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Abstract

In an fMRI study, 20 younger and 20 healthy older adults were scanned while performing a spatial working-memory task under two levels of
load. On a separate occasion, the same subjects underwent PET measurements using the radioligand [!'C] SCH23390 to determine dopamine
D, receptor binding potential (BP) in caudate nucleus and dorsolateral prefrontal cortex (DLPFC). The fMRI study revealed a significant load
modulation of brain activity (higher load >lower load) in frontal and parietal regions for younger, but not older, adults. The PET measurements
showed marked age-related reductions of D; BP in caudate and DLPFC. Statistical control of caudate and DLPFC D, binding eliminated
the age-related reduction in load-dependent BOLD signal in left frontal cortex, and attenuated greatly the reduction in right frontal and left
parietal cortex. These findings suggest that age-related alterations in dopaminergic neurotransmission may contribute to underrecruitment of
task-relevant brain regions during working-memory performance in old age.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Age-related differences in brain activation during
working-memory (WM) performance are legion (for reviews,
see Buckner, 2004; Cabeza, 2002). A common finding is
that normal older adults show less strong activity increase
in fronto-parietal regions typically recruited by younger
adults (e.g., Holtzer et al., 2009; Jonides et al., 2000;
Reuter-Lorenz and Lustig, 2005). This underrecruitment in
aging is magnified under conditions of higher load, indi-
cating an age-related deficit in modulating neural activity
in response to increasing cognitive demands (e.g., Mattay
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et al., 2006; Nyberg et al., 2009b; Rypma and D’Esposito,
2000).

One potential mechanism underlying age-related under-
activation of the fronto-parietal WM network is less efficient
dopaminergic neurotransmission (Nyberg and Béckman,
2004; Biackman et al., 2006). The importance of the dopamine
(DA) systems for WM functions is well established in both
animal (e.g., Arnsten, 1997; Sawaguchi and Goldman-Rakic,
1991; Vijayraghavan et al., 2007) and human (Erixon-
Lindroth et al.,, 2005; Kimberg and D’Esposito, 2003;
Luciana and Collins, 1997) research. In particular, studies
on non-human primates (e.g., Wang et al., 2004; Williams
and Goldman-Rakic, 1995) as well as recent human research
(McNab et al., 2009; Takahashi et al., 2008) suggest that
D; receptors are especially critical to WM and executive
functioning.
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Further, there is ample empirical evidence that both presy-
naptic DA markers, such as the DA transporter (Rinne et al.,
1998; Van Dyck et al., 1995) and postsynaptic DA mark-
ers such as Dy (Suhara et al., 1991; Wang et al., 1998) and
D> (Antonini et al., 1993; Nordstrom et al., 1992) recep-
tors deteriorate markedly from early to late adulthood. The
average loss of DA markers from the 20 s through the 80s
has been estimated between 7% and 13% per decade in
striatal and extrastriatal regions alike (see Bidckman and
Farde, 2005; Bickman et al., 2006; Li et al., 2009, for
reviews).

It has been proposed that dopaminergic activity in ventral
striatum modulates local blood flow (Knutson and Gibbs,
2007). In support of this assertion, Schott et al. (2008) found
a sizeable relationship between a PET-derived marker of
DA D; release in ventral striatum and the magnitude of
the blood-oxygenation-level-dependent (BOLD) signal dur-
ing reward-related learning. Other current work has extended
this local striatal DA-BOLD association to more distal brain
regions. Landau et al. (2009) reported a link between a mea-
sure of caudate DA synthesis capacity and load-dependent
(high load>low load) BOLD response in left prefrontal
cortex during a verbal WM task. Relatedly, Nyberg et al.
(2009a) observed a relationship between a marker of cau-
date D, receptor density and frontal BOLD activity during
a task that taxes updating of long-term memory repre-
sentations. These distal relationships are consistent with
models of dopaminergic influx to neocortical regions via
the striato-thalamo-cortical pathway (e.g., Alexander et al.,
1986; Sanchez-Gonzalez et al., 2005).

In this study, we specifically tested the hypothesis that
aging-related underrecruitment of fronto-parietal regions
during WM performance is related to age-related DA losses.
Younger and older adults underwent PET measurements with
the radioligand [11C] SCH23390 to determine D receptor
binding potential (BP; Farde et al., 1987). On a separate occa-
sion, the same subjects took part in an fMRI study where
a spatial WM task was administered during two conditions
varying in memory load. Of chief interest was whether the
predicted fronto-parietal underactivation of older adults dur-
ing higher load could be empirically linked to age-related
reductions in D; BP. D; receptor densities were quantified
in the caudate nucleus and the dorsolateral prefrontal cor-
tex (DLPFC). The caudate was selected because of previous
reports of an association between caudate DA function and
load-dependent frontal blood flow during WM (Landau et
al., 2009), and the DLPFC region was selected because of
(a) its strong involvement in WM functioning in general
(Callicott et al., 1999; Curtis and D’Esposito, 2003; and (b)
the fact that age-related differences in activation patterns dur-
ing WM are routinely found there (e.g., Nyberg et al., 2009b;
Rypma and D’Esposito, 2000). Given that two regions were
targeted, an additional aim was to examine whether striatal
vs. frontal DA losses contribute differentially to the reduced
fronto-parietal BOLD signal during WM performance in

aging.

2. Methods
2.1. Participants

Twenty younger (mean age=25.2 years, range = 22-30;
10 male, 10 female) and 20 older (mean age=70.3 years,
range = 65-75; 10 male, 10 female) persons were recruited
through a newspaper advertisement. Exclusion criteria
included mental disorders, brain damage, other significant
medical conditions, actual or previous drug or alcohol abuse,
nicotine use, and hormone therapy. Vision was corrected to
normal by means of MR-compatible glasses for participants
normally wearing glasses. All participants were included in
alarger study with several examinations, including (1) health
screening and off-line cognitive testing; (2) resting state PET
examination; (3) PET examination during performance of a
cognitive task; (4) fMRI examination; (5) fMRI examination
with a DA antagonist (younger participants only); and (6)
pharmacological PET examination (five younger participants
only), all performed on separate occasions. The whole study
protocol was completed within 2 months. Participants were
paid 4000-6000 SEK for their participation, depending on
which examinations they took part in. This study includes
data from examinations 1, 2, and 4. The 40 subjects in this
study participated in all examinations, with the exception that
only young subjects received the dopaminergic antagonist.
Written informed consent was obtained from all participants,
and the Ethics and Radiation Safety Committees of the Karol-
inska Hospital, Stockholm, Sweden, approved the study.

2.2. Off-line cognitive testing

Two tests of fluid intelligence (free recall of words, digit
symbol) and two tests of crystallized intelligence (vocabu-
lary, information) were administered. Free recall of words
involved recalling 16 words presented at a rate of 5 s/word
immediately after presentation of the last word in the series.
Digit symbol, vocabulary, and information are all stan-
dardized tests taken from the Wechsler Adult Intelligence
Scale-Revised (Wechsler, 1981).

2.3. Cognitive assessment during the fMRI examination

We used a spatial WM task, modeled after Klingberg et
al. (2002). Participants were asked to remember the loca-
tion of filled red circles that were presented sequentially in
a 4 x 4 grid on a display. In the target condition, the circles
(cues) were presented sequentially during 7000 ms. The task
was to remember the locations in which the cues were pre-
sented. After a delay (1500 ms), a response phase of 1500 ms
followed. During the response phase, an unfilled probe cir-
cle appeared on the screen. Participants had to judge whether
the probe was in the same location as any of the cues. If
the location matched, the participant pressed a button with
their right index finger to indicate “yes” if not, they pressed
another button, using the right middle finger, to indicate “no”
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WM load was manipulated by presenting 4 circles (WM/low)
or 6 circles (WM/high) during the sample period. The total
number of trials (i.e., the maximum score) in each condition
was 15.

In the control condition, participants were also instructed
to watch 4 (WM/low) or 6 (WM/high) green filled circles
that were presented one-by-one in each of the four corners
of the grid. After a 1500 ms delay, an unfilled green circle
(probe) appeared in the middle of the grid, and participants
responded by pressing the button with their index finger
each time the probe appeared. Before entering the scanner,
participants practiced the task to be acquainted with the exper-
imental situation. During scanning, 35 s epochs of the 2 WM
tasks and the 2 control tasks were alternated, with the order
counterbalanced between two 6 min runs.

The stimuli were presented by means of standard software
(E-prime; Psychology Software Tools). The pictures were
projected via a Philips Hopper HG 20 Impact LCD projector
(Philips Corp., Netherlands) positioned inside the scanner
room onto a rectangular screen, approximately 3 m in front
of the subject. Stimuli were presented via a mirror system
(prism and oculars) mounted on top of a head coil positioned
approximately 2 cm from the participant’s eyes.

2.4. Acquisition and processing of brain imaging data

2.4.1. fMRI

Whole-brain imaging data were acquired on a 1.5
T GE Signa Echospeed MR scanner (GE Medical
Systems, USA), using a standard circular one-channel
head coil. T1 weighted 3D-SPGR images (TR =24ms,
TE=6ms, flip angle=35°) were acquired for anatom-
ical co-registration in 124 contiguous 1.5mm coro-
nal slices (image resolution =256 mm x 256 mm x 186 mm,
voxel size=0.9 mm x 0.9 mm x 1.5 mm). Functional images
were acquired using a T2*-sensitive gradient echo-EPI
sequence (TR=2.5s, TE=40ms, flip angle=90°). The
image volumes had a field of view of 220 mm x 220 mm,
an in plane resolution of 3.44 mm x 3.44 mm, and contained
32 horizontal 4 mm thick slices with a 0.5 mm gap in between
each slice. All images were acquired interleaved. During the
fMRI session, 140 image volumes were obtained during each
of the two runs. To account for magnetic saturation effects, 4
dummy scans in the beginning of each session were discarded
in the statistical analysis.

All data processing was carried out using SPM2 (Well-
come Department of Cognitive Neurology, UK). Functional
images were first spatially realigned to the first volume in
each time series. Inspection of movement parameters gener-
ated during the spatial realignment showed that no participant
had moved more than 3 mm or 3° in any direction during task
performance. Volumes were then normalized to a standard
T1 template. Normalized images were spatially smoothed
with a Gaussian filter of 12 mm full width at half maximum
(FWHM). High-and low-frequency noise was removed using
a high-pass filter and a low-pass filter, respectively.

BOLD effects were modeled using a box-car model con-
volved with the canonical hemodynamic response function
on the data from the WM/low and WM/high conditions. The
analysis was performed in two steps. First, the WM load
contrast (WM/high—-WM/low) was analyzed for each subject
using a fixed-effects model. This created a single contrast
image per subject that was subsequently used together with
images from the other participants in a random-effects model
to analyze the load effect separately within each age group
by means of one-sample 7-tests. Second, the load contrasts
in the two age groups were directly compared using two
sample t-tests. Those regions where a significant (p <.001,
uncorrected) age difference in the load-dependent BOLD
signal (WM/high > WM/low) was obtained were used as the
outcome measures in subsequent analyses relating the load-
dependent BOLD signal to the D; binding data. For these
analyses, beta values from a 4 mm sphere around the peak
activations were extracted from the relevant age contrast.

2.4.2. PET

The PET assessment was made using an ECAT Exact HR
47 system (CTI/Siemens, Knoxville, TN) run in 3D mode.
The transaxial resolution was 3.8 mm FWHM at the cen-
ter of the field of view, 4.5 mm FWHM tangentially, and
7.4mm FVHM radially at 20cm from the center. Prior to
each emission measurement, a transmission measurement
of 10min was performed using three rotating 68Ge-68Ga
sources. This information was used for attenuation correc-
tion. ['1C] SCH23390 was prepared as described previously
(Halldin et al., 1986) and injected into the left antecubital vein
as a rapid bolus. Emission data were acquired over a period
of 51 min in 13 frames of progressively increasing duration.

2.4.2.1. Regions of interest. T1-weighted MR images were
reconstructed into a 256 x 256 x 156 matrix, with a resolu-
tion of 1.02mm x 1.02mm x 1 mm. The MR images were
spatially normalized using SPM2. The line defined by the
anterior and posterior commissures was parallel to the hor-
izontal plane, and the inter-hemispheric plane was parallel
to the sagittal plane. The regions of interest (ROIs) were
then manually delineated on each individual MR image using
the Human Brain Atlas software (Roland et al., 1994). This
software enables ROIs to be delineated in any of the three
orthogonal planes in the same dataset. The caudate nucleus
was delineated in all sagittal planes. The DLPFC was defined
as the medial-inferior and the lateral part of the superior
frontal gyrus delineated in all coronal planes anterior to the
corpus callosum. The cerebellum was manually traced in the
six central planes of that region in order to consider gray
matter only.

2.4.2.2. Regions of interest and BP. The regional [!'C]
SCH23390 BP was used as an index for D; receptor den-
sity in caudate nucleus and DLPFC. The cerebellum, where
dopamine D receptor density is negligible, served as ref-
erence region (Hall et al., 1998). The PET images were
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coregistered to the structural MR images and re-sliced to a
voxel size of 2 mm x 2 mm x 2 mm. The MRI-defined ROIs
were displayed on the corresponding PET images. To obtain
time—activity curves, regional radioactivity was calculated
for each frame, corrected for decay and plotted versus time.
BP, which represents the product of receptor density (Bjax),
apparent affinity (1/K;) and the free fraction of free and non-
specific bound ligand (f2; Mintun et al., 1984), was calculated
for ['1C] SCH23390 according to the Simplified Reference
Tissue model (Gunn et al., 1997). Dy BP in left and right
caudate (r=.87, p<.001) and left and right DLPFC (r=.92,
p<.001) were highly correlated, and thus, the BP data were
pooled across hemispheres.

2.4.3. PET-fMRI integration

To analyze whether D receptor availability accounted for
weaker load-dependent BOLD responses in older adults, a
regression approach was adopted. We first conducted sim-
ple regression analyses with chronological age as the only
predictor variable and beta values for regions showing sig-
nificant age x load BOLD effects as the dependent measures.
In the second step, D1 BP was entered as a predictor prior to
age. Regression analyses were performed separately for the
caudate and the DLPFC. The main question of interest was
whether the age differences in BOLD would be eliminated or
attenuated when D binding was entered into the equations.

3. Results
3.1. Demographics and off-line cognitive data

Mean years of education were 14.67 for the young
(8D=1.97) and 14.30 for the old (SD=2.96, p>.70).
Results from the off-line cognitive testing revealed that
the two samples were highly representative of their
respective birth cohorts. There was a clear advantage
for the young in tests of fluid abilities (free recall of
words: Myoung = 11.90 [SD=2.31], M1a=9.60 [SD=2.46],
t=3.05, p<.01; digit symbol: Myoung =35.75 [SD=13.90],
Mg =20.30 [SD=5.90], t=4.57, p<.01). By contrast, the
old outperformed the young in tests of crystallized abil-
ities (vocabulary: Myoung =29.30 [SD=2.49], My4a=33.30
[SD=2.00], t=5.59, p<.01; information: Myoung =23.20
[SD=2.28], Moaq=25.30 [SD=3.08], t=2.45, p=.02). No
participant had a deviant score on any cognitive test, as evi-
denced by mean scores and measures of variability.

3.2. Cognitive data during fMRI assessment

Analyses of the cognitive data acquired during fMRI scan-
ning revealed an age-related deficit for both accuracy and
reaction times (ps<.001; Table 1). In general, the behav-
ioral effects of the load manipulation were weak (ps>.05).
For younger adults, a slight decrease in accuracy along with a
somewhat slower reaction time with increasing load was seen.

Table 1
Mean spatial working-memory performance across age and load.

Young (n=20) Old (n=20)

p-value

WM/low accuracy 14.56 (0.70) 11.37 (1.93) <.001
WM/high accuracy 14.17 (1.04) 11.37 (2.45) <.001
WM/low RT (ms) 818(175) 1113(171) <.001
WM/high RT (ms) 844(166) 1066 (240) <.001

Note: Standard deviations are given in parentheses.

In contrast, the elderly persons responded marginally faster in
the WM/high than in the WM/low condition. Together with
previous observations (e.g., Mattay et al., 2006; Nyberg et
al., 2009b), this behavioral pattern indicates that older adults
were close to their maximum capacity already in the WM/low
condition.

3.3. Effects of the load manipulation on BOLD activity

In younger adults, a comparison of the WM/high condition
with the WM/low condition revealed increased activity in
regions that previously have been associated with greater WM
demands. These include dorsolateral prefrontal (x, y, z=—56,
12, 32; 44, 10, 38) and parietal (x, y, z=—40, —48, 52; 50,
—28, 38) areas bilaterally (p <.05, FDR-corrected, cluster
size >15 voxels). In older adults, no significant increase of
BOLD activity by the load manipulation was found. Even
after lowering the statistical threshold (p <.01 uncorrected),
no load effect was detected in frontal or parietal cortex for the
older adults. Beta values for younger and older adults in these
brain regions across the two load conditions are portrayed in
Fig. 1.

Direct age group comparisons revealed a greater load
effect (p <.001, uncorrected) for the young in bilateral frontal
cortex (x,y, z=—52,8,32;44, 12, 38) and left parietal cortex
(x, y, z=—46, —44, 48). As can be seen from the figure, all
significant interaction effects (panels A—C) reflected the fact
that younger adults showed an increased BOLD response
in the WM/high condition, whereas older adults showed
negligible effects of the load manipulation. The interaction
effect did not attain conventional significance for right pari-
etal cortex (p=.11; panel D), because of a non-significant
activation increase in the WM/high condition also for the
old.

In several brain regions, an interaction in the direction of
greater load-dependent modulation of the BOLD signal in
the old was observed (p <.001). These include superior tem-
poral gyrus (x, y, z=—56, —56, 20), posterior cingulate (x, y,
z=—10,—48,22), precuneus (x, y,z = —6, —60, 20), and cere-
bellum (x, y, z=—12, —50, —28). These regions are not part
of the typical spatial working-memory network identified in
several studies. Further, in all cases the interactions reflected
the fact that the young showed greater reductions of activity
with increasing load, although the old exhibited such reduc-
tions too. As these data were regarded as less meaningful in
the present context, they will not be discussed further.
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Fig. 1. Brain regions showing load-dependent BOLD effects (WM/high > WM/low) in younger but not older adults during spatial working memory. (A) Left
frontal cortex (—56, 12, 32). (B) Right frontal cortex (44, 10, 38). (C) Left parietal cortex (—40, —48, 52). (D) Right parietal cortex (50, —28, 38). Note: L =left;
R =right. The beta values in the bar graphs are derived by contrasting WM/high—baseline to WM/low—baseline in the two age groups.”*p <.001.

3.4. Dopamine D; BP

Analyses of D; BP in caudate and DLPFC revealed a
significant age difference for the caudate (Myoung=1.44,
SD=.26; Myuq=1.02, SD=.18; age correlation=—.69,
p<.005) as well as for the DLPFC (Myoung =.30, SD=.07;
Mg =.15, SD =.05; age correlation=—.74, p<.001). The
average age-related loss of D| BP per decade was estimated
to 8% for the caudate and 14% for the DLPFC. In the total
sample, there was a strong correlation between D; binding
in caudate and DLPFC (r=.87, p<.001). This correlation

Table 2

remained highly significant after partialing out age (r=.73,
p<.001).

3.5. Dopamine—BOLD relationship

The DA-BOLD analyses were restricted to regions show-
ing a significantly greater load effect (» <.001, uncorrected)
in young compared to old subjects. These analyses addressed
whether the age x load interaction for the BOLD signal in
bilateral frontal cortex and left parietal cortex was attenuated
when individual differences in D{ BP in caudate and DLPFC

Strength of the relationship between age and load-dependent modulation of the BOLD signal (entries marked with 1). The same relationship after statistical
control of caudate D receptor density (entries marked with 2) and DLPFC D; receptor density (entries marked with 3). The outcome measures are the
load-dependent BOLD signal (higher load > lower load) in brain regions showing a significant (p <.001, uncorrected) age difference in the load effect.

Outcome measures Predictors R? p-value
L inferior frontal gyrus (BA 9; —52 8 32) 1. Age only 23 .01
2. Caudate D, .19 .01
Age .06 ns
3. DLPFC D .16 .01
Age .07 ns
R middle frontal gyrus (BA 9; 44 12 38) 1. Age only 23 .01
2. Caudate D, 12 .02
Age 1 .03
3. DLPFC D 13 .02
Age .10 .03
L inferior parietal lobe (BA 40; —46 —44 48) 1. Age only .30 .001
2. Caudate D .14 .02
Age .16 .01
3. DLPFC D; .14 .02
Age .16 .01

Note: The p-values were computed from SPSS-based regression analyses in which age was used as a continuous variable.
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were controlled for (Table 2). When entered in isolation,
chronological age accounted for between 23% and 30% of
the variance in BOLD response across the three brain regions.
However, when entered after D binding levels in caudate and
DLPEFC, the effect of age on the BOLD response in left frontal
cortex was non-significant, accounting for only 6-7% of the
variance. In the corresponding analysis for right frontal and
left parietal cortex, the influence of age remained stronger
and continued to account for significant portions of the vari-
ance, although an attenuation of around 50% was observed.
D; binding in caudate and DLPFC equally contributed to the
age-related BOLD variance in the three brain regions.

Finally, to verify the mediational impact of caudate and
DLPFC DI binding, we compared statistically the magni-
tude of the relationship between age and the load-dependent
BOLD signal in left and right frontal cortex and left pari-
etal cortex, before and after controlling for D1 binding. As
noted, statistical control of D1 binding fully mediated the
age-related reduction in load-dependent BOLD signal in left
frontal cortex, and partially mediated the reduction in right
frontal and left parietal cortex. Direct inferential comparison
of correlations for dependent samples (Meng et al., 1992)
confirmed these observations; the correlations in the left infe-
rior frontal region after controlling for caudate or DLPFC
D1 binding were significantly attenuated compared to the
simple age-BOLD correlations (p=.02 and p =.04, respec-
tively). Further, there were clear trends in the same direction
for right frontal cortex (p=.11 and p =.08, respectively) and
left parietal cortex (p=.10 and p =.10, respectively).

4. Discussion

Consistent with the bulk of past research (e.g., D’Esposito
et al., 1999; Jonides et al., 2000; Reuter-Lorenz et al., 2000),
the present data showed an age-related deficit in spatial
WM performance. The older sample had lower accuracy and
required longer time to respond than their younger counter-
parts.

The behavioral effects of the load manipulation were
weak. Although the younger adults performed close to the
ceiling in both conditions, they showed non-significant ten-
dencies of lower accuracy and longer response times in the
WM/high condition. Nevertheless, the young showed selec-
tive activity increases in DLPFC bilaterally and left parietal
cortex in the WM/high condition, indicating modulation of
the BOLD signal in response to increasing cognitive demands
in regions typically activated during WM performance (e.g.,
Braver et al., 1997; Callicott et al., 1999; Nyberg et al.,
2009b; Rypma et al., 1999). In other words, although the
performance levels were similar, increased WM demands
modulated neural activity in the young. A stronger influence
of the load manipulation on brain activity than on behavioral
performance is consistent with past research indicating that
neurobiological effects can co-occur with no behavioral dif-
ferences. (e.g., Dreher et al., 2009; Mattay et al., 2003; Schott

et al., 2006). By contrast, older adults showed no alteration
of the BOLD signal in response to the load manipulation.
This apparent age-related deficit in neural modulation is in
accord with much previous research (e.g., Mattay et al., 2006;
Nyberg et al., 2009b; Reuter-Lorenz, 2002).

The findings from the PET assessment of DA D; BP were
also in excellent agreement with prior work (Suhara et al.,
1991; Wang et al., 1998). There were clear age-related losses
of D receptors in both caudate and DLPFC. Interestingly,
the relative age-related loss was somewhat greater in DLPFC
(on average 14% per decade) than in caudate (on average 8%
per decade). These estimates mirror closely those reported in
an early age-comparative study using the same radioligand
to quantify Dy BP (Suhara et al., 1991).

The age-related patterns observed in the fMRI and PET
data open up for examining the key issue addressed in this
study: Could the load-dependent fronto-parietal underrecruit-
ment in older adults be linked to age-related losses in D BP?
In general, the answer to that question is affirmative. For the
three regions that revealed reliable age x load interactions
in the BOLD data, chronological age accounted for slightly
less than one third of the load-dependent BOLD variation.
Of chief importance, for the left prefrontal region statistical
control of D binding in both caudate and DLPFC eliminated
the age-related BOLD variation. For the right prefrontal and
left parietal regions, age contributed unique variance to the
load-dependent BOLD response over and above D binding,
although controlling for the D data in caudate and DLPFC
attenuated the age-related BOLD variance by 50%. The fact
that Dy binding did not fully account for age-related differ-
ences in BOLD is only to be expected, given extant evidence
that several factors can contribute to underrecruitment in
aging, including resting-state cerebral blood flow and cere-
brovascular pathology (D’Esposito et al., 2003). That said,
it is interesting to note that the strongest DA-related media-
tion of the age-related difference in BOLD signal was seen in
left prefrontal cortex, given that previous research has found
a marked relationship between striatal DA activity and left
prefrontal blood flow during both WM (Landau et al., 2009)
and episodic memory (Nyberg et al., 2009a) performance.

Of further note is that the current research extends previ-
ous observations of a local DA-BOLD link in the striatum
during cognitive processing (Schott et al., 2008) to extrastri-
atal regions. To our knowledge, this is the first demonstration
that frontal DA activity is related to frontal BOLD signal and
mediates age-related differences in frontal blood flow in a
load-dependent manner.

In general, the size of the predictive relationship to age-
related underactivation in frontal and parietal regions was
similar for caudate and DLPFC D; binding. Frontal DA
activity commonly reflects input from the mesocortical DA
pathway that originates from a diffuse collection of nerve
cells in the ventral tegmentum (e.g., Gurden et al., 2000;
Lavin et al., 2005). However, there is also DA input to
extrastriatal regions that belongs to the nigrostriatal basal
ganglia-thalamo-cortical circuitry (e.g., Alexander et al.,



L. Bickman et al. / Neurobiology of Aging 32 (2011) 1849-1856 1855

1986; Sédnchez-Gonzilez et al., 2005). Although the current
study cannot disentangle these origins, the fact that D; bind-
ing in caudate and DLPFC was strongly related even after
controlling for age may indicate that the relationships of cau-
date and DLPFC D; binding to age-related differences in
load-dependent frontal blood flow may originate from the
same nigrostriatal source.

It should be emphasized that even though our findings
demonstrate that age-related dopaminergic losses and under-
recruitment of task-relevant regions show a proportional
age-related decline, they do not allow strong conclusions
regarding causality. Still, in related work we have recently
found that administration of a DA D; antagonist lead to
a reduced load-dependent fronto-parietal BOLD response
in younger adults (Fischer et al., manuscript submitted for
publication). This observation is consistent with a model in
which age-related DA losses drive age-related changes in
functional brain activity.

Conceivably, the relationships observed in this study
are not unique to spatial WM. Specifically, an association
between a measure of DA synthesis capacity in caudate and
the load-dependent BOLD signal during verbal WM has
been documented in an age-homogenous sample (Landau
et al., 2009), and an age-related attenuation of the load-
dependent BOLD signal has been reported for verbal WM
(e.g., Mattay et al., 2006; Nyberg et al., 2009b). Thus, there
are good reasons to believe that the present pattern of findings
would generalize to verbal WM and likely to other execu-
tively demanding tasks. As to the latter, altered DA functions
have been linked to age-related deficits in several cognitive
domains, including speed of processing, episodic memory,
and verbal fluency (Bickman et al., 2000; Erixon-Lindroth
etal., 2005; Mozley et al., 2001; Volkow et al., 1998; Wang et
al., 1998). Future studies may extend the approach adopted in
this research to other cognitive domains, thereby assessing the
generality of the DA-BOLD association in neurocognitive

aging.
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