However, in a second stage, when D1 receptor modulation pre-
dominates, heightened inhibitory mechanisms weed out weaker
representations, and enhance the representation of the stronger
inputs (Seamans and Yang, 2004; see Figure 5.3a). This effect is
nicely paralleled by results from other models that aim at expli-
cating the computational effect of dopaminergic modulation on
the signal-to-noise ratio of information processing at a more molar
level (Cohen and Servan-Schreiber, 1992; Li, Lindenberger, and
Sikstrom, 2001). As the gain parameter of a neural network’s
activation function is attenuated or increased to mimic
deficient or excessive dopaminergic modulation, respectively, the

Figure 5-3 (a) A two-stage model of dopaminergic
modulation of memory representations in the prefrontal
cortex. Plotted are simulations of activation in PFC. Peaks
denote activated states, corresponding to the sustained
recurrent activity required to hold items in working
memory. The left panel shows the exploration state, where
D2 modulation pred tes, with a net reduction in
inhibition resulting in multiple weak representations. The
right panel shows the representation sharpening state,
where D1 modulation predominates, with a net increase
in inhibition resulting strong focused representation.
(Adapted with permission from Seamans and Yang, 2004,
copyright Elsevier.) Dopamine modulates the

signal-to- noise ratio of neural information processing and

affects the (b) distinctiveness of memory representations
(¢) and memory span. Simulating deficient or excessive
dopaminergic modulation, by respectively attenuating or
increasing the gain parameter (G) of the activation

(b)

Very lgh wean G

function of a neural network, results in less distinctive
internal representations. Less distinctive representations,
in turn, result in limited memory spans. (Adapted with
permission from Li and Siktrom, 2002; copyright
Elsevier.) |
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distinctiveness of stored memory items’ internal presentations is
reduced. Less distinctive representations result in more limited
memory span, and account for the aforementioned inverted-U
function relating DA signaling to working memory performance
(Li and Sikstrom, 2002; see Figure 5.3b and 5.3¢).

Changes in DA Systems during Aging

During the course of normal ag;ng, dopaminergic systems
undergo substantial decline (see Figure 5.4 and Table 5.1 for
overview). Much of the work on the relationship between aging
and DA neurotransmission has focused on the caudate and
the putamen—two major nuclei in the striatal complex with
dense dopaminergic innervation from the substantia nigra.
Thus, the conditions for reliable analyses of DA biomarkers are
particularly favorable in the striatum. There is strong evidence
for age-related losses of pre- and postsynaptic biochemical mar-
kers of the nigrostriatal DA system. Regarding presynaptic
mechanisms, both PET and SPECT studies (Erixon-Lindroth
et al,, 2005; Mozley et al., 2001) indicate marked age-related
losses of the DAT in the striatum (see Figure 5.4a), the average
decline estimated to be 5-10% per decade from early to late
adulthood. For postsynaptic mechanisms, molecular imaging
work reveals age-related losses of both striatal DI (Suhara
et al., 1991; Wang et al., 1998) and D2 (Antonini et al., 1993;
Nordstrom et al., 1992) receptor densities of comparable magni-
tude as found for the DAT (see Figure 5.4a and 5.4b). Age-related
decline in receptor density might contribute to dendritic spine
loss (Lacor, 2007). An issue for future research to determine is

(a) Slriatal DAT Bincing
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Table 5-1 Cross-sectional estimates of percentage of
decade-by-decade decline in dopamine D2 receptor binding
mechanisms in various extrastriatal regions reported in two
studies.

Kaassinen et al. 2000 Inoue etal. (2001)

Brain Regions % %
Frontal 11 14
Temporal 10 12
Parietal - 13
Occipital 12
Hippocampus 10 12
Amygdala " -
Thalamus 5 5

the temporal ordering between age-related changes in DA mar-
kers and corresponding anatomical alterations, such as changes
in dendritic morphology and grey-matter and white-matter
integrity.

A similar downward age trajectory is seen for the mesocortical
and mesolimbic dopaminergic pathways. Thus, marked age-related
losses in D2 receptor binding have been observed throughout the
neocortex as well as in the hippocampus, amygdala, and thalamus.
Table 5.1 summarizes cross-sectional estimates of percent reduc-
tion per decade in D2 binding efficacy in various extrastriatal
regions from two independent studies with Asian and Caucasian
samples (Inoue et al., 2001; Kaasinen et al., 2000). Figure 5.4 (c, d)

(b) Strizlal D2 Recepler Binding

(@ D2 Receptor hinding

Fronta cortex

Dinding potential

Figure 54  Age-related decline in pre- and postsynaptic dopamine binding mechanisms: (a) Striatal DAT binding (Adapted with permission from
Erixon-Lindroth etal, 2005; copyright Elsevier. ); (b) Striatal D2 receptor binding (Adapted with permission from Kaasinen and Rinne, 2002; copyright
Elsevier.); (¢) D1 receptor binding in frontal cortex (Adapted with permission from Suhara et al., 1991; copyright Springer-Verlag.); (d) D2 receptor
binding in frontal cortex. (Adapted with permission from Kaasinen and Rinne 2002; copyright Elsevier.)

9780195328875_0071-0092_Jagust_IMAGE_ChO05

9/5/2009 07:11 Page:76



Published in: W. Jagust & M. D'Esposito (Eds.), Imaging the aging brain (pp. 71-91). Oxford: Oxford University Press.

5. Dopaminergic Modulation of Cognition in Human Aging

portrays a decline in D1 and D2 receptor binding in the frontal
cortex across the adult lifespan.

The general age-related decline of DA systems may have mul-
tiple sources, including neuronal loss in the substantia nigra, loss of
synapses, and a decrease of biomarker proteins per neuron with
advancing age (see Bickman et al., 2006 for review). There is an
age-related reduction of DA cell bodies in substantia nigra, with an
average loss of around 3% per decade (Fearnley and Lees, 1991).
In a unique study, post-mortem cgll 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. There is also a
reduction of synapses that progresses from childhood through
adulthood to old age, which may reflect both adaptive, plastic
processes during development and predominantly nonadaptive
loss in late life (Gopnic, Meltzoff, and Kuhl, 1999). Finally, 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 (De Keyser et al., 1990; Seeman et al., 1987; Severson et al.,
1982). Thus, the bottom line is that age-related alterations in
neuronal number, synapses, and protein concentrations may all
contribute to the general decline of DA systems with advancing
adult age.

The fact that similar age patterns are seen for DATs and
postsynaptic markers suggests that the expression of transporters
and receptors may reflect adaptation of major dopaminergic
pathway components. One possibility derived from work on
knockout mice is that the loss of DATSs initially results in increased
DA concentrations; increased DA levels may subsequently lead to
down regulation of neurotransmission in postsynaptic neurons
(Shinkai et al., 1997; Zhang et al., 1995).

The Correlative Triad: Dopamine, Cognition,
and Aging

So far, we have reviewed evidence indicating (a) a marked negative
relationship between adult age and multiple DA markers, and
(b) that DA is implicated in a range of cognitive functions. There
is also strong evidence of a negative relationship between adult age
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and performance in tasks assessing various cognitive abilities,
including executive functioning, episodic memory, and speed (see
Craik and Salthouse, 2007 for reviews). The fact that performance
in the very same task domains is influenced by DA functions
suggests that there might be a correlative triad among adult age,
DA, and cognition. In examining this triad, the key issue is whether
alterations in dopaminergic neuromodulation over the lifespan can
be empirically linked to age-related cognitive changes. Although
relatively few studies have addressed this issue, the data pattern is
strikingly consistent.

Wang et al. (1998) reported strong relationships among age,
striatal D1 receptor binding, and performance in a psychomotor
test. Similar results were obtained in a study examining the associa-
tion between 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 the same groups of
participants.

In a seminal study, Volkow et al. (1998) assessed striatal D2
binding in conjunction with the testing of executive and motor
functioning, as well as perceptual speed across the adult life span.
In line with earlier studies (Antonini et al., 1993, Nordstrém et al.,
1992), D2 receptor binding decreased with advancing age and there
were negative relationships between age and performance in cog-
nitive tests. Of critical importance, partial correlations revealed
moderate-to-strong relationships between D2 binding and cogni-
tive and motor performance, also after controlling for chronolo-
gical age. These results suggest that age-related decreases in DA
function are related to deficits in both cognitive and motor func-
tioning, and that DA activity may influence performance
irrespective of age.

These findings were corroborated in a related study (Bickman
et al,, 2000) that examined striatal D2 binding and cognitive per-
formance (episodic memory and perceptual speed) in an adult
life-span sample. The key finding was that statistical control of
D2 binding effectively eliminated the influence of age on cognitive
performance, whereas D2 binding contributed to performance
over and above that of age (see Table 5.2). The results provide
further evidence for the view that DA is implicated in age-related
cognitive deficits as well as in cognitive functioning in general.

Other research has extended these findings to presynaptic DA
markers such as DATs. Mozley et al. (2001) reported age-related
reductions of DATs in the striatum along with age-related deficits
in verbal episodic memory. Importandy, striatal DAT binding was

Table 5-2 Hierarchical regression analyses showing the relative influences of age and dopamine D2 receptor
binding on key measures of cognitive aging. (Adapted with permission from Béckman et al., 2000; copyright

American Psychiatric Publishing.)
Tests of Perceptual Speed Tests of Episodic Memory

Regression Variable Dots Trial Making A Word Recognition Face Recognition
Age First

Age 0.52 0.34 0.13 0.27

D2 binding 0.11 0.22 0.27 0.24

Both Age and D2 0.63 0.56 0.40 0.51
D2 Binding first

D2 binding 0.61 0.55 0.38 0.48

Age 0.02 0.01 0.02 0.03

Both D2 and Age 0.63 0.56 0.40 0.51
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Table 5-3 Hierarchical regression analyses showing the relative influences of age and dopamine transport
(DAT) binding on key measures of cognitive aging (presented are R2). (Adapted with permission from

Erixon-Lindroth et al. 2005; copyrigh Elsevier)

Tests of Executive Function

Tests of Episodic Memory
Regression Variable Word Recognition Face Recognition Working Memory Letter Fluency
Age First
Age 031 0.28 040 0.15
DAT binding =% 0.24 0.13 0.13 0.16
Both Age and DAT 0.55 041 0.53 0.31
DAT Binding first
DAT binding 0.46 0.40 0.49 0.30
Age 0.09 0.01 0.04 0.01
Both DAT and Age 0.55 041 0.53 0.31

strongly associated with memory performance in both younger and
older adults. An age-related decrease of DAT density in the caudate
and putamen was also documented by Erixon-Lindroth et al.
(2005). This study revealed age-related deficits in tests of episodic
memory, working memory, and word fluency, but not in a test of
general knowledge. As in the Backman et al. (2000) study on D2
receptors, the age-related cognitive deficits were completely
mediated by DAT density, although DAT density contributed to
the performance variation in memory and fluency independent of
age. The latter finding was substantiated by the result that DAT
density also was related to performance in the age-insensitive
knowledge test (Table 5.3).

Taken together, the available evidence shows that pre- and
postsynaptic markers of the nigrostriatal dopamine system are
strong general correlates of cognitive performance, as well as
powerful mediators of the cognitive changes that occur across
adulthood and old age. In light of DA’s critical role in age-related
cognitive deficits, a range of new research themes and paradigms
has recently been proposed for furthering our understanding of the
mechanisms through which the DA systems change and affect
cognition during aging. In the remainder of this chapter we will
highlight some of these new approaches and emerging themes, as
well as delineate some outstanding issues for future research on the
aging-DA-cognition link.

Emerging Themes and Novel Approaches

In terms of new themes in cognitive aging research, the issues of
(a) whether the relationhip between DA and cognitive deficits is
domain-general or function-specific, (b) reduction in adaptive
flexibility (or plasticity) when confronted with cognitive challenges
or intervention, (c) age-related increases of noise (or fluctuation)
in neural and cognitive processes, and (d) changes in decision-
making processes, could all be linked to age-related declines in
dopaminergic modulation. With regard to new research para-
digms, genomic imaging and pharmacological intervention
approaches are extended to investigate the functioning of the
various DA systems. Similarly, multimodal imaging approaches
that combine receptor imaging and functional imaging are parti-
cularly important for understanding the dynamics of dopaminergic
modulation. Below we present these new approaches in turn.
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General or Specific Dopaminergic Effects on
Cognitive Aging

Extant evidence seems to suggest that, during the process of aging
different aspects of DA systems are similarly affected (Backman etal.,
2006). In this regard, there is a discrepancy between human and
animal research conceming the specificity of the DA-cognition rela-
tionship. Studies on aging (Biackman et al., 2000; Erixon-Lindroth
et al., 2005; Volkow et al, 1998), as well as corresponding
research on patients with basal ganglia disorders (Bickman et al.,
1997; Lawrence et al., 1998), show that markers of DI, D2, and
DAT binding in both the caudate and the putamen show strong-
relationships to each other, as well as to cognitive performance. By
contrast, dissociative pattems have been found in monkeys both
with regard to receptor subtypes as well as regions in the fronto-
striatal network. For example, Williams and Goldman-Rakic (1995)
showed that a DI agonist modulated working-memory fields,
whereas a D2 agonist caused changes in the integration of motor
and motivational capacities. Wang et al. (2004) found that D2
receptors modulated memory-guided saccades in a working-
memory task, whereas DI receptors modulated persistent
memory-related activity.

To be sure, most of the studies involving primates are based on
acute pharmacological challenges, whereas the human studies
address interindividual variability over several decades. The possi-
bility for adaptive regulatory mechanisms (Shinkai et al., 1997;
Zhang et al.,, 1995) reducing the chance of finding selective effects
is obviously greater in the latter case. Also, in contrast to single-cell
recordings, one might question whether the measurement devices
in human research (e.g., PET) are sensitive enough to detect
potential differences between different DA markers regarding
their role in cognitive functions. In particular, it is still difficult to
apply PET imaging in a dynamic, event-related sense, which is
central for deciphering functional specificities. At the same time,
relatively few molecular-imaging studies have addressed the
DA-cognition relationship, and the research is characterized by
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.

Using a sample of middle-aged adults, Cervenka et al. (2008)
recently examined whether D2 receptor binding in different
regions within the striatal complex are selectively implicated in
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Figure 5-5 (a) A schematic figure of the anatomical connectivity in striatum. (b, ¢ ) Coronal MRI sections depicting manually drawn ROIs for striatum
in one subject—posterior and anterior to the anterior commissure, respectively. Right hemisphere is showed, left side of the image is lateral. (d, ¢)
Corresponding PET sections showing [11C]raclopride binding in the same subject, with ROIs superimposed. LST = limbic striatum; AST = associative
striatum; and SMST = sensorimotor striatum. (Adapted with permission from Cervenka et al., 2008; copyright Elsevier.)

episodic memory, knowledge, and word fluency. They subdivided
the striatum into ventral (nucleus accumbens, ventral caudate, and
putamen), associative (mostly caudate, dorsal putamen), and sen-
sorimotor (mostly putamen, dorsolateral caudate) compartments
(see Figure 5.5; Alexander, DeLong, and Strick, 1986; Martinez
et al., 2003; Parent and Hazrati, 1995). Of chief interest was
whether D2 binding in the ventral striatum would be especially
critical to episodic memory. Supportive evidence for this hypoth-
esis comes from fMRI research showing that coactivation of ventral
tegmentum, nucleus accumbens, and hippocampus strongly pre-
dicts episodic recall of reward-related items (Adcock et al., 2006;
Wittmann et al.,, 2005). Relatedly, the BOLD signal in ventral
tegmentum has been found to reflect reward probability
(D’Ardenne et al., 2008). Furthermore, initial evidence from phar-
macological fMRI work in humans and in rodents suggests that
BOLD responses increase with drug-induced DA releases in ventral
striatum and nucleus accumbens (see Knutson and Gibbs, 2007 for
review).

In general, the data from Cervenka et al. (2008) were in
agreement with the hypothesis: First, the relationship between
ventral striatal D2 binding and episodic memory was stronger
than for the other striatal compartments. Conversely, D2 binding
in associative and sensorimotor striatum was more strongly related
to performance in the knowledge and fluency tasks compared to
ventral striatum (see Table 5.4). Thus, these findings extend the
fMRI observations (Adcock et al., 2006; Wittman et al.,, 2005) to the

level of neuromodulation and suggest that the striatum, at least in
part, may be functionally compartmentalized regarding higher-
order cognition. This approach could be extended to brain regions
outside the striatum in addressing several important issues. For
example, could it be that age-related dopamine losses in a parti-
cular brain area (e.g., putamen) are more critical than DA losses in
other areas (e.g., frontal cortex, hippocampus) for certain domains
of cognitive functioning (e.g., psychomotor speed), whereas the
opposite pattern holds true for other cognitive domains
(e.g., working memory)? Of interest is also whether potential
regional selectivity regarding the DA-cognition link remains the
same or is attenuated in aging. The latter outcome would suggest
dedifferentiation of the dopamine system in advanced age—
a pattern that has often been found for various cognitive abilities
(Chen, Myerson, and Hale, 2002; de Frias et al., 2007; Grady, 2002;
Li et al,, 2004; Lindenberger and Baltes, 1994).

DA Release during Cognitive Activity

Until recently, cognitive performance in molecular imaging studies
linking DA functions to cognition was assessed outside the scanner;
thus the biomarker (e.g., receptor densities) was related to the
off-line cognitive markers (see Cropley et al., 2006 for review).
There is, however, emerging evidence for the actual release of
dopamine during cognitive activity. A paradigm used to address

Table 5-4 Relationship between D2 binding potential in striatal subregions and cognitive performance (presented
are correlation coefficients). (Adapted with permission from Cervenka et al., 2008; copyright Elsevier.)

Paired Associate Word Recognition Delayed Pattern Information Category
Learning Recognition Fluency
Limbic 0.67 0.56 047 033 042
Associative 0.66 0.44 0.39 0.59 0.69
Sensorimotor 0.50 0.29 0.24 048 0.72
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this issue involves contrasting DA binding in two conditions
varying in cognitive load. DA release is inferred if the BP is lower
under the high-load condition compared with the low-load condi-
tion. This is so because the binding of the ligand to receptors is
supposed to compete more fiercely with endogenous DA when
conditions are more cognitively challenging. For instance, an
early study showed that the [11CJraclopride-labeled D2 receptor
binding in the striatum is reduced when individuals played a video
game that required goal-directed motpr activities in comparison to
the baseline condition (Koepp et al., 1998). More recently, a range
of studies using similar paradigms also found reduced DA receptor
binding during cognitive activities. Specifically, in young adults
there is evidence for DA release in frontal cortex and hippocampus
during working-memory performance (Aalto et al, 2005; see
Figure 5.6), and evidence for striatal DA release during both
card-sorting (Monchi, Ko, and Strafella, 2006) and sequential
leaming (Badgaiyan, Fischman, and Alpert, 2007).

A recent PET D2 receptor imaging study also showed that
caudate BP was sensitive to the demands of cognitive control,
suggesting increased endogenous DA release due to increased
executive requirements (Sawamoto et al., 2008). However, this
task-induced alteration of D2 binding was not observed in
Parkinson patients, likely reflecting deficient striatal DA modula-
tion in this disease.

The fact that it is possible to demonstrate DA release in
young adults during cognitive activity (Aalto et al, 2005;
Badgaiyan, Fischman, and Alpert, 2007; Monchi, Ko, and
Strafella, 2006; Sawamoto et al., 2008) opens up the opportunity
for interesting age-comparative work on this topic. We know
that age-related cognitive deficits are especially pronounced in
tasks that require active (executive) stimulus-processing (Craik
and Salthouse, 2007). We also know that DA markers are
strongly related to performance in executively demanding tasks
(Biackman et al., 2000; Erixon-Lindroth et al., 2005 Volkow
et al, 1998). Given these observations, we might hypothesize
that age differences observed in executively demanding tasks

Figure 5-6  Molecular imaging findings of DA release during cognitive
activity. Compared with a vigilance task, DA D2 receptor binding (with
[11C]FLB 457 as the tracer) decreased during a working memory task
bilaterally in the ventrolateral frontal cortex (a—) and in the left medial
temporal lobe (d). Compared with resting state baseline, both the vigilance
task (e) and the working memory task (f) induced a decrease in D2 receptor
binding in left ventral anterior dingulated. (Adapted with permission from
Aalto et al., 2005; copyright Society of Neuroscience 2005.)

9780195328875_0071-0092_jJagust_IMAGE_Ch05

partly reflect the fact that such tasks require excessive DA release
to be successfully performed (Mattay et al., 2003). As a result,
age-related DA losses should be particularly detrimental relative
to less demanding tasks.

Karlsson et al. (2008) examined this hypothesis by measuring
D1 receptor binding in young and old adults while they performed
the Multi-Source Interference Task (Bush et al., 2003) compared to
that while they were at rest. This task measures the ability to inhibit
prepotent responses. Although age-group differences were rela-
tively small, the young outperformed the old with regard to both
accuracy and latency. In line with corresponding work on D2
receptors (Aalto et al., 2005; Monchi, Ko, and Strafella, 2006), the
young adults showed less binding of the ligand to striatal D1
receptors during the interference task compared with baseline.
This may reflect displacement because of competition with endo-
genous DA as a function of the cognitive challenge (Laruelle, 2000).
The apparent increased release of DA in the young was seen in the
ventral, associative, and sensorimotor compartments of the
striatum. Most intriguingly, the pattern of data was very different
for the old sample, which showed no differences whatsoever in D1
receptor binding between the two conditions. This null effect
suggests unaltered DA release during executive performance in
old adults—a less responsive neurotransmitter system in face of a
cognitive challenge.

Another paradigm for examining activity-dependent DA
release is cognitive intervention or training research. Animal stu-
dies show that habitual exercise increases plasticity of the dopami-
nergic systems. Specifically, wheel-running training in rats
increased tyrosine hydroxylase mRNA expressions and reduced
D2 autoreceptor mRNA in the substantia nigra, as well as increased
postsynaptic D2 receptor mRNA in caudate and putamen (Foley
and Fleshner, 2008). These results suggest that habitually physically
active animals may have an enhanced ability to increase DA synth-
esis and reduce D2 autoreceptor-mediated inhibition of DA neu-
rons in the nigra, as compared to sedentary animals. Thus far, there
is no direct evidence for age-related changes in training or activi-
ty-induced DA release in humans. Combining molecular imaging
with cognitive intervention, future research should examine
whether these findings on activity-dependent plasticity in DA
synaptic mechanisms may generalize to humans, and whether the
extent of this type of plasticity is affected by aging. To this end, a
recent fMRI study on the effects of cognitive training showed that
an age-related deficit in task-relevant striatal activation might
constrain the transfer of learning in older adults (Dahlin et al,,
2008).

Several outstanding issues remain to be investigated in
research on DA and cognitive activity. These include the relation-
ship between DA release and BOLD activation in fMRI studies
(Knutson and Gibbs, 2007), and how this relationship might
change with advancing age. Further, behavioral studies demon-
strate that, although young adults typically benefit more than old
adults from cognitive training, there is still a sizable cognitive
reserve capacity in aging (Hill, Bickman, and Stigsdotter-Neely,
2000; Nyberg et al., 2003). Thus, it would be of interest to examine
whether the negative findings for D, binding in older adults
reported by Karlsson et al. (2008) are modifiable through sys-
tematic training. Relatedly, investigating training-related changes
in transient neurocognitive processes that could be linked to D,
receptors (Bilder et al,, 2004), such as updating (O’Reilly, 2006),
constitutes an interesting avenue for future research. How the
dynamic relationship between transient (D2-related) and sustained
(DI-related) DA systems (Grace et al., 2007) might change with age
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and is modulated by genetic background (e.g., COMT status;
de Frias et al,, 2008) will also be a key issue in cognitive DA research
in the years to come.

Deficient Dopaminergic Modulation and
Decreased Processing Robustness

Recent empirical evidence and theoretical models suggest that
increased within-person performance fluctuations flag suboptimal
neuronal information processing (see MacDonald, Nyberg, and
Backman, 2006 for review). Empirically, higher levels of within-
person behavioral variability on sensorimotor, perceptual, and
cognitive tasks are often accompanied by lower mean levels of
performance, and are indicative of processing alterations associated
with aging or pathology (e.g., ADHD, traumatic brain injury,
schizophrenia, Parkinson’s disease, and dementia; see
MacDonald, Nyberg, and Bickman, 2006 for review).
Within-person performance fluctuations (e.g., from trial to trial
or session to session in reaction time or memory tasks) increase
with advancing age for a variety of cognitive functions (Li et al.,
2004), indicating decreases in processing robustness in late life.
Conversely, during child development, performance fluctuations
decrease as brain and cognitive functions mature (see Figure 5.7a).

Figure 5-7 (a) Lifespan age differences in @

It is criticll to note that age-related differences in
within-person fluctuations are not simply an artifact of mean-level
differences, for these are routinely partialed out in the analysis of
within-person variability. On a cognitive level, performance fluc-
tuations are thought to reflect momentary lapses of attention—
a failure to exert executive control (West et al., 2002).
Consequently, it has been argued that the frontal lobes may be
particularly crucial for maintaining stability, hence minimizing
performance fluctuations (Stuss et al., 2003). The fact that patients
with frontotemporal dementia show higher performance fluctua-
tion than Alzheimer patients at the same severity level (Murtha
et al,, 2002) supports this contention. Furthermore, longitudinal
data demonstrate that older adults who exhibit higher within-
person fluctuations declined more in executive functioning over
several years than their more stable counterparts (see Figure 5.7b;
Lovdén, Li, Shing, and Lindenberger, 2007).

Of specific interest here is the link between dopaminergic
modulation and processing fluctuation observed at the behavioral
and neuronal levels. Animal studies have shown that DA receptor
reductions, as observed during aging, not only slow down perfor-
mance but also increase performance variability (MacRae,
Spirduso, and Wilcox, 1988; Schultz et al, 1989). Prefrontal
broadband noise derived from electroencephalogram (EEG) is
increased in patients with schizophrenia, a condition marked by
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dysfunctional dopaminergic neuromodulation. A review of more
recent findings concludes that those groups of individuals who
exhibit high performance fluctuations are often characterized by
alterations in DA functions (MacDonald, Nyberg, and Bickman,
2006). Indeed, neurocomputational work on DA, aging, and cog-
nition suggests that reduced DA activity increases neuronal noise
and results in less distinctive internal representations of percepts of
memory items, which, in tum, leads to increased performance
fluctuations (Li, Lindenberger, and Sikstrém, 2001) and altered
dynamics of interactions between extrinsic neuronal noise and
perceptual noise (Li, von Oertzen, and Lindenberger, 2006).

In the first attempt to directly link DA to processing fluctua-
tions, MacDonald et al. (in press) measured extrastriatal D2
binding in the anterior cingulate, frontal cortex, and hippocampus
in a middle-aged group. Processing fluctuation was assessed in
terms of within-person variability in reaction time during episodic
memory retrieval and concept formation. Because the sample was
relatively age-homogeneous, between-person differences in D2
binding and processing fluctuation were relatively small.
Nevertheless, there were systematic negative correlations between
D2 binding and processing fluctuation across all three brain
regions examined (s ranging from —30 to —.45). Thus, these data
indicate that, even within normal ranges, reduced availability of DA
may result in more fluctuating behavior.

In a related vein, polymorphisms of the gene coding for
catechol O-methyltransferase (COMT), which catabolizes DA in

(a) Simulating dopaminergic modulation

the frontal cortex, are systematically related to performance varia-
bility. As noted, relative to monozygotic carriers of the met allele of
COMT, the degradation rate of DA in the synaptic cleft is about
three to four times faster in monozygotic carriers of the val allele
(Lotta et al, 1995), who also show higher noise levels in EEGs
(Winterer et al, 2004) and fMRI (Winterer et al., 2006) brain
signals during perceptual and cognitive tasks. In line with these
findings, recent genomic studies with young adults show that
reaction times while performing simple cognitive tasks fluctuated
more in COMT val homozygotes than in met homozygotes
(Stefanis et al., 2005). These studies suggest that future research
could benefit from combining individual differences in genetic
predispositions for DA signaling with behavioral and imaging
studies to more directly examining the relationship between defi-
cient dopaminergic modulation and reduced processing robustness
in old age. In this context, the computational approach of stochas-
tically reducing the slope of the sigmoidal activation to
simulate aging-related decline in dopaminergic modulation
(Li, Lindenberger, and Sikstrom, 2001) suggests that increased
processing fluctuation may contribute to age-related decline in
perceptual decision making. More specifically, as aging or indivi-
dual differences in genetic polymorphisms affecting neuromodula-
tion may lead to suboptimal gain modulation of neuronal
signal-to-noise ratio (Figure Figure 5.8a), the extent of random
processing fluctuation increases (Figure 5.8b). This results in less
distinctive perceptual representations (Figure 5.8¢). Future studies

(b & ¢) Functional outcomes on:
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Figure 5-8 Schematic diagram relating functional effects of dopaminergic modulation of neuronal noise to processing characteristics of evidence
accumulation. (a) The role of DA in affecting neuronal signal-to-noise ratio is modeled by the gain parameter (G) of the sigmoidal activation function
(Li, Lindenberger, and Sikstrom, 2001; Servan-Schreiber et al., 1990). The neuronal input-response mapping functions of individuals with optimal
dopamingeric modulation because of advantageous DA genotype are captured by steeper activation functions with higher G and signal-to-noise ratio.
(b) G modulation of signal-to-noise ratio results in less random activation variability in networks simulating optimal DA modulation and greater
variability in networks simulating suboptimal DA modulation. (c) The internal stimulus representations are more distinctive (with fewer units

overlapping in repr ing different
with permission from Li et al., 2001; copyright Elsevier.)
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li) in networks with optimal DA modulation than in networks with suboptimal DA modulation. (Adapted
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should directly examine the interactions between individual
differences in DA-relevant genotypes and aging-related deficits in
dopaminergic modulation on processing fluctuation and the dis-
tinctiveness of neural representations underlying perception and
memory. 2

Dopamine, Aging, and Decision Making

.
During the past decade, evidence from research at neurophysiolo-
gical, neuroimaging, and behavioral levels has converged on the
view that perception and cognition are gradual processes of evi-
dence accumulation amidst noisy sensory information and signal
processing. According to this view, perceptual decisions
(e.g., deciding whether a human face or a physical object, such as
a house, was seen) are made by accumulating sensory information
until a threshold is reached, at which point the decision process
concludes and a motor response is elicited (Heekeren, Marrett, and
Ungerleider, 2008 for review; see Figure 5.9). Moment-to-moment
fluctuations in the sampling of evidence for choice options reflect
noise in the sensory input as well as in the decision process. Formal
sequential sampling models of sensory evidence accumulation
account for memory and decision performance, and related bio-
physical models link ramping neuronal firing rates with rates of
sensory information integration. Single-cell recording studies in
monkeys, as well as human EEG and fMRI research, provide sup-
port for these models (Heekeren, Marrett, and Ungerleider, 2008).

Sequential sampling models of perceptual decision-making
postulate that signal processing is inherently noisy (see Bogacz,
2007 for review). However, noise is typically treated as a primitive
in these models, and the neurobiological mechanisms affecting its
properties and functional consequences for cortical dynamics are
left unspecified. As indicated by empirical and computational
findings reviewed above (Li et al., 2001; Serven-Schreiber et al.,
1990; Winterer & Weinberger, 2004), DA’s noise-tuning function
may affect the quality of perceptual representations, which underlie
perceptual decisions.

Hence, three strands of evidence for (a) pervasive decline in
dopaminergic modulation during aging, (b) DA’s noise-tuning
effect on perceptual decision-making, and (c) DA’s influences on
reward-based decision-making (see Schultz, 2006 for review) sug-
gest a possible triadic relationship between aging, neuromodula-
tion, and reward-based decision-making (Li et al, 2007).
Currently, there is limited evidence on neurofunctional correlates
of reward-based decision-making in the context of aging. Using a
probabilistic object reversal task, Mell et al. (2005) found deficits in
instrumental learning in older adults. Compared to younger adults,
older adults collected fewer reward points throughout the task and
needed more trials to learn the stimulus-response associations. In a
subsequent fMRI study, the poor behavioral performance in older
adults was linked to reduced brain activation in ventral striatum
(Marschner et al, 2005; Mell et al., 2005). Relatedly, Larkin et al.
(2007) found that younger and older adults differed in both self-
reported and neural responsiveness to anticipated monetary gains

Time ‘Face'

Figure 5-9  Representation of sensory evidence in low-level sensory regions and perceptual decision-making in the posterior dorsal lateral prefrontal
cortex. (a) Schematic diagram of the representation of sensory evidence in category-selective brain regions. When participants had to decide whether an
image was a face or a house, there was a greater response in face-selective regions (the fusiform face area (FFA )—red line) to clear images of faces than to
degraded images of faces. In addition, house-selective brain regions (the parahippocampal place area (PPA)) showed a greater response to clear images
of houses than to degraded images of houses (blue line). (b) The comparison of sensory evidence in higher-level brain regions. Neurophysiological data,
as well as modeling studies, suggest that a decision variable is computed by comparing the output of pools of selectively tuned lower-level sensory
neurons. In this example, the output of category-specific brain regions (the FFA and the PPA) is integrated over time. The decision variable (DV) drifts -
between the two boundaries and once one of them has crossed, the corresponding decision is made (here, ‘house’). (Adapted from Heekeren, Marrett,
and Ungerleider, 2008, with permission; copyright Nature Publishing Group 2008.)
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and losses. Specifically, older adults exhibited intact striatal and
insular activation during gain anticipation, but reduced activation
during loss anticipation. Although these studies did not directly
examine the impact of aging-related decline in dopaminergic mod-
ulation in affecting reward-based decisiop-making, DA’s involve-
ment can be inferred given the rich dopaminergic innervation in
the striatum and related regions relevant to reward processing.

DA-relevant Genes and Cognition: Magnified
Effects in Old Age

Genetic polymorphisms relevant for DA synthesis, catabolism,
presynaptic and postsynaptic effects have been identified and
their functional consequences are currently under intense inves-
tigation (see Green, Munafo, and DeYoung, 2008; Mattay et al.,
2008; Meyer-Lindenberg and Weinberger, 2006 for reviews).
As noted in previous sections, allelic variations in COMT geno-
type have been linked to cognitive performance, with met car-
riers (higher dopamine availability in PFC) outperforming val
carriers (lower DA availability in PFC; see Goldberg and
Weinberger, 2004 for review). In studies with younger adults,
however, effect sizes are small and findings are inconsistent (see
Barnett et al., 2007 for meta-analytic evidence). Relatively few
studies have assessed the effects of the COMT genotype on
cognition in aging. The available evidence, however, suggests a
more robust advantage of met carriers in late adulthood (de Frias
et al., 2004, 2005; Harris et al., 2005; O’Hara et al., 2006; Starr
et al,, 2007). A magnification of gene- related COMT effects on
cognitive performance should, in fact, be expected on the basis of
the inverted U-shaped function relating DA levels to cognition
(Cai and Arnsten, 1997; Li, Lindenberger, and Sikstrom, 2001; Li
and Sikstrom, 2002). Specifically, as aging results in marked DA
losses, the inverted U-shaped curve implies that the cognitive
difference between older met and val carriers of the COMT gene
is greater than that between younger met and val carriers
{Lindenberger et al., 2008; Figure 5.10).

Nagel et al. (2008) tested this hypothesis directly in a recent
large-scale study. Using two measures that draw heavily on frontal

Efficacy of DA signaling

Figure 5-10 An inverted U-shaped function linking the strength of
frontal DA signaling in early vs. late adulthood to performance. The shape
of the curve implies that the difference in performance between older met
and val carriers is greater than the difference between younger met and val
carriers of the COMT gene. (Adapted with permission from Nagel et al,,
2008; copyright Frontiers of Human Neurosciences.)
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Figure5-11 Mean reaction for correct WCST responses as a function of

age, COMT, and BDNF genotype. The age x COMT interaction
accounted for 4.1%, and the age x COMT x BDNF interaction for 3.1 % of
the variance (Adapted with permission from Nagel et al., 2008; copyright
Frontiers of Human Neurosciences.)

integrity, the Wisconsin Card Sorting Test (WCST), and a test of
spatial working memory, Nagel et al. (2008) demonstrated COMT
genotype x age interactions in the expected direction: Whereas
differences between met and val carriers were small or nonexistent
in the young sample, a met advantage was observed in the old
sample. Furthermore, the effect of COMT genotype not only inter-
acted with age but also with the gene coding for brain-derived
neurotrophic factor (BDNF). Older adults carrying two COMT
Val alleles and at least one BDNF Met allele took particularly long
time to respond, resulting in an age x gene x gene interaction (see
Figure 5.11). Thus, although genetic status does not change across
adulthood, the functional effects of genotype variation may change
because of age-related constraints on brain resources, such as
deficits in various aspects of DA modulation (Lindenberger
et al,, 2008).

In addition to the COMT gene, effects of genes affecting
the DAT, as well as different receptors (e.g., DRDI, DRD2, and
DARPP-32) on cognitive aging at the brain and behavioral
levels, are interesting avenues for further investigation of the
mechanisms through which deficits in different components of
the DA systems affect cognitive aging (Deary et al, 2004;
Mattay et al., 2008).

Pharmacological Intervention

In young adults, DA agonists typically enhance performance
(Luciana and Collins, 1997), whereas DA antagonists impair
performance (Ramaekers et al., 1999) across a variety of cogni-
tive tasks. Furthermore, consistent with the inverted U-shaped
function, the effects of DA on cognition and brain activity seem
to be modified by COMT genotype, such that val carriers (lower
baseline DA levels) show a more efficient frontal response,
whereas met carriers (higher baseline DA levels) show a less
efficient frontal response following administration of a DA ago-
nist (Mattay et al., 2003). These patterns of data open up for a
series of interesting research questions regarding the role of DA
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in cognitive aging. Preliminary answers are emerging for some of
these questions.

First, we may ask whether dopamine antagonists, in addi-
tion to lowering performance, might lead to a pattern of brain
activation during cognitive performance (e.g., working memory)
in young adults that resembles that which is typically exhibited
by older adults under placebo conditions (e.g., more diffuse
activation). In an fMRI study, Fischer et al. (2008) addressed
this issue by examining whether brain activation patterns in
young adults under the influence of a dopaminergic antagonist
during a spatial working memory task would resemble those of
older adults under normal conditions. Three groups were stu-
died: young-placebo (YP), young-antagonist (YA), and old-pla-
cebo (OP). Two initial findings from this study provide support
for this assumption. First, the YP group showed greater activity
in task-relevant frontal and parietal regions than the YA and OP
groups. Second, the two latter groups showed more widespread
activity in regions associated with expenditure of effort to cope
with the task demands (e.g., anterior cingulate cortex, cere-
bellum). These preliminary findings may reflect the fact that
depletion of DA (whether ontogenetically or pharmacologically)
decreases the signal-to-noise ratio in relevant networks, resulting
in lowered neural efficiency.

We may also ask whether a dopamine agonist would alter
the brain activation patterns of older people in the opposite

direction (i.e., more specific and associated with better perfor-
mance). This research issue may profit from considering
COMT gene-related differences in DA signaling. On the basis
of the inverted U-shaped relationship between DA levels and
cognitive/brain function, older val carriers may be expected to
exhibit the largest cognitive improvement and the most pro-
nounced increase in neural efficiency from a DA agonist.
Young val carriers and older met carriers may also show
some improvement, whereas young met carriers may deterio-
rate, because their initially high dopamine levels lead to sub-
optimally high dopamine levels in conjunction with a
dopamine agonist (cf. Mattay et al, 2003). Evidence that
speaks to these issues is on its way.

Methodological Fusion: Multimodal Imaging

Research on neuromodulation of cognition and how this link is
affected by aging has produced many exciting findings, with new
possibilities for methodological fusion. Molecular imaging tech-
niques are suitable means for investigating pre- and postsynaptic
DA system mechanisms, whereas functional neuroimaging tech-
niques provide evidence on neural circuitries engaged during
cognitive processing. Further, more than half of the genes in
the human genome are expressed in the brain (Hariri and
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Figure 5-12 Findings from a multimodal imaging study of the dopaminergic modulation of addiction. Panels (a) and (b) show a scatterplot and the
localization, respectively, of the correlation between D2 receptor binding potential in ventral striatum and functional brain activation elicited by
alcohol-associated stimuli, beyond the activation produced by abstract and neutral control stimuli in the left medial prefrontal cortex of the alcoholics.
(Adapted with permission from Heinz et al., 2004; copyright American Psychiatric Publishing,)
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Weinberger, 2003; Meyer-Lindenberg and Weinberger, 2006).
Thus, multimodal imaging approaches combining molecular
imaging and functional imaging can be further augmented with
candidate gene association research to study age-related differ-
ences in dopaminergic modulation of cognition. By collecting
PET-based data on pre- or postsynaptic mechanisms of the DA
systems and functional imaging data during cognitive activity on
the same individuals, age-related differences in the relationship
between neurotransmission and functional brain activation can
be more directly investigated.

Multimodal imaging approaches have been applied in
the context of psychiatric research. For instance, by combining
PET imaging of D2 receptors (with the benzamide
radioligand [**F]DMFP) and fMRI of alcohol cue-related brain
activity, Heinz et al. (2004) showed that D2 BP in the nucleus
accumbens and ventral striatum is correlated both with the beha-
vioral measures of alcohol craving and functional brain activation
elicited by alcohol cues in the medial prefrontal cortex (see
Figure 5.12). More recently, Meyer-Lindenberg et al. (2007) com-
bined individual differences in genetic polymorphism (DARPP-32)
affecting D1 receptors in striatum with structural MR and fMRI,
and showed that the DARPP-32 gene affects striatal volume and
functional activation, as well as connectivity to the prefrontal

- cortex in schizophrenic patients.

Outside the context of clinical research, Schott et al. (in press)
used PET imaging of D2 receptors (with [11C]raclopride) and
fMRI to examine the relationship between DA release in ventral
striatum and reward-related functional brain activity in the same
brain region. Consistent with the view that DA agonism affects the
BOLD signal (Knutson and Gibbs, 2007), Schott et al. (in press)
observed a strong relationship between striatal DA release and the
magnitude of the BOLD response.

In another recent study in a group of middle-aged and
older adults, Landau et al. (2008) found that a PET marker of
DA synthesis capacity was related to load-dependent PFC acti-
vation during a working-memory task, corroborating the point
that dopaminergic neurotransmission is related to PFC-related
functions. Extending the DA-BOLD relationship to the domain
of episodic memory, Nyberg et al. (2008) showed a positive
association between striatal D2 binding and BOLD activation
in the lateral prefrontal cortex during a long-term memory
updating task in a sample of healthy older adults (Nyberg
et al., 2008). How the relationship between PET-derived indi-
cators of DA activity and functional brain activation might
change over the life course, and the extent to which these
changes are modulated by other age-associated neurochemical
changes and genetic background, constitute key questions for
future research.

Interactions Between DA and Other
Transmitters and Epistasis Between DA-related
Genes

In addition to the dopaminergic systems, future theoretical and
empirical work should consider other transmitter systems, such as
the glutamatergic system. NMDA receptors interact with DA in
regulating PFC-related cognitive functions (see Castner and
Williams, 2007 for review) and there is also recent evidence that
the COMT polymorphism and the glutamate receptor 3 gene
(GRM3) interact in affecting working memory functions in the
PFC (Tan etal,, 2007). Delineating the interactions between different
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transmitter systems would require investigations that encompass
multiple genes linked to multiple transmitter systems. The degree
to which these interactions change across adulthood is a major issue
in future research in the cognitive neuroscience of aging.
Computational theories may be helpful in exploring the com-
plex interactions between multiple systems. For instance, some
aspects of the interactions between NMDA and DA receptors
have been modeled in a two-state model dopaminergic modulation
of neuronal representations in the PFC (Durstewitz, Seamans and
Sejnowksi, 2000), where D1 receptor modulation results in long-
lasting NMDA currents and increased inhibition that sharpens
memory representations. On this basis, predictions of the interac-
tions between DA and NMDA in affecting age differences in
working memory functions can be mapped onto individual differ-
ences in genotype profiles with respect to, for example, D1, D2,and
NMDA receptors. Specifically, individuals with similar D2 and
NMDA receptor genotypes who differ in DI receptor type may
express different brain functional and behavioral patterns with
respect to the exploration and filtering states of working memory
processing, and these differences may increase with advancing age.
In addition to DA’s interactions with other transmitters, the
different components of DA modulation (e.g., synthesis, presy-
naptic and postsynaptic mechanisms) also influence each other in
affecting cognitive functioning. Recent findings indicate that the
COMT and DAT genes interact with each other in affecting hippo-
campal memory functions (Bertolino et al., 2008) and reward
processing (Yacubian et al., 2007); the extent to which these inter-
actions change during the aging process remains unknown.

Interactions Between Neurochemical and
Anatomical Aging

The general decline of DA systems with advancing adult age, which
commences in early adulthood and comprises declines in receptors
may affect dendritic loss (Lacor, 2007) and trigger or accentuate
other physiological changes in the aging brain, such as grey matter
loss, by compromising the functional integrity of subcortical-
cortical connections. Consistent with this hypothesized trajectory
of age-related brain changes, evidence suggests that alterations in
various DA biomarkers may have an earlier onset and progress
more rapidly across the lifespan compared to changes in gray or
white matter (Bickman et al., 2000; Raz et al., 2000). The temporal
relation between changes in transmitter systems and anatomical
alterations of the aging process could be directly addressed by
longitudinal studies combining MR-based measures of regional
volumes and structural connectivity with PET-based measures of
transmitter availability.

Concluding Remarks

Fifty years after the discovery of DA as a neurotransmitter, much is
now known about its critical involvement in a wide range of
cognitive functions. Theoretical and recent empirical evidence
converge to suggest that DA’s influence on various cognitive func-
tions (e.g., working memory, reward processing, and processing
robustness) may be traced back to its basic role in affecting neural
signal transduction (Girault and Greengard, 2004), such as by
modulating the signal-to-noise ratio of neural gain function
(Cohen and Servan-Schreiber, 1992; Li, Lindenberger, and
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Sikstrém, 2001). Furthermore, much is also known about how the
different DA components decline during usual and pathological
aging. With recent methodological advances in molecular imaging,
various components of the DA systems can now also be scrutinized
in great detail. 2

Capitalizing on these developments, research on dopami-
nergic modulation of human cognitive aging is currently in an
unprecedented exciting phase, - empowered with genomic,
molecular, and functional  brain-imaging technologies.
Age-comparative studies combining genomic approaches with
multimodal imaging will be able to investigate the effects of aging
onthe DA-cognition association at multiple levels, by cross-linking
genetic influences on the various components of the DA systems
with measures of receptor binding efficacy and functional brain
activity. In addition, given that the DA systems are not acting in
isolation in affecting brain and cognitive processes, future research
should also systematically investigate the interactions between DA
and other transmitters, for instance, serotonin, glutamate, and
gamma-aminobutyric acid (GABA), that are relevant to aging
and cognition. In addition to working memory, the most com-
monly investigated DA modulated cognitive function, there is
emerging interest in the influences of DA modulation on: (a) the
robustness of the aging cognitive system, (b) aging-related limits in
cognitive plasticity (e.g., altered transient response to cognitive
challenges or reduced long-term enhancement from cognitive
intervention), and (c) aging-related differences in reward-based
decision-making subserving goal-directed behavior. In conclusion,
by combining new methodologies that allow the integration of DA
modulation ofaging and cognition at various levels with the broad-
ening of investigated phenomena, the perspectives for future
research on DA modulation of cognitive aging will be both
deepened and widened.
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