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Caudate Dopamine D1 Receptor Density Is Associated with
Individual Differences in Frontoparietal Connectivity during
Working Memory
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We assess the relationship of age-related losses in striatal D1 receptor densities to age-related reductions in functional connectivity
between spatially distinct cortical regions in healthy human participants. Previous neuroimaging studies have reported age-related
differences in functional connectivity of the frontoparietal working memory network and the default mode network during task perfor-
mance. We used functional magnetic resonance imaging and seed-based connectivity (right dorsolateral and medial prefrontal cortex) to
extend these findings: Anterior–posterior connectivity of both these functional networks was reduced in older (65–75 years, n � 18)
compared with younger (20 –30 years, n � 19) adults, whereas bilateral connectivity in prefrontal cortex was increased in older adults.
Positron emission tomography with the D1 receptor ligand [ 11C]SCH23390 was used to assess caudate D1 receptor density in the same
sample. Older adults showed significantly reduced caudate D1 receptor density compared to the younger adults. Of key interest, partial
correlations showed that individual differences in caudate D1 receptor density were positively associated with individual differences in
dorsolateral prefrontal connectivity to right parietal cortex (BA40) and negatively with medial prefrontal connectivity to right parietal
cortex (BA40 and postcentral gyrus), after controlling for age. We found no correlation of caudate D1 receptor density with anterior–
posterior coupling within the default mode network or with bilateral frontal connectivity. These results are consistent with animal work
that has identified a role for caudate D1 receptors in mediating information transfer between prefrontal areas and parietal cortex.

Introduction
Functional magnetic resonance imaging (fMRI) studies have
shown that healthy younger adults typically engage a frontopari-
etal network during working memory (WM). The frontoparietal
WM network broadly includes the dorsolateral prefrontal cortex
(DLPFC), supplementary motor areas, and parietal areas (BA
7/40), whereas medial prefrontal cortex (MPFC), lateral (poste-
rior) parietal areas (BA 39), and posterior cingulate (PCC) are
not involved (Fox et al., 2005; Toro et al., 2008). By contrast, the
latter areas are part of the default mode network (DMN), which is
engaged during resting state (Buckner et al., 2008). It has been
suggested that the task-positive frontoparietal network and the
task-negative DMN work antagonistically (Fox et al., 2005), and
the degree of “anticorrelation” has been linked to better WM
functioning (Hampson et al., 2010).

Age-related decreases in WM are well documented (for re-
view, see Bäckman et al., 2001), and recent studies have linked
age-related cognitive deficits to changes in frontoparietal and
DMN connectivity during task performance. These studies sug-
gest that old age is associated with reduced connectivity between
MPFC and PCC in the DMN (Andrews-Hanna et al., 2007; Grady
et al., 2010; Sambataro et al., 2010), reduced frontoparietal con-
nectivity in the task-positive network (Andrews-Hanna et al.,
2007; but see Grady et al., 2010), particularly during demanding
task conditions (Nagel et al., 2011), and reduced negative con-
nectivity between PCC and DLPFC (Sambataro et al., 2010).
Thus, age-related changes in functional connectivity appear most
pronounced in anterior–posterior coupling, both within and be-
tween the frontoparietal network and the DMN. Interestingly,
Grady et al. (2010) also found that older adults showed a pattern
of increased connectivity within frontal areas.

An emerging hypothesis is that age-related decreases in dopa-
mine (DA) functions (Bäckman et al., 2006, 2010) may be related
to altered cortical connectivity in aging. Striatal DA receptors
modulate cortico-striato-cortical connections by which informa-
tion is relayed between cortical areas (Joel and Weiner, 2000).
Moreover, pharmacological DA challenges (Nagano-Saito et
al., 2009) and positron emission tomography (PET) studies in
younger healthy adults (Braskie et al., 2011) have linked the stri-
atal DA system to DMN deactivation during cognitive task per-
formance. Finally, several studies have shown a link between
striatal DA measured by PET (e.g., Schott et al., 2008; Landau et
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al., 2009; Bäckman et al., 2011) or SPECT (Nyberg et al., 2009)
and fMRI activations. The precise mechanisms that link striatal
DA and blood oxygen level-dependent (BOLD) signal are not
fully understood, but it has been suggested that the link between
striatal DA and BOLD response is primarily mediated by post-
synaptic DA D1 receptor activity (Knutson and Gibbs, 2007).

Collectively, these studies suggest a link between striatal DA
activity and cortical connectivity, but empirical support for the
hypothesis that DA functions are linked to age-related connectiv-
ity changes is still lacking. The present study examined the asso-
ciation between caudate DA D1 receptor density and functional
connectivity during WM in younger and older adults. We hy-
pothesized an association between individual differences in D1
receptor density and individual differences in functional connec-
tivity independent of chronological age.

Materials and Methods
Participants
Participants were 19 healthy younger (9 women; mean age � 25.16, SD �
2.27) and 18 older (9 women; mean age � 70.33, SD � 3.25) adults, who
were recruited by newspaper advert. There was no difference in years of
education between groups (meanyounger � 14.61, SD � 2.00; meanolder �
14.72, SD�3.96; t�1), and all participants were right handed, nonsmokers,
and free from past or present drug or alcohol abuse, neuropsychiatric disor-
ders, or brain damage. No woman was on hormone replacement therapy.
The study was approved by the Ethics and Radiation Safety Committees at
the Karolinska Hospital, Stockholm, Sweden.

Procedure
All participants took part in a PET and an MRI session, lasting �1 h each,
and not separated by more than 2 months. Participants were paid for
their participation. During the PET measurement, participants were in-
structed to rest. The instructions and design for the MRI session are
detailed below.

Working memory task
During the fMRI acquisition, participants performed a spatial WM task,
which has been described in detail previously (Fischer et al., 2010; Bäck-
man et al., 2011). Briefly, participants were presented with a 4 � 4 grid at
the center of the computer screen. For each WM trial, either 4 (low load)
or 6 (high load) target circles consecutively lit up in random positions of
the grid for 900 ms. After a delay of 2 s, a probe circle lit up and partici-
pants were to indicate by button press whether any of the target circles
had appeared in the position of the probe circle. In total, participants
were presented with 15 high-load and 15 low-load trials (3 per block),
and accuracy and reaction times (RTs) of correct responses were re-
corded as a measure of WM performance and used as the dependent
variables in a 2 (age) � 2 (load) ANOVA. A perceptually matched base-
line condition was alternated with WM blocks.

MRI data
All images were acquired on a 1.5 tesla MRI system (Signa Excite HD
Twinspeed, General Electrics Medical Systems). Participants viewed
stimuli from a projector (Philips Hopper HG 20 Impact LCD projector)
via a coil mirror, and responded via an fMRI-compatible button set using
the right index and middle finger (Psychology Software Tools).

Acquisition. A T1-weighted 3D-SPGR sequence (TR � 24 ms, TE � 6
ms, flip angle � 35°, slice thickness 1.5 mm, FOV 256 mm) was used for
coregistration with the functional MRI and PET images. Functional data
were collected using an EPI sequence (TR � 2.5 s, TE � 40 ms, flip
angle � 90°, slice thickness � 4 mm with 0.5 mm gap, interleaved, FOV
220 mm). Two EPI runs of 140 volumes each were entered into the fMRI
analyses, after removal of the first four volumes as dummy scans.

Analysis. All analyses were performed using FEAT v.5.98 as part of FSL
4.1.6 (FMRIB Software Library) (Smith et al., 2004). Functional data
were motion corrected using rigid-body transformations (MCFLIRT,
Jenkinson et al., 2002), masked for nonbrain tissue using FSL’s BET brain
extraction tool, and smoothed (FWHM kernel 8 mm). Grand-mean scal-

ing was applied to the whole dataset and a high-pass filter was used to
remove low-frequency signals. Next, whole-brain connectivity maps
were produced using General Linear Modeling (GLM) with two initiat-
ing seeds (cf. Andrews-Hanna et al., 2007; Sambataro et al., 2010; Nagel et
al., 2011). Seeds were one task-positive prefrontal area (right DLPFC;
MNI coordinates x � 36, y � 36, z � 26) and one task-negative prefrontal
area (MPFC; x � �2, y � 38, z � �6) based on the task-based contrasts,
WM � Baseline and Baseline � WM, respectively. We used right DLPFC
and MPFC as initiating seeds because of their strong involvement in the
frontoparietal network and the DMN, respectively, and the relevance of
the (right) prefrontal cortex to spatial WM (e.g., Callicott et al., 1999;
Baddeley, 2003; Curtis and D’Esposito, 2003). FLIRT (FMRIB linear
image registration tool, Jenkinson et al., 2002) was used to register the
seeds to functional space before time series extraction. To ensure an
unbiased seed selection, we identified seeds as peak activations (with a 10
mm ROI) in an independent sample of 46 younger and older adults that
performed a task identical to that used in the present study.

The model included the time series of the seed, a task-based regressor
(modeling low and high WM load as �1 and 1, respectively, and con-
volved with a double-gamma hemodynamic response function as a
model of the hemodynamic response of the physiological regressor), and
an interaction term between the time series regressor (centered at zero)
and the task regressor to identify a psychophysiological interaction (PPI).
The PPI was included as a regressor because one previous study has
identified age-related differences in load-related functional connectivity
during WM task performance (Nagel et al., 2011). The GLM also in-
cluded nuisance regressors (white matter time series, CSF time series,
global signal time series, and 6 motion parameters) to account for arti-
factual signals. The functional data were coregistered to a standard brain
template (MNI152) via the structural images. Whole-brain first-level
analyses of the two runs were averaged across runs using fixed effects and
then averaged within age groups in a higher-level random-effects analy-
sis, with a voxelwise significance threshold of p � 0.01. Correction for
multiple comparisons was applied at the cluster level using Gaussian
Random Field theory (GRF; p � 0.05). This analysis yielded mean func-
tional connectivity maps for each age group based on the time series
regressor as well as mean PPI maps for each age group. Voxels with
maximally significant age group differences were masked with a 6 mm
cubic ROI to extract individual mean parameter estimates (converted to
percentage signal change using FSL’s Featquery) as (1) a measure of
functional connectivity strength of that area with the respective seed
region (for the time series regressor) or (2) a measure of PPI of that area
with the respective seed. These values were then cleaned for outliers (� 3
SD) and used in further regression analyses with the PET data using SPSS
v.18.0.

PET data
Acquisition. Dynamic PET data were obtained with an ECAT Exact HR 47
system (CTI/Siemens) run in 3D mode and with a transaxial resolution
of 3.8 mm FWHM at the central field of view and 4.5 mm radially at 20
cm from the center. Emission data were recorded over a period of 51 min
in 13 time frames after a transmission measurement of 10 min with 3
rotating 68Ge/68Ga sources. [ 11C]SCH23390 (300 MBq) (Halldin et al.,
1986) was injected into the left antecubital vein. A plaster helmet was
made for each participant individually and used to fixate the head and
minimize motion. Light was dimmed and auditory stimulation was kept
to a minimum during acquisition of the PET data.

Analysis. The bilateral caudate nuclei were manually delineated on the
structural MRI scans for each individual using Human Brain Atlas soft-
ware (Roland et al., 1994). The cerebellum, where DA D1 receptor den-
sity is negligible, was delineated on six central slices and served as
reference region (Hall et al., 1988). All PET analyses were performed
using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/) and in-house scripts
implemented through MATLAB R2007b. MRI images were segmented
into gray matter, white matter, and CSF, and coregistered with the PET
images using SPM’s mutual information coregistration. Gray matter
MRI ROIs were used to derive time activity curves (regional radioactivity
was calculated for each frame, corrected for decay, and plotted vs time).
D1 receptor density was measured as the binding potential (BP) of
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[ 11C]SCH23390, pooled across hemispheres. Here, BP is the ratio at
equilibrium of specifically bound radioligand to that of nondisplaceable
radioligand in tissue (Innis et al., 2007) and calculated using the simpli-
fied reference tissue model, with the cerebellum as reference region
(Lammertsma and Hume, 1996). PET data were corrected for partial-
volume effects (Meltzer et al., 1990). The PET analysis was restricted to
the caudate, because previous work has identified structural connectivity
of the caudate, but not the putamen, with the DMN and frontoparietal
association areas (e.g., Lehéricy et al., 2004; Grahn et al., 2008; Ystad et al.,
2011). Relatedly, past studies that have combined DA PET and fMRI have
reported a selective role for caudate DA functioning in WM performance
and WM-related fMRI activations (Landau et al., 2009; Wallace et al.,
2011).

Linking PET and fMRI
For all ROIs where we identified age-related differences in functional
connectivity (from the time series regressor) or in the PPI maps (from the
PPI regressor) in the fMRI analysis, we explored the association between
D1 receptor density in the caudate and individual differences in func-
tional connectivity or PPI, respectively. We computed partial correla-
tions between D1 receptor density and fMRI parameter estimates
(converted to percentage signal change) after controlling for chronolog-
ical age. Where we found a significant association between D1 receptor
density and fMRI parameter estimates, we also used linear regressions to
check for significant age � D1 interactions. An absence of a significant
interaction indicates that the associations between D1 and functional
connectivity generalize across the two age groups.

Results
Behavioral
For both accuracy and RT, there was a main effect of age (Accu-
racy: F(1,35) � 45.63, p � 0.001; RT: F(1,35) � 5.33, p � 0.03), but
no main effect or interaction with load (ps � 0.14). Across load
conditions, younger adults had a mean accuracy of 95.93%
(mean number correct � 14.39; SD � 0.66) and a mean RT of
896.76 ms (SD � 119.72), and older adults had a mean accuracy
of 75.93% (mean number correct � 11.39; SD � 1.82) and a
mean RT of 1004.20 ms (SD � 161.29). There were no significant
correlations of caudate D1 receptor densities to WM accuracy or
RT across the whole sample or within age groups.

Psychophysiological interaction
There were no significant effects for the PPI regressor in younger
adults, suggesting that the strength of functional connectivity
with the seeds did not differ by task load. Older adults showed
greater connectivity of the DLPFC seed to the paracingulate and
bilateral middle frontal gyri with higher task load, and this cluster
was also the only one to survive statistical comparison between
age groups (medial frontal: x � 8, y � 30, z � 38; right middle
frontal: x � 18, y � 42, z � 32; left middle frontal: x � �24, y �
34, z � 30). There were no significant associations between (1)
PPI parameter estimates and WM accuracy or RT and (2) PPI
parameter estimates and D1 receptor density across the sample,
after controlling for age. Because we found no PPI effects in the
young, and no relations to performance or D1 receptor density,
we will not discuss the PPI results further, but rather focus on the
functional connectivity estimates derived from the time series
regressor.

Functional connectivity
The mean functional connectivity maps that were generated
based on the time series regressor of the two prefrontal seeds are
shown in Figure 1 by age group. Using right DLPFC as the initi-
ating seed in younger adults revealed positive connectivity in a
frontoparietal WM network spanning the bilateral DLPFC, ante-

rior cingulate, anterior insula, and precentral cortices, as well as
bilateral parietal cortices (BA7/40), precuneus, and occipital cor-
tex. Negative connectivity of the DLPFC seed was found with the
MPFC, PCC, bilateral posterior insula, bilateral middle temporal
gyri and hippocampi, and cerebellum, which maps onto previous
reports on the DMN (e.g., Buckner et al., 2008). For older adults,
positive connectivity of the DLPFC seed was seen with the con-
tralateral DLPFC, anterior cingulate, and MPFC, and negative
connectivity to the PCC and cerebellum. Interestingly, we ob-
served a significant negative correlation (r � �0.50, p � 0.01)
between right DLPFC connectivity to right inferior parietal cor-
tex (BA40) and right DLPFC connectivity to the left inferior fron-
tal gyrus (BA 46) across the whole sample, indicating that greater
connectivity of the DLPFC with the contralateral prefrontal cor-
tex was related to decreased connectivity of the DLPFC to right
parietal cortex. This correlation remained significant after par-
tialing out age (r � �0.33, p � 0.05).

As expected based on the idea that DLPFC and MPFC work
antagonistically, the reverse pattern of activations was found for
the MPFC seed: Younger adults showed positive connectivity of
the MPFC to PCC, as well as posterior insula, and negative con-
nectivity to the DLPFC, precentral and parietal cortices, and the
occipital lobe. For older adults, positive connectivity of the
MPFC extended to orbitofrontal cortices and the anterior stria-
tum, whereas negative connectivity was confined to precentral
areas and the occipital lobe.

Age differences in functional connectivity
A detailed list of local peak age differences and corresponding
mean signal changes in younger and older adults is shown in

Figure 1. Mean connectivity maps for the right DLPFC seed (A) and the MPFC seed (B) by age
group. x and z refer to coordinates in MNI standard space. The color bar indicates the range of the
Z-statistic.
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Table 1. For the right DLPFC seed, younger adults showed stron-
ger connectivity with bilateral parietal cortices (BA 7 and 40),
precuneus, and midbrain and stronger negative connectivity to
MPFC. By contrast, older adults showed stronger connectivity of
the right DLPFC seed to the left inferior frontal gyrus, cerebel-
lum, and occipital cortex.

For the MPFC seed, younger adults displayed stronger nega-
tive connectivity to the right parietal cortex, including the intra-
parietal sulcus (BA 40) and the postcentral gyrus and right
prefrontal areas (inferior frontal gyrus and BA 46), but increased
connectivity of the MPFC to the PCC (although age differences in
PCC failed to survive GRF cluster-size correction and was signif-
icant only at p � 0.001, uncorrected).

Functional connectivity and cognitive performance
There were no significant correlations (after partialing out age)
between functional connectivity and WM accuracy or RT for any
of the ROIs where we had identified age-related differences in
functional connectivity based on the time series regressor. How-
ever, because younger adults showed ceiling effects in perfor-
mance on the WM task, we further explored correlations between
prefrontal connectivity and WM performance in older adults
only. Here, we found a trend for a negative association between
right DLPFC connectivity to the right inferior parietal lobe (BA
40) and WM accuracy (x � 60, y � �30, z � 34; r � �0.44, p �
0.07), and a positive association between MPFC connectivity to
the right inferior frontal gyrus and WM accuracy (x � 56, y � 10,
z � 16; r � 0.54, p � 0.05). There was no evidence for correlations
of connectivity to RT.

PET data and associations with functional connectivity
As has been previously reported (Bäckman et al., 2011; Rieck-
mann et al., 2011), D1 receptor density in caudate was reduced
by �20% in older compared to younger participants (mean
BPyounger � 1.71, SD � 0.28; mean BPold � 1.33, SD � 0.23,
t(35) � 4.44, p � 0.001).

We found that individual differences in D1 receptor density
were positively associated with individual differences in func-
tional connectivity (estimated from the time series regressor) of
the right DLPFC to the right inferior parietal lobe (BA 40), as well
as to midbrain after controlling for age (see Table 1 for coordi-
nates and Fig. 2A,B for scatter plots). Although we did not have
any a priori hypotheses about midbrain connectivity, these re-
sults may be expected given the role of midbrain in DA synthesis
and its DAergic connections to both caudate and right DLPFC

(for review, see Haber, 2010). For MPFC connectivity, individual
differences in D1 receptor density were negatively associated with
individual differences in functional connectivity of the MPFC to
right postcentral gyrus and right intraparietal sulcus (BA 40) after
controlling for age (see Table 1 for coordinates and Fig. 2C,D for
scatter plots). Because there were significant differences in accu-
racy on the WM task between age groups, we further controlled
the partial correlation analyses for WM accuracy. The partial
correlations between D1 receptor densities and functional con-
nectivity estimates in all ROIs were not affected by controlling for
accuracy, indicating that individual differences in functional
connectivity were not merely a reflection of individual differ-
ences in task accuracy. Last, linear regression analyses showed no
significant age � D1 interaction for any of the ROIs, indicating
that the associations between D1 receptors and functional con-
nectivity generalized across both age groups (see Fig. 2 for scatter
plots across and within age groups).

Individual differences in caudate D1 receptor density were not
associated with connectivity differences in the other ROIs, after
controlling for age (e.g., in the ROIs where we found increased
frontal bilaterality in older adults or increased connectivity be-
tween MPFC and PCC in younger adults).

Discussion
We assessed the association between caudate D1 receptor density
and functional connectivity of the frontoparietal WM network
and the DMN during performance of a WM task in younger and
older adults. Several key findings emerged: (1) We repli-
cated findings of reduced positive frontoparietal connectivity
(Andrews-Hanna et al., 2007) and reduced negative connectivity
between MPFC and the frontoparietal WM network (Sambataro
et al., 2010) in older adults. (2) We also replicated previous re-
ports of an age-related reduction in anterior–posterior coupling
within the DMN (e.g., Andrews-Hanna et al., 2007; Grady et al.,
2010; Sambataro et al., 2010). (3) We further found that older
adults exhibited greater bilaterality of connectivity within the
PFC. This was true both for the right DLPFC seed to medial and
left prefrontal areas, and the MPFC seed to right prefrontal areas.
These findings resemble previous data by Grady et al. (2010),
although these authors also found increased frontoparietal cou-
pling in older adults. (4) Most importantly, we derived estimates
of caudate D1 receptor density using PET and the radioligand
[ 11C]SCH23390, and showed an association between D1 recep-
tor density and functional connectivity of right DLPFC to right

Table 1. Age-related differences in functional connectivity

Seed Regional peak age differences x y z Z (Younger � Older) Mean psc Younger Mean psc Older

Right DLPFC Right superior parietal cortex (BA 7) 34 �62 50 3.89 0.38 (0.31) �0.12 (0.44)
Right inferior parietal lobe (BA 40)� 60 �30 34 3.04 0.35 (0.32) �0.47 (0.33)
Left superior precuneus 10 �70 52 3.87 0.58 (0.38) �0.02 (0.43)
Left inferior parietal lobe (BA 7/40) �42 �52 46 3.21 0.39 (0.28) 0.07 (0.25)
MPFC 2 64 �10 �3.77 �0.51 (0.54) 0.33 (0.82)
Left inferior frontal gyrus (BA 47) �46 26 8 �3.75 �0.06 (0.33) 0.32 (0.40)
Right occipitotemporal sulcus 36 �62 �10 3.25 �0.03 (0.27) �0.26 (0.32)
Midbrain � 8 �28 �10 3.09 0.13 (0.49) �0.19 (0.32)

MPFC PCC* �14 �56 14 3.42 0.17 (0.19) �0.08 (0.19)
Right intraparietal sulcus (BA 40)� 28 �46 48 �4.04 �0.26 (0.23) �0.02 (0.18)
Postcentral gyrus � 50 �22 38 �3.08 �0.20 (0.15) �0.02 (0.15)
Right inferior frontal gyrus 56 10 16 �3.42 �0.13 (0.15) 0.10 (0.16)
Right prefrontal cortex (BA 46) 46 48 12 �3.29 �0.19 (0.42) 0.30 (0.57)
Right anterior insula 34 22 10 �3.28 �0.08 (0.22) 0.21 (0.24)

x, y, and z refer to coordinates of the peak age differences in MNI space. Psc values show the mean (and SD) parameter estimates for each age group separately (converted to percentage signal change and based on a 6 mm 3 ROI) in order
to illustrate the origin of the age effect (Z). *Significant at p � 0.001 (did not survive GRF cluster-size correction for multiple comparisons). �ROIs for which we found significant associations with D1 receptor density (Fig. 2).
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parietal cortex (BA 40) and of MPFC to right intraparietal sulcus
(BA 40) and postcentral gyrus, after controlling for age. Correla-
tions between D1 receptor density and connectivity within the
DMN or within the PFC did not survive statistical control for age.
(5) Finally, we observed age-related reductions in connectivity
between right DLPFC and midbrain, and a significant relation-
ship between caudate D1 receptor density and DLPFC–midbrain
connectivity after controlling for age. Although we did not have
any hypotheses about midbrain connectivity, one might ex-
pect a relation of midbrain and DLPFC activity to caudate D1
receptors, as DA is synthesized in midbrain (ventral tegmental
area and substantia nigra) and innervates the striatum and
cortical areas (e.g., Haber, 2010). However, accurate midbrain
imaging using MRI likely requires higher-resolution scans
than were used in the present study (e.g., Düzel et al., 2009).
We therefore consider the findings regarding DLPFC–mid-
brain connectivity as preliminary.

Decreased frontoparietal connectivity in aging and links to
caudate D1 receptor density
Our results show that individual differences in caudate D1 recep-
tor density are associated with individual differences in right
DLPFC connectivity to right parietal cortex (BA 40) and MPFC
“disconnectivity” to the intraparietal sulcus (BA 40) and post-
central gyrus during performance of a WM task after control-
ling for age (see Fig. 2). Consistent with this view, animal
research has identified “open” cortico-striato-thalamo-cortical
loops by which information is transferred between different cor-
tical areas (Joel and Weiner, 2000). One such loop connects the
associative areas of the PFC via the caudate to posterior sensory–
motor areas/anterior parietal areas (Joel and Weiner, 1994). This
pathway may provide a neurobiological underpinning of our
finding that caudate D1 receptor functions are linked to func-

tional connectivity between prefrontal and parietal areas (BA 40
and postcentral gyrus). The cross-sectional nature of our study
does not allow causal inferences and cannot speak to whether DA
changes across the lifespan are associated with lifespan changes in
frontoparietal connectivity. However, consistent with the present
study, age-related decreases in DA functions have been repeat-
edly shown in human and animal research (for review, see Bäck-
man et al., 2006, 2010). It is therefore biologically plausible that
age-related reductions in caudate D1 receptor densities contrib-
ute to age-related reductions in functional connectivity of the
prefrontal cortex to the right parietal cortex during WM. Fur-
ther support for this notion comes from a recent study that
found a relation between DA and age-related connectivity re-
ductions of right inferior frontal gyrus to caudate during WM
(Klostermann et al., 2011). Klostermann et al. constrained
their fMRI analysis to the caudate, whereas in the present
study, we used GRF cluster-size correction, which likely pre-
vented us from detecting connectivity differences of smaller
extent such as those with the striatum. However, together, the
study by Klostermann et al. and the present findings converge
to suggest that age-related connectivity differences of cortico-
striato-cortical pathways are linked to age-related differences
in DA functions. These findings support the idea of a multi-
level “cascade” model of cognitive aging (Buckner, 2004; Hed-
den and Gabrieli, 2004), where white matter losses (O’Sullivan
et al., 2001; Andrews-Hanna et al., 2007), gray matter losses
(Dickerson et al., 2008; Kalpouzos et al., 2011), amyloid accu-
mulation (Hedden et al., 2009), and losses in the DA system
may all contribute to age-related cognitive decline.

Increased bilaterality in frontal connectivity in aging
In addition to age-related decreases in frontoparietal connectiv-
ity, and their associations with D1 receptor density, we observed

Figure 2. Scatter plots for correlations between D1 receptor density and functional connectivity estimates across the whole sample, after controlling for age (left), and by age group (right) for
right DLPFC seed to right inferior parietal lobe (BA 40; x � 60, y ��30, z � 34) (A), right DLPFC seed to midbrain (x � 8, y ��28, z ��10; 1 young male outlier removed) (B), MPFC seed to
right postcentral gyrus (x � 50, y � �22, z � 38) (C), and MPFC seed to right intraparietal sulcus (IPS; x � 28, y � �46, z � 48; 1 young male outlier removed) (D). r indicates the strength of
the correlations (*significant at p � 0.05) and pAge�D1 the significance level of an age � D1 interaction. Squares represent older adults, and triangles represent younger adults. resid, Residuals
(�mean).
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that older adults showed increased coupling of the DLPFC to
MPFC and left inferior frontal gyrus, and of the MPFC to right
inferior frontal gyrus, PFC, and anterior insula. Increased con-
nectivity within the PFC for older adults was also found during
the higher versus lower load condition, as suggested by the results
from the PPI. Moreover, greater connectivity within the PFC
(MPFC to inferior frontal gyrus) was related to better perfor-
mance in older adults, whereas connectivity of DLPFC with right
parietal cortex was related to worse performance. Grady et al.
(2010) also found a positive association between greater prefron-
tal connectivity and cognitive task performance in older adults,
and it has been suggested that increasing recruitment of the fron-
tal lobes in older adults may reflect neural reorganization and
compensation (e.g., Cabeza, 2002; Grady et al., 2010). Such an
interpretation would also fit our observation that greater bilateral
connectivity within the PFC was related to reduced frontoparietal
connectivity of the DLPFC. Moreover, the fact that we found
associations between D1 receptor densities and connectivity only
for the frontoparietal connections but not for the frontofrontal
connections suggests that different neurobiological processes un-
derlie these pathways. Together, direct corticocortical pathways
within the frontal cortex may parallel indirect cortico-striato-
thalamo-cortical pathways and be able to compensate for DA-
related connectivity losses in the indirect pathway. However,
recent longitudinal fMRI evidence has shown that cross-sectional
frontal overactivation in older adults may be the result of biased
sampling toward high-functioning older adults (Nyberg et al.,
2010). Nyberg et al. found that, although a cross-sectional anal-
ysis of task-based fMRI data suggested age-related increases in
frontal activation, longitudinal analysis clearly showed decreases
of frontal activation within individuals over 6 years. These results
underscore the need for longitudinal work on DA functions and
connectivity to clarify the role of DA in age-related changes in
frontoparietal as well as bilateral-frontal connectivity.

Limitations of the study
We found no significant correlations of D1 receptor densities to
WM accuracy or RT either across both groups (partialing out
age) or within groups. The absence of correlations runs counter
to previous findings linking striatal DA to WM performance
(Landau et al., 2009; Wallace et al., 2011). Conceivably, the ab-
sence of correlations reflects limitations of the task used in the
current study. Younger adults performed at ceiling and older
adults also had no difficulties performing the task, which likely
led to insufficient range in performance to detect reliable effects.
Ceiling effects in the young are likely also the reason that we failed
to observe interactions between task load and functional connec-
tivity in the PPI analyses in this age group.

That said, the fact that we found significant correlations be-
tween functional connectivity estimates and D1 receptor densi-
ties, but not between cognitive performance and D1 receptor
densities, is consistent with previous studies that have found
functional connectivity to be a more sensitive estimate of under-
lying neurobiological processes than neuropsychological perfor-
mance (e.g., Au Duong et al., 2005; Boorman et al., 2007; Hedden
et al., 2009).

A further limitation of the present study is that we only as-
sessed D1 receptor densities. We used a ligand for the D1 receptor
subtype because of its significance for WM (e.g., Cools and
D’Esposito, 2010) and its relationship to the BOLD response
(Knutson and Gibbs, 2007). Yet, several studies have also impli-
cated the D2 receptor subtype, as well as the DA transporter and
DA synthesis capacity, in age-related cognitive changes (for re-

view, see Bäckman et al., 2010) and, most interestingly, in alter-
ations of the DMN (e.g., Nagano-Saito et al., 2009; Braskie et al.,
2011), where we failed to observe relationships with D1 receptor
density. The relative importance of D1 or D2 receptors and other
markers of the DA system to age-related changes in functional
connectivity in task-related cortical networks remains to be
determined.

Conclusions
This study shows that individual differences in frontoparietal
coupling during WM performance are associated with individual
differences in caudate D1 receptor density. These results suggest
that age-related changes in D1 receptor densities may contribute
to age-related reductions in functional connectivity of the pre-
frontal and parietal cortices. The data are consistent with findings
that striatal DA receptors modulate functioning of cortico-
striato-cortical loops that transfer information between prefron-
tal and parietal areas.
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