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Abstract
Dopaminergic neuromodulation is critically important for brain and cognitive integrity. The DRD2/ANKK1 Taq1A polymor-
phism is associated with striatal dopamine (DA) D2 receptor availability. Some previous studies have found that the A allele 
of the Taq1A polymorphism influences brain structure, but the results are inconsistent, likely due to population heterogene-
ity and small sample sizes. We investigated the genetic effect on caudate volume in a large sample of older adults without 
dementia. Results show that A-allele carriers have smaller caudate volume compared to non-carriers in relatively older 
adults (n = 167; Mage = 77.8 years), whereas the genotype did not influence caudate volume in a younger age group (n = 220; 
Mage = 62.8 years). Cognitive performance was not significantly affected by the DRD2 gene. Our findings extend previous 
observations by showing magnified genetic effects on brain volume in old age, and provide evidence for a link between a 
DA-related genetic polymorphism and grey matter volume in a brain region within the nigrostriatal dopaminergic pathway.
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Introduction

The neurotransmitter dopamine (DA) plays a critical role in 
human cognition. The DA D2 receptor has the highest den-
sity in the striatum, including the caudate and putamen, and 
is sparsely distributed in the neocortical and limbic regions 
(Camps et al. 1989; Hall et al. 1994). Caudate DA levels 
are linked to higher cognitive processes, such as episodic 
memory, working memory, habitual learning and cogni-
tive switching (Cervenka et al. 2008; Cools 2011; Bäckman 
et al. 2011; Nyberg et al. 2016). Structural and functional 
MRI studies show that DA D2 receptor levels are positively 
related to caudate volume (Woodward et al. 2009) and may 
contribute to cognitive performance by influencing func-
tional connectivity between caudate and the hippocampus 
(Nyberg et al. 2016).

The DA D2 receptor is encoded by the DRD2 gene, which 
is closely linked to the ANKK1 gene (Neville et al. 2004). 
The Taq1A polymorphism (rs1800497) is located about 
10 kb downstream from the DRD2 gene and lies within 
the ANKK1 gene. Individuals who carry the A allele have 
reduced D2 receptor density in the caudate and putamen 
compared to non-carriers (Pohjalainen et al. 1998; Jönsson 
et al. 1999; Thompson et al. 1997). The presence of the A 
allele has been related to worse performance on executive 
function tasks (Persson et al. 2015; Berryhill et al. 2013; 
Jocham et al. 2009). However, as some studies have found no 
effect (Cerasa et al. 2009) or even a reversal effect (Bartres-
Faz et al. 2002; Tsai et al. 2002) of the Taq1A polymorphism 
on cognition, the association between the DRD2 gene and 
behavioral performance still remains unclear.

Aging is associated with changes in dopaminergic neu-
rotransmission (for a review, see Reeves et al. 2002). Com-
pared with younger adults, older adults show neuronal losses 
(Fearnley and Lees 1991), decrease in biosynthetic enzy-
matic activity (Martin et al. 1989), lower DA transporter 
availability (Volkow et al. 1998b; Erixon-Lindroth et al. 
2005), reduction of striatal D1 (Rieckmann et al. 2011; 
Wang et al. 1998) and D2 (Bäckman et al. 2000; Volkow 
et al. 1998a) receptor binding, as well as decline of endog-
enous DA (Kish et al. 1992). A recent meta-analysis of 
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cross-sectional PET and SPECT studies found reliable nega-
tive effects of age on D1 and D2 receptors and DA trans-
porters, but a spared DA synthesis capacity with age, which 
might act as a compensatory mechanism for reduced DA 
receptor binding (Karrer et al. 2017). An increasing number 
of studies have found that the effects of genetic variations on 
cognition, brain structure, and brain function may be magni-
fied in aging (for a review, see Papenberg et al. 2015a). The 
resource-modulation hypothesis assumes that genetic influ-
ences on cognition are more pronounced for individuals with 
limited neuroanatomical or neurochemical resources, such 
as older adults (Lindenberger et al. 2008). This hypothesis 
is based on the assumption that the function relating brain 
resources to cognitive performance is non-linear (Cools and 
D’Esposito 2011; Li and Sikstrom 2002). According to this 
hypothesis, with a steeper slope of the brain resources loss 
during normal aging, the effect of genetic variation should 
increase from young to younger-old and to older-old age. 
As the brain resources continue to decrease and are depleted 
in individuals with dementia and terminal decline, genetic 
effects are expected to diminish again.

Very few studies have investigated the influence of the 
Taq1A polymorphism on behaviour and brain in older 
adults. However, extant research supports the resource-
modulation hypothesis, demonstrating magnified genetic 
effects in older compared to younger adults (Papenberg et al. 
2013, 2014, 2015b; Colzato et al. 2013). Also, Persson et al. 
(2015) found that, compared to non-carriers, older A-carri-
ers had worse memory updating performance and exhibited 
less blood oxygen level-dependent (BOLD) activation in the 
left caudate nucleus, a region critical for updating (Dahlin 
et al. 2008; Bäckman et al. 2011; O’Reilly and Frank 2006). 
These effects were not seen in younger adults.

Conceivably, the cell numbers reflected by a volumet-
ric measure in a brain structure are important for capillary 
recruitment associated with functional activity (Makris et al. 
2004). Thus, there may be an association between reduced 
brain activity and reduced volume in the same area, and it 
is therefore expected that A-carriers have smaller caudate 
volume than non-carriers. However, few studies have inves-
tigated the effect of the DRD2 A allele on caudate volume, 
and the results are inconsistent. For example, Bartres-Faz 
et al. (2002) found that A-carriers had larger caudate vol-
ume compared to G-carriers in 49 memory-impaired par-
ticipants. Other studies failed to find any A-allelic effect on 
the caudate in 70 younger adults (Cerasa et al. 2009), and in 
persons with mild cognitive impairment and dementia (Stein 
et al. 2011). This inconsistency may reflect the relatively 
small sample sizes and the heterogeneity of the investigated 
samples. As predicted by the resource-modulation hypoth-
esis (Lindenberger et al. 2008; Papenberg et al. 2015a), the 
association between genes and different phenotypes may 
be weaker in younger adults and individuals with dementia 

compared with normal older adults. To address these pos-
sibilities, we explored the interaction between the DRD2/
ANKK1 Taq1A polymorphism and age on caudate volume 
in a large sample of older adults without dementia (n = 387). 
Because the potential genetic effect may be stronger in rela-
tively older adults, we stratified the sample by age. As the 
presence of an A allele of the DRD2/ANKK1-TaqIA poly-
morphism is related to reduced density of DA D2 recep-
tor densities (Pohjalainen et al. 1998; Jönsson et al. 1999; 
Thompson et al. 1997), and DA D2 receptor levels are posi-
tively related to caudate volume (Woodward et al. 2009), 
we hypothesized that A-carriers may have smaller caudate 
volumes compared with non-carriers. In accordance with 
the resource-modulation hypothesis, we further expected 
that this effect is larger in older compared to younger age 
groups. We also investigated the impact of gene, age, and 
their interaction on cognitive performance.

Methods

Participants

The sample consisted of 556 participants (age range = 60–96 
years; mean age = 70.9  years) from a population-based 
study, the Swedish National Study on Aging and Care in 
Kungsholmen (SNAC-K). Parts of the data from SNAC-K 
have been published elsewhere, along with more detailed 
descriptions of the project (Lövdén et al. 2013; Laukka et al. 
2013; Papenberg et al. 2015b). The initial SNAC-K sample 
(n = 3363) was stratified by age (60, 66, 72, 78, 81, 84, 87, 
90, 93, 96, and 99 years) at baseline. A subsample of nonin-
stitutionalized and nondisabled participants was randomly 
selected to further undergo structural magnetic resonance 
imaging (MRI). Participants with Parkinson’s disease, self-
reported stroke, stroke observed on the MR images, epilepsy, 
schizophrenia, and bipolar disorder were excluded. Demen-
tia was diagnosed using a three-step procedure to diagnose 
according to the Diagnostic and Statistical Manual of Men-
tal Disorders, 4th edition (DSM–IV; American Psychiatric 
Association, 1994). First, an examining physician made a 
preliminary diagnosis, and this diagnosis was compared with 
a second independent diagnosis, which was based on com-
puterized data only. In cases of disagreement, a supervising 
physician made a third and final diagnosis. The cognitive 
assessment used in the diagnoses included the MMSE (Fol-
stein et al. 1975), the Clock test (Manos and Wu 1994) and 
items regarding memory, orientation, executive functioning, 
interpretation of proverbs, and problem solving. The physi-
cians were blind to the results of the cognitive test battery, 
which was administered at a separate session. We excluded 
participants with a dementia diagnosis at baseline or at either 
of the two follow-ups (after 3 and 6 years). 27 participants 
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were omitted due to missing genetic data. Eight participants, 
90 years and older, who likely represent a positively selected 
subgroup relative to the full study sample were excluded 
to have more homogenous age groups in the analyses. The 
effective sample for the current study consisted of 387 par-
ticipants (age range = 60–87 years; mean age = 69.3 years). 
The number of participants in each age group, along with 
information on the number of A-carriers in each age group, 
is shown in Table 1. As the number of subjects older than 
72 years is relatively small, we combined them together and 
stratified the whole sample into two age groups, 60–66 years 
(younger old) and 72–87 years (older old) for each age group 
to contain an equal number of participants.

Demographic and genetic characteristics across age and 
genotype groups are shown in Table 2. There were no sig-
nificant differences in age, sex, or education between A 
allele carriers and non-carriers in either the total sample or 
within the two age groups. The mean ages of the younger-old 
and older-old age groups were 62.8 and 77.8 years, respec-
tively. Educational level and MMSE scores were higher in 
the younger-old age group. There was no sex ratio difference 
between the two age groups. Besides, no difference in the 
allelic distribution for the APOE or COMT genes was found 
between age or ANKK1 groups.

Cognitive measures

All participants underwent a battery of cognitive tests cover-
ing five domains that included: perceptual speed—digit can-
cellation and pattern comparison; episodic memory—verbal 
free recall and cognition; semantic memory—vocabulary 

and general knowledge; and verbal fluency—letter fluency 
and category fluency. Below, we briefly describe the cogni-
tive tasks, and more details can be found in Laukka et al. 
(2013).

Perceptual speed

Perceptual speed was assessed using two paper-and-pencil 
tests: digit cancellation (Zazzo 1974) and pattern com-
parison (Salthouse and Babcock 1991). Digit cancellation 
consisted of 11 rows of random digits ranging from 1 to 
9. Participants were instructed to sequentially go through 
the rows as quickly as possible and cross out every “4” 
they encountered. For pattern comparison (Salthouse and 
Babcock 1991), participants were presented with pairs of 
line segment patterns. They were asked to sequentially go 
through the patterns as rapidly as possible and mark whether 
the patterns were the “same” or “different.”

Episodic memory

Episodic memory testing involved free recall and recog-
nition, and was assessed using a word list comprising 16 
unrelated concrete nouns, presented both orally and visually. 
Participants were instructed to memorize the words. Imme-
diately after presentation, they were given 2 min for oral 
free recall. Following free recall, participants were given a 
self-paced recognition task, where the 16 target words were 
presented randomly intermixed with 16 lures. Participants 
were first asked whether they recognized the word from the 
first presentation and then to distinguish whether they could 

Table 1   Number of subjects 
across different age and gene 
groups

Age Total

60 66 72 78 81 84 87

DRD2/ANKK1
 A− 88 63 37 29 23 12 9 261
 A+ 31 38 19 22 6 8 2 126

Total 119 101 56 51 29 20 11 387

Table 2   Demographic and genetic information across age and DRD2/ANKK1 genotype groups

Younger-old group Older-old group All (p-values)

All A+ A− p All A+ A− p Y versus O old A+ versus A−

N 220 69 151 167 57 110
Age, years 62.8 63.3 62.5 0.07 77.8 77.5 78.0 0.51 < 0.001 0.46
Gender (f/m) 128/92 45/24 83/68 0.15 103/64 34/23 69/41 0.70 0.49 0.40
Education, years (range) 13.9 (7–28) 14.2 13.8 0.53 11.6 (5–25) 11.3 11.8 0.46 < 0.001 0.87
MMSE (range) 29.4 (25–30) 29.4 29.4 0.84 29.0 (25–30) 29.0 29.0 0.87 < 0.001 0.89
APOE any ε4 26% 27.5% 25.3% 0.73 22.4% 25% 21.1% 0.57 0.42 0.54
COMT any val 71.2% 63.2% 74.8% 0.08 69.8% 75.5% 67% 0.27 0.77 0.57
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recollect the word or if the word was merely familiar. Rec-
ognition scores were based solely on recollection responses.

Semantic memory

Two semantic memory tasks that measure word compre-
hension and general knowledge, respectively, were adminis-
tered. The SRB:1 is a revised 30-item vocabulary test (Dure-
man 1960; Nilsson et al. 1997), where each target word is 
presented together with five other words. Participants were 
instructed to underline the word representing the synonym 
to each target word. The general knowledge task consisted 
of ten questions (e.g. “What is the capital of Uruguay?”) that 
have been found to be moderately difficult for older people 
(Dahl et al. 2009). Participants were instructed to select the 
correct answer out of two alternatives.

Letter fluency

Participants were asked to orally generate as many words as 
possible, beginning with the letters F and A, respectively. 
They were given 60 s for each task and they were instructed 
that proper names, numbers, or words with a different suffix 
were not credited.

Category fluency

Participants were asked to orally generate as many words as 
possible within 60 s, belonging to the categories of animals 
and professions, respectively.

Genotyping

DNA was extracted from peripheral blood samples using 
standard methods. The DRD2 rs1800497 SNP (Taq1A) was 
genotyped using MALDI-TOF analysis on the Sequenom 
MassARRAY platform at the Mutation Analysis Facility, 
Karolinska Institutet (Darki et al. 2012). In the present sam-
ple, 67.4% participants with GG genotype were categorized 
as A− allelic status group; 28.4% participants carrying the 
AG genotype and 4.1% carrying the AA genotype were 
combined and categorized as A+ allelic status group. The 
rs1800497 distribution was in Hardy–Weinberg equilibrium 
(p > 0.01). As previous research has found that the catechol-
O-methyltransferase (COMT) Val158Met polymorphism 
(rs4680) and apolipoprotein E (APOE) (defined by two 
SNPs, rs429358 and rs7412) polymorphisms can influence 
caudate volume (Liu et al. 2010b; Watanabe et al. 2015), 
we also genotyped these two polymorphisms to identify any 
potential confound in interpreting DRD2 effects on caudate 
volume.

MRI acquisition

All MRI measurements were conducted using a whole-body 
clinical 1.5 T MRI scanner (Philips Intera, The Netherlands). 
3D FFE (fast field echo) T1, axial SE (spin echo) PD/T2, 
axial FLAIR (fluid-attenuated inversion recovery), and 
axial diffusion tensor imaging were acquired. In this study, 
the axial 3D FFE T1 images (TR = 15 ms, TE = 7 ms, flip 
angle = 5°, number of slices = 128, slice thickness = 1.5 mm, 
in-plane resolution = 0.94 × 0.94 mm2, no gap, FOV = 240, 
Matrix = 256 * 256) were used to derive volumetric data.

VBM analyses

T1-weighted MR images were segmented into grey mat-
ter, white matter, and cerebrospinal fluid using the unified 
segmentation approach (Ashburner and Friston 2005) in 
SPM12b (Statistical Parametric Mapping, Wellcome Trust 
Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm/) 
implemented in Matlab 10 (The Mathworks, Inc). The “light 
cleanup” option was used to remove odd voxels from the 
segments. The grey matter images were further analyzed 
using DARTEL in SPM12b (Diffeomorphic Anatomical 
Registration Through Exponentiated Lie Algebra, Ash-
burner 2007). The grey matter segments were imported into 
DARTEL space, and a customized grey matter template was 
created including subject-specific flow fields containing the 
individual spatial normalization parameters (diffeomorphic 
non-linear image registration). By incorporating the affine 
transformation of the DARTEL template to Montreal Neu-
rological Institute (MNI) space, the grey matter segments 
were further warped into standard MNI space. To preserve 
local-tissue volumes, the normalized grey matter volumes 
were modulated by scaling them with Jacobian determinants 
from the registration step. Volumes were smoothed with a 
full-width at half maximum Gaussian kernel of 9 mm in 
three directions.

We defined two masks of left and right caudate as regions 
of interest, which were used to extract normalized vol-
umes from each individual’s smoothed images. The masks 
were based on the WFU Pickatlas AAL. We then visually 
inspected the fit of each mask to the mean grey matter mask 
and optimized each mask’s fit in terms of clear separations 
between masks. The resulting masks were then used to 
extract mean regional volumes for each participant. To test 
for regional and lateral specificity of age and gene effects on 
caudate volume, we also created masks and extracted brain 
volumes from both hemispheres for seven additional brain 
regions (Table 3). Intracranial volume (ICV) was used to 
adjust volumetric data based on the analysis of covariance 
approach: adjusted volume = raw volume − b (ICV−mean 
ICV), where b is the slope of regression of volume on 
ICV (Jack et al. 1989; Raz et al. 2005). We aggregated the 

http://www.fil.ion.ucl.ac.uk/spm/
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adjusted volumetric data of the left and right caudate as cau-
date volume. All variables displayed acceptable skewness 
and kurtosis (Kline 2005).

Statistical analyses

All data were analyzed using IBM SPSS 21.0. Analyses of 
covariance (ANCOVA) were conducted to investigate the 
effects of age (60–66 years versus 72–87 years), DRD2/
ANKK1 Taq1A allele load (GG versus any A), and their 
interaction on caudate volumes and cognitive performance. 
We further performed an analysis that included both hemi-
spheres of caudate volume to examine the effects of lateral-
ity using a repeated-measures ANCOVA (left, right) × age 
(younger, older) × gene (A carriers, non-carriers). ANCO-
VAs were also performed on seven additional brain regions 
as a control analysis to test the specificity of the age by gene 
interaction on caudate volume. Performance in the five cog-
nitive domains was calculated as the mean scores of two 
cognitive tasks within each domain. As ANKK1 and age 
groups did not differ on sex distribution and allelic distribu-
tion of APOE and COMT gene, only education was used 
as a covariate in the statistical analyses. Post hoc pairwise 
comparisons were performed for significant interactions. A 
p value of < 0.05 was considered significant. Effect sizes are 
indicated by partial eta squared (η2

p).

Results

Genetic effects on grey matter volumes

We found a significant main effect of age in the cau-
date nucleus (p < 0.001), indicating smaller volumes in 
the older age group. Moreover, there was a trend for a 
gene × age interaction in the caudate (F (1,386) = 2.89, 
p = .09, η2

p = 0.008) reflecting smaller caudate volume in 
A-allele carriers compared to non-carriers in the older-
old group only (Fig. 1). The repeated-measured ANCOVA 
revealed a significant main effect of age (p < 0.001) and a 
significant laterality × age × gene interaction (p = 0.022) on 
caudate volume. Critically, there was a reliable gene × age 
interaction in the right caudate nucleus F (1,386) = 4.86, 

p = 0.028, η2
p = 0.013, but not in the left caudate nucleus 

showing that the interaction on caudate was mainly driven 
by the right caudate. Pairwise comparison revealed that 
there was a significant gene effect for the right caudate 
region in the older age group (p = 0.025), but not in the 
younger age group (p = 0.428), reflecting that A-allele 
carriers had a significantly smaller right caudate volume 
compared with non-carriers in the older-old group only 
(Fig. 2).

We assessed the specificity of the effects on caudate 
volume by conducting separate ANCOVAs on seven cor-
tical and subcortical structures. As shown in Table 3, the 
laterality × age × gene interactions are significant (margin-
ally significant for age × gene interaction) in the caudate, 
but fall short of significance for all other regions tested. 
These findings suggest that the genetic effect is restricted 
to the caudate.

Table 3   Effects of genotype and 
age (p values) on brain regions

Cd caudate nucleus, Calc calcarine sulcus, Hc hippocampus, IPL inferior parietal lobule, IT inferior tempo-
ral cortex, LPFC lateral prefrontal cortex, OFC orbito-frontal cortex, Pt putamen

Cd Calc Hc IPL IT LPFC OFC Pt

Age < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.409
DRD2 0.163 0.539 0.246 0.535 0.791 0.687 0.328 0.633
Age × DRD2 0.09 0.529 0.584 0.985 0.484 0.927 0.49 0.116
Laterality × age × DRD2 0.022 0.874 0.55 0.876 0.922 0.134 0.236 0.989

Age group
72-8760-66
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Fig. 1   Mean adjusted caudate volume for the younger-old and older-
old age groups, and ANKK1/Taq1a A-carriers (dark grey bars) and 
non-carriers (white bars). Error bars show standard error of the mean
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Genetic effects on cognition

As shown in Table 4, there were significant main effects of 
age for three cognitive domains: perceptual speed, episodic 
memory, and category fluency (all ps < 0.005). There was a 
trend showing that A-carriers performed somewhat better 
on episodic memory, but neither the main effect of ANKK1 
status nor the interaction between age and ANKK1 was sta-
tistically significant for any cognitive measure.

Discussion

We examined the effect of the Taq1A polymorphism of the 
DRD2/ANKK1 gene on caudate structure and cognitive per-
formance in older adults without dementia. There was an 
age-related deficit in perceptual speed, episodic memory, 
and verbal fluency, although the younger-old and older-
old groups did not differ in semantic memory or letter flu-
ency. These patterns are consistent with prior research (for 
reviews, see Bäckman et al. 2001; Hoyer and Verhaeghen 
2006). There was no significant influence of the DRD2 gene 
on cognitive performance. Older age was associated with 
smaller caudate volume, which confirms previous reports 
(Raz et al. 2003, 2005; Taki et al. 2013; Papenberg et al. 
2016; Gunning-Dixon et al. 1998). Most importantly, in the 
older subgroup, A-carriers had smaller caudate volume com-
pared to non-carriers, whereas there was no such effect in the 
younger subgroup. The magnified genetic effect on caudate 
volume in older-old persons is consistent with the resource-
modulation hypothesis, which posits that genetic effect may 
be larger when brain resources are reduced, such as in aging. 
Our results extend previous findings showing larger genetic 
effects in older adults on cognition (Papenberg et al. 2014; 
Liu et al. 2010a; Colzato et al. 2013; Persson et al. 2015), 
brain activity (Persson et al. 2015), and white matter integ-
rity (Papenberg et al. 2015b) to also include effects on grey 
matter morphology.

The underlying cause of the genetic effect on caudate 
volume remains to be specified. The association between 
the ANKK1 polymorphism and caudate volume may be 
accounted for by the role of this polymorphism in striatal 

a

b

Fig. 2   Mean adjusted left (a) and right (b) caudate volume for the 
younger-old and older-old age groups, and ANKK1/Taq1a A-carriers 
(dark grey bars) and non-carriers (white bars). Error bars show stand-
ard error of the mean

Table 4   Effects of genotype and age (p values) on cognitive perfor-
mance

DRD2 Age Interaction

Perceptual speed 0.71 < 0.001 0.30
Episodic memory 0.06 0.001 0.53
Semantic memory 0.83 0.84 0.18
Letter fluency 0.76 0.96 0.29
Category fluency 0.62 < 0.001 0.27
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receptor density (Bartres-Faz et al. 2002; Cerasa et al. 2009; 
Hirvonen et al. 2004). The caudate nucleus is an important 
region in the nigrostriatal pathway, in which DA is trans-
mitted from the substantia nigra to the striatal complex. 
The ANKK1 Taq1A allele has been related to lower DA 
D2 receptor density in caudate and putamen (Pohjalainen 
et al. 1998; Jönsson et al. 1999), and may thus be linked 
to reduced DA synthesis in the dorsal striatum. As DA has 
trophic effects (Nieoullon 2002), caudate volume may be 
negatively affected by decreased DA release in later life. 
However, it should be noted that the relationship between 
DA receptor density and DA synthesis/release still remains 
unclear. A recent PET study showed a positive relation-
ship between DA synthesis capacity and striatal D2/3 bind-
ing (Berry et al. 2017), while Ito et al. (2011) found this 
association to be negative. Animal studies indicate that 
DA D2 receptors can modulate innate immunity through 
αB-crystallin, which can reduce neuroinflammation (Shao 
et al. 2013). This suggests that lower D2 receptor density 
in A allele carriers may be associated with higher levels of 
neuroinflammation, which is likely to alter caudate volume. 
The link between striatal DA receptor density and brain mor-
phology is further supported by studies showing an associa-
tion between D2 receptor density and grey matter volume. 
Woodward et al. (2009) investigated the association between 
D2 receptor distribution and morphology, using positron 
emission tomography and structural MRI. They demon-
strated a positive relationship between D2 binding potential 
and grey matter volume in bilateral caudate nucleus. Thus, 
larger caudate volume in ANKK1 Taq1A non-carriers, who 
presumably have higher striatal receptor density, might stem 
from the fact that denser and larger grey matter volume can 
support a higher number of D2 receptors. Alternatively, D2 
receptor density and, by extension, DA availability, may alter 
structural brain integrity.

To our knowledge, this is the first study to investigate 
the effects of the ANKK1 Taq1A polymorphism on caudate 
volume in a large sample of older adults. Previous studies 
in younger adults have shown inconsistent results regard-
ing the impact of this polymorphism on brain morphology. 
For example, in younger adults, Cerasa et al. (2009) found 
decreased midbrain volume in A-carriers compared to non-
carriers, but no significant group difference was found in the 
striatum. The reason for this lack of group difference could 
be insufficient power due to relatively small sample sizes, 
and the fact that only younger participants were examined. 
However, another study with larger samples did not find any 
A-allelic effect on striatal volumes in older people (Stein 
et al. 2011). In that particular study, however, the whole 
sample (734 persons) also included participants with MCI 
(357 subjects) and AD (172 subjects). A possible explana-
tion for the findings from Stein et al. (2011), and in line with 
the resource-modulation hypothesis, is that genetic effects 

diminish once individuals reach very low brain-resource lev-
els, such as in MCI or AD. Therefore, potential effects of the 
A allele on caudate volume might be diluted by including 
both older adults without dementia and memory-impaired 
individuals in the same sample. An additional reason for a 
lack of genetic effects on caudate volume in previous stud-
ies could be that our results show that the genetic effect is 
only significant in people older than 66 years. Thus, includ-
ing younger elderly in these studies may also attenuate the 
relationship between the ANKK1 Taq1A polymorphism and 
brain structure.

Caudate DA neuromodulation is critical for working 
memory (Erixon-Lindroth et al. 2005), perceptual speed 
(Bäckman et al. 2000), and episodic memory (Nyberg et al. 
2016). However,we found no effect of the ANKK1 gene on 
any of the cognitive measures investigated. Previous stud-
ies are inconsistent regarding the genetic effect on cogni-
tion. Past work has reported that the A allele of the Taq1A 
polymorphism was associated with worse cognitive perfor-
mance (Berryhill et al. 2013; Jocham et al. 2009; Persson 
et al. 2015), whereas others have failed to document such an 
effect (Bartres-Faz et al. 2002; Cerasa et al. 2009). There are 
several possible reasons for the inconsistent findings. First, 
cognitive functioning is influenced by complex interactions 
among a variety of brain regions and shaped by a multitude 
of genetic polymorphisms. Our study examined the effects 
of a single genetic polymorphism, which may contribute 
only a small proportion of the variance in cognitive per-
formance. Second, measures of brain structure and func-
tion may be more sensitive to genetic effects compared to 
behavioral measures, as brain parameters are more proximal 
to the underlying molecular mechanisms and therefore more 
directly affected by a genetic polymorphism (Rasch et al. 
2010; Harris and Deary 2011; Mattay et al. 2008; Hariri 
et al. 2006).

Some limitations of the current study should be noted. 
First, although we found a reliable influence of the DRD2/
ANKK1 polymorphism on caudate volume in this relatively 
large sample of older adults, it is not possible to provide 
direct evidence to the view that the A allele of this particu-
lar polymorphism causes smaller caudate volume, because 
of reduced DA release. Second, we performed analyses on 
the left and right caudate volumes separately. Given that 
this additional analysis includes many independent tests, it 
renders multiple comparison correction necessary. To over-
come this problem, we performed the repeated-measures 
ANCOVA on caudate volume for laterality × age × gene. 
Results from this analysis showed a significant lateral-
ity × age × gene interaction and a significant age × gene inter-
action only for the right caudate. This approach controls 
for the multiple chances to find differences, and it does so 
without assuming independence of the different variables. 
Furthermore, our results are based on cross-sectional data, 
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so we were not able to estimate the rate of longitudinal brain 
changes and also cannot separate age effect from cohort and 
period effects. Large-scale longitudinal studies of healthy 
elderly persons are needed to substantiate the present 
findings.

Acknowledgements  We thank all the participants and staff who 
were involved in the collection and management of the data for their 
contribution to the study. The Swedish National Study on Aging and 
Care (http://www.snac.org) is financially supported by the Ministry of 
Health and Social Affairs, Sweden, the participating County Councils 
and Municipalities, and the Swedish Research Council. J.P. was sup-
ported by grants from the Swedish Research Council and Hjärnfonden. 
L. B. was supported by grants from the Swedish Research Council; the 
Swedish Research Council for Health, Working Life, and Welfare; an 
Alexander von Humboldt Research Award; and a donation from the af 
Jochnick Foundation.

Compliance with ethical standards 

Conflict of interest  The authors declare that there is no conflict of in-
terest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Ashburner J (2007) A fast diffeomorphic image registration algorithm. 
NeuroImage 38(1):95–113. https​://doi.org/10.1016/j.neuro​image​
.2007.07.007

Ashburner J, Friston KJ (2005) Unified segmentation. Neuroimage 
26(3):839–851. https​://doi.org/10.1016/j.neuro​image​.2005.02.018

Bäckman L, Ginovart N, Dixon RA, Wahlin TBR, Wahlin A, Halldin C, 
Farde L (2000) Age-related cognitive deficits mediated by changes 
in the striatal dopamine system. Am J Psychiatry 157(4):635–637

Bäckman L, Small BJ, Wahlin Å (2001) Aging and memory: cognitive 
and biological perspectives. In: Birren JE, Schaie KW (eds) Hand-
book of the Psychology of Aging, 5th edn. Academic Press, San 
Diego, pp 349–377

Bäckman L, Nyberg L, Soveri A, Johansson J, Andersson M, Dahlin 
E, Neely AS, Virta J, Laine M, Rinne JO (2011) Effects of 
working-memory training on striatal dopamine release. Science 
333(6043):718–718. https​://doi.org/10.1126/scien​ce.12049​78

Bartres-Faz D, Junque C, Serra-Grabulosa JM, Lopez-Alomar A, Moya 
A, Bargallo N, Mercader JM, Moral P, Clemente IC (2002) Dopa-
mine DRD2 Taq I polymorphism associates with caudate nucleus 
volume and cognitive performance in memory impaired subjects. 
Neuroreport 13(9):1121–1125. https​://doi.org/10.1097/00001​756-
20020​7020-00010​

Berry AS, Shah VD, Furman DJ, White RL III, Baker SL, O’Neil JP, 
Janabi M, D’Esposito M, Jagust WJ (2017) Dopamine synthesis 
capacity is associated with D2/3 receptor binding but not dopa-
mine release. Neuropsychopharmacology. https​://doi.org/10.1038/
npp.2017.180

Berryhill ME, Wiener M, Stephens JA, Lohoff FW, Coslett HB (2013) 
COMT and ANKK1-Taq-Ia genetic polymorphisms influence 
visual working memory. Plos One 8(1):7. https​://doi.org/10.1371/
journ​al.pone.00558​62

Camps M, Cortes R, Gueye B, Probst A, Palacios JM (1989) Dopa-
mine-receptors in human-brain—autoradiographic distribu-
tion of D2 sites. Neuroscience 28(2):275–290. https​://doi.
org/10.1016/0306-4522(89)90179​-6

Cerasa A, Gioia MC, Tarantino P, Labate A, Arabia G, Annesi G, 
Lanza P, Di Palma G, Blasi V, Quattrone A (2009) The DRD2 
TaqIA polymorphism associated with changed midbrain volumes 
in healthy individuals. Genes Brain Behav 8(4):459–463. https​://
doi.org/10.1111/j.1601-183X.2009.00492​.x

Cervenka S, Bäckman L, Cselenyi Z, Halldin C, Farde L (2008) 
Associations between dopamine D2-receptor binding and cog-
nitive performance indicate functional compartmentalization of 
the human striatum. Neuroimage 40(3):1287–1295. https​://doi.
org/10.1016/j.neuro​image​.2007.12.063

Colzato LS, van den Wildenberg WPM, Hommel B (2013) The 
genetic impact (C957T-DRD2) on inhibitory control is magni-
fied by aging. Neuropsychologia 51(7):1377–1381. https​://doi.
org/10.1016/j.neuro​psych​ologi​a.2013.01.014

Cools R (2011) Dopaminergic control of the striatum for high-level 
cognition. Curr Opin Neurobiol 21(3):402–407. https​://doi.
org/10.1016/j.conb.2011.04.002

Cools R, D’Esposito M (2011) Inverted-U-shaped dopamine actions 
on human working memory and cognitive control. Biol Psy-
chiat 69(12):E113-E125. https​://doi.org/10.1016/j.biops​
ych.2011.03.028

Dahl M, Allwood CM, Hagberg B (2009) The realism in older people’s 
confidence judgments of answers to general knowledge questions. 
Psychol Aging 24(1):234

Dahlin E, Neely AS, Larsson A, Bäckman L, Nyberg L (2008) Trans-
fer of learning after updating training mediated by the striatum. 
Science 320(5882):1510–1512. https​://doi.org/10.1126/scien​
ce.11554​66

Darki F, Peyrard-Janvid M, Matsson H, Kere J, Klingberg T (2012) 
Three dyslexia susceptibility genes, DYX1C1, DCDC2, and 
KIAA0319, affect temporo-parietal white matter structure. 
Biol Psychiat 72(8):671–676. https​://doi.org/10.1016/j.biops​
ych.2012.05.008

Dureman I (1960) SRB:1. Stockholm. Psykologiförlaget, Sweden
Erixon-Lindroth N, Farde L, Wahlin TBR, Sovago J, Halldin C, Bäck-

man L (2005) The role of the striatal dopamine transporter in 
cognitive aging. Psychiatry Res Neuroimaging 138(1):1–12. https​
://doi.org/10.1016/j.pscyc​hresn​s.2004.09.005

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease: sub-
stantia nigra regional selectivity. Brain J Neurol 114 (Pt 5):2283

Folstein MF, Folstein SE, McHugh PR (1975) Mini-mental state. A 
practical method for grading the cognitive state of patients for the 
clinician. J Psychiatr Res 12(3):189–198

Gunning-Dixon FM, Head D, McQuain J, Acker JD, Raz N (1998) Dif-
ferential aging of the human striatum: a prospective MR imaging 
study. Am J Neuroradiol 19(8):1501–1507

Hall H, Sedvall G, Magnusson O, Kopp J, Halldin C, Farde L (1994) 
Distribution of D1-and D2-dopamine receptors, and dopamine 
and its metabolites in the human brain

Hariri AR, Drabant EM, Weinberger DR (2006) Imaging genetics: per-
spectives from studies of genetically driven variation in seroto-
nin function and corticolimbic affective processing. Biol Psychiat 
59(10):888–897. https​://doi.org/10.1016/j.biops​ych.2005.11.005

Harris SE, Deary IJ (2011) The genetics of cognitive ability and cogni-
tive ageing in healthy older people. Trends Cognit Sci 15(9):388–
394. https​://doi.org/10.1016/j.tics.2011.07.004

Hirvonen M, Laakso A, Nagren K, Rinne JO, Pohjalainen T, Hietala 
J (2004) C957T polymorphism of the dopamine D2 receptor 

http://www.snac.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1126/science.1204978
https://doi.org/10.1097/00001756-200207020-00010
https://doi.org/10.1097/00001756-200207020-00010
https://doi.org/10.1038/npp.2017.180
https://doi.org/10.1038/npp.2017.180
https://doi.org/10.1371/journal.pone.0055862
https://doi.org/10.1371/journal.pone.0055862
https://doi.org/10.1016/0306-4522(89)90179-6
https://doi.org/10.1016/0306-4522(89)90179-6
https://doi.org/10.1111/j.1601-183X.2009.00492.x
https://doi.org/10.1111/j.1601-183X.2009.00492.x
https://doi.org/10.1016/j.neuroimage.2007.12.063
https://doi.org/10.1016/j.neuroimage.2007.12.063
https://doi.org/10.1016/j.neuropsychologia.2013.01.014
https://doi.org/10.1016/j.neuropsychologia.2013.01.014
https://doi.org/10.1016/j.conb.2011.04.002
https://doi.org/10.1016/j.conb.2011.04.002
https://doi.org/10.1016/j.biopsych.2011.03.028
https://doi.org/10.1016/j.biopsych.2011.03.028
https://doi.org/10.1126/science.1155466
https://doi.org/10.1126/science.1155466
https://doi.org/10.1016/j.biopsych.2012.05.008
https://doi.org/10.1016/j.biopsych.2012.05.008
https://doi.org/10.1016/j.pscychresns.2004.09.005
https://doi.org/10.1016/j.pscychresns.2004.09.005
https://doi.org/10.1016/j.biopsych.2005.11.005
https://doi.org/10.1016/j.tics.2011.07.004


2661Brain Structure and Function (2018) 223:2653–2662	

1 3

(DRD2) gene affects striatal DRD2 availability in vivo. Mol Psy-
chiatry 9(12):1060–1061. https​://doi.org/10.1038/sj.mp.40015​61

Hoyer WJ, Verhaeghen P (2006) Memory aging. In: Birren JE, Schaie 
KW (eds) Handbook of the Psychology of Aging, 6th edn. Else-
vier, Amsterdam, Netherlands, pp 209–232

Ito H, Kodaka F, Takahashi H, Takano H, Arakawa R, Shimada H, 
Suhara T (2011) Relation between presynaptic and postsynaptic 
dopaminergic functions measured by positron emission tomogra-
phy: implication of dopaminergic tone. J Neurosci 31(21):7886–
7890. https​://doi.org/10.1523/jneur​osci.6024-10.2011

Jack CR, Twomey CK, Zinsmeister AR, Sharbrough FW, Petersen 
RC, Cascino GD (1989) Anterior temporal lobes and hippocam-
pal formations: normative volumetric measurements from MR 
images in young adults. Radiology 172(2):549–554

Jocham G, Klein TA, Neumann J, von Cramon DY, Reuter M, 
Ullsperger M (2009) Dopamine DRD2 polymorphism alters 
reversal learning and associated neural activity. J Neu-
rosci 29(12):3695–3704. https​://doi.org/10.1523/jneur​
osci.5195-08.2009

Jönsson EG, Nothen MM, Grunhage F, Farde L, Nakashima Y, Prop-
ping P, Sedvall GC (1999) Polymorphisms in the dopamine D2 
receptor gene and their relationships to striatal dopamine receptor 
density of healthy volunteers. Mol Psychiatry 4(3):290–296. https​
://doi.org/10.1038/sj.mp.40005​32

Karrer TM, Josef AK, Mata R, Morris ED, Samanez-Larkin GR (2017) 
Reduced dopamine receptors and transporters but not synthesis 
capacity in normal aging adults: a meta-analysis. Neurobiol Aging 
57:36–46

Kish SJ, Shannak K, Rajput A, Deck JHN, Hornykiewicz O (1992) 
Aging produces a specific pattern of striatal dopamine loss: impli-
cations for the etiology of idiopathic Parkinson’s disease. J Neuro-
chem 58(2):642–648. https​://doi.org/10.1111/j.1471-4159.1992.
tb097​66.x

Kline RB (2005) Principles and practice of structural equation mod-
eling. Guilford, New York

Laukka EJ, Lövdén M, Herlitz A, Karlsson S, Ferencz B, Pantzar A, 
Keller L, Graff C, Fratiglioni L, Bäckman L (2013) Genetic effects 
on old-age cognitive functioning: a population-based study. Psy-
chol Aging 28(1):262–274. https​://doi.org/10.1037/a0030​829

Li SC, Sikstrom S (2002) Integrative neurocomputational perspectives 
on cognitive aging, neuromodulation, and representation. Neuro-
sci Biobehav Rev 26(7):795–808. https​://doi.org/10.1016/s0149​
-7634(02)00066​-0

Lindenberger U, Nagel IE, Chicherio C, Li SC, Heekeren HR, Bäckman 
L (2008) Age-related decline in brain resources modulates genetic 
effects on cognitive functioning. Front Neurosci 2(2):234–244. 
https​://doi.org/10.3389/neuro​.01.039.2008

Liu F, Pardo LM, Schuur M, Sanchez-Juan P, Isaacs A, Sleegers K, de 
Koning I, Zorkoltseva IV, Axenovich TI, Witteman JCM, Janssens 
A, van Swieten JC, Aulchenko YS, Oostra BA, van Duijn CM 
(2010a) The apolipoprotein E gene and its age-specific effects on 
cognitive function. Neurobiol Aging 31(10):1831–1833. https​://
doi.org/10.1016/j.neuro​biola​ging.2008.09.015

Liu YW, Paajanen T, Westman E, Wahlund LO, Simmons A, Tunnard 
C, Sobow T, Proitsi P, Powell J, Mecocci P, Tsolaki M, Vellas 
B, Muehlboeck S, Evans A, Spenger C, Lovestone S, Soininen 
H, AddNeuroMed C (2010b) Effect of APOE epsilon 4 Allele 
on cortical thicknesses and volumes: the AddNeuroMed Study. J 
Alzheimers Dis 21(3):947–966. https​://doi.org/10.3233/jad-2010-
10020​1

Lövdén M, Laukka EJ, Rieckmann A, Kalpouzos G, Li TQ, Jonsson T, 
Wahlund LO, Fratiglioni L, Bäckman L (2013) The dimension-
ality of between-person differences in white matter microstruc-
ture in old age. Hum Brain Mapp 34(6):1386–1398. https​://doi.
org/10.1002/hbm.21518​

Makris N, Gasic GP, Seidman LJ, Goldstein JM, Gastfriend DR, Elman 
I, Albaugh MD, Hodge SM, Ziegler DA, Sheahan FS, Caviness 
VS, Tsuang MT, Kennedy DN, Hyman SE, Rosen BR, Breiter 
HC (2004) Decreased absolute amygdala volume in cocaine 
addicts. Neuron 44(4):729–740. https​://doi.org/10.1016/j.neuro​
n.2004.10.027

Manos PJ, Wu R (1994) The ten point clock test: a quick screen and 
grading method for cognitive impairment in medical and surgical 
patients. Int J Psychiatry Med 24(3):229–244

Martin WRW, Palmer MR, Patlak CS, Calne DB (1989) Nigrostriatal 
function in humans studied with positron emission tomography. 
Ann Neurol 26(4):535–542. https​://doi.org/10.1002/ana.41026​
0407

Mattay VS, Goldberg TE, Sambataro F, Weinberger DR (2008) 
Neurobiology of cognitive aging: Insights from imaging genet-
ics. Biol Psychol 79(1):9–22. https​://doi.org/10.1016/j.biops​
ycho.2008.03.015

Neville MJ, Johnstone EC, Walton RT (2004) Identification and charac-
terization of ANKK1: a novel kinase gene closely linked to DRD2 
on chromosome band 11q23.1. Hum Mutat 23(6):540–545. https​
://doi.org/10.1002/humu.20039​

Nieoullon A (2002) Dopamine and the regulation of cognition and 
attention. Prog Neurobiol 67(1):53–83. https​://doi.org/10.1016/
s0301​-0082(02)00011​-4

Nilsson L-G, Bäckman L, Erngrund K, Nyberg L, Adolfsson R, Bucht 
G, Karlsson S, Widing M, Winblad B (1997) The betula prospec-
tive cohort study: memory, health, and aging. Aging Neuropsy-
chol Cogn 4(1):1–32. https​://doi.org/10.1080/13825​58970​82566​
33

Nyberg L, Karalija N, Salami A, Andersson M, Wahlin A, Kaboovand 
N, Kohncke Y, Axelsson J, Rieckmann A, Papenberg G, Garrett 
DD, Riklund K, Lövdén M, Lindenberger U, Bäckman L (2016) 
Dopamine D2 receptor availability is linked to hippocampal-cau-
date functional connectivity and episodic memory. Proc Natl Acad 
Sci USA 113(28):7918–7923. https​://doi.org/10.1073/pnas.16063​
09113​

O’Reilly RC, Frank MJ (2006) Making working memory work: a 
computational model of learning in the prefrontal cortex and 
basal ganglia. Neural Comput 18(2):283–328. https​://doi.
org/10.1162/08997​66067​75093​909

Papenberg G, Bäckman L, Nagel IE, Nietfeld W, Schroeder J, Bertram 
L, Heekeren HR, Lindenberger U, Li S-C (2013) COMT polymor-
phism and memory dedifferentiation in old age. Psychol Aging 
29(2):374–383. https​://doi.org/10.1037/a0033​225

Papenberg G, Li S-C, Nagel IE, Nietfeld W, Schjeide B-M, Schroeder 
J, Bertram L, Heekeren HR, Lindenberger U, Bäckman L (2014) 
Dopamine and glutamate receptor genes interactively influ-
ence episodic memory in old age. Neurobiol Aging. https​://doi.
org/10.1016/j.neuro​biola​ging.2013.11.014

Papenberg G, Lindenberger U, Bäckman L (2015a) Aging-related 
magnification of genetic effects on cognitive and brain integ-
rity. Trends Cogn Sci 19(9):506–514. https​://doi.org/10.1016/j.
tics.2015.06.008

Papenberg G, Lövdén M, Laukka EJ, Kalpouzos G, Keller L, Graff C, 
Kohncke Y, Li T-Q, Fratiglioni L, Bäckman L (2015b) Magni-
fied effects of the COMT gene on white-matter microstructure in 
very old age. Brain Struct Funct 220(5):2927–2938. https​://doi.
org/10.1007/s0042​9-014-0835-4

Papenberg G, Ferencz B, Mangialasche F, Mecocci P, Cecchetti R, 
Kalpouzos G, Fratiglioni L, Bäckman L (2016) Physical activity 
and inflammation: effects on gray-matter volume and cognitive 
decline in aging. Hum Brain Mapp 37(10):3462–3473. https​://
doi.org/10.1002/hbm.23252​

Persson J, Rieckmann A, Kalpouzos G, Fischer H, Bäckman L 
(2015) Influences of a DRD2 polymorphism on updating of 
long-term memory representations and caudate BOLD activity: 

https://doi.org/10.1038/sj.mp.4001561
https://doi.org/10.1523/jneurosci.6024-10.2011
https://doi.org/10.1523/jneurosci.5195-08.2009
https://doi.org/10.1523/jneurosci.5195-08.2009
https://doi.org/10.1038/sj.mp.4000532
https://doi.org/10.1038/sj.mp.4000532
https://doi.org/10.1111/j.1471-4159.1992.tb09766.x
https://doi.org/10.1111/j.1471-4159.1992.tb09766.x
https://doi.org/10.1037/a0030829
https://doi.org/10.1016/s0149-7634(02)00066-0
https://doi.org/10.1016/s0149-7634(02)00066-0
https://doi.org/10.3389/neuro.01.039.2008
https://doi.org/10.1016/j.neurobiolaging.2008.09.015
https://doi.org/10.1016/j.neurobiolaging.2008.09.015
https://doi.org/10.3233/jad-2010-100201
https://doi.org/10.3233/jad-2010-100201
https://doi.org/10.1002/hbm.21518
https://doi.org/10.1002/hbm.21518
https://doi.org/10.1016/j.neuron.2004.10.027
https://doi.org/10.1016/j.neuron.2004.10.027
https://doi.org/10.1002/ana.410260407
https://doi.org/10.1002/ana.410260407
https://doi.org/10.1016/j.biopsycho.2008.03.015
https://doi.org/10.1016/j.biopsycho.2008.03.015
https://doi.org/10.1002/humu.20039
https://doi.org/10.1002/humu.20039
https://doi.org/10.1016/s0301-0082(02)00011-4
https://doi.org/10.1016/s0301-0082(02)00011-4
https://doi.org/10.1080/13825589708256633
https://doi.org/10.1080/13825589708256633
https://doi.org/10.1073/pnas.1606309113
https://doi.org/10.1073/pnas.1606309113
https://doi.org/10.1162/089976606775093909
https://doi.org/10.1162/089976606775093909
https://doi.org/10.1037/a0033225
https://doi.org/10.1016/j.neurobiolaging.2013.11.014
https://doi.org/10.1016/j.neurobiolaging.2013.11.014
https://doi.org/10.1016/j.tics.2015.06.008
https://doi.org/10.1016/j.tics.2015.06.008
https://doi.org/10.1007/s00429-014-0835-4
https://doi.org/10.1007/s00429-014-0835-4
https://doi.org/10.1002/hbm.23252
https://doi.org/10.1002/hbm.23252


2662	 Brain Structure and Function (2018) 223:2653–2662

1 3

magnification in aging. Hum Brain Mapp 36(4):1325–1334. https​
://doi.org/10.1002/hbm.22704​

Pohjalainen T, Rinne JO, Nagren K, Lehikoinen P, Anttila K, Syvalahti 
EKG, Hietala J (1998) The A1 allele of the human D-2 dopamine 
receptor gene predicts low D-2 receptor availability in healthy 
volunteers. Mol Psychiatry 3(3):256–260. https​://doi.org/10.1038/
sj.mp.40003​50

Rasch B, Papassotiropoulos A, de Quervain DF (2010) Imaging genet-
ics of cognitive functions: focus on episodic memory. Neuroimage 
53(3):870–877. https​://doi.org/10.1016/j.neuro​image​.2010.01.001

Raz N, Rodrigue KM, Kennedy KM, Head D, Gunning-Dixon F, Acker 
JD (2003) Differential aging of the human striatum: longitudinal 
evidence. Am J Neuroradiol 24(9):1849–1856

Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, Wil-
liamson A, Dahle C, Gerstorf D, Acker JD (2005) Regional brain 
changes in aging healthy adults: general trends, individual differ-
ences and modifiers. Cereb Cortex 15(11):1676–1689. https​://doi.
org/10.1093/cerco​r/bhi04​4

Reeves S, Bench C, Howard R (2002) Ageing and the nigrostriatal 
dopaminergic system. Int J Geriatr psychiatry 17(4):359–370. 
https​://doi.org/10.1002/gps.606

Rieckmann A, Karlsson S, Karlsson P, Brehmer Y, Fischer H, Farde 
L, Nyberg L, Bäckman L (2011) Dopamine D1 receptor asso-
ciations within and between dopaminergic pathways in younger 
and elderly adults: links to cognitive performance. Cereb Cortex 
21(9):2023–2032. https​://doi.org/10.1093/cerco​r/bhq26​6

Salthouse TA, Babcock RL (1991) Decomposing adult age differences 
in working memory. Dev Psychol 27(5):763

Shao W, Zhang S-z, Tang M, Zhang X-h, Zhou Z, Yin Y-q, Zhou Q-b, 
Huang Y-y, Liu Y-j, Wawrousek E, Chen T, Li S-b, Xu M, Zhou 
J-n, Hu G, Zhou J-w (2013) Suppression of neuroinflammation by 
astrocytic dopamine D2 receptors via alpha B-crystallin. Nature 
494(7435):90–94. https​://doi.org/10.1038/natur​e1174​8

Stein JL, Hibar DP, Madsen SK, Khamis M, McMahon KL, de Zubi-
caray GI, Hansell NK, Martin NG, Wright MJ, Saykin AJ, Jack 
CR Jr, Weiner MW, Toga AW, Thompson PM (2011) Genome-
wide search reveals dopamine-related genetic variation effects on 
caudate volume replicated in young and elderly populations (N 
= 1198). Society for Neuroscience Abstract Viewer and Itinerary 
Planner 40

Taki Y, Thyreau B, Kinomura S, Sato K, Goto R, Wu K, Kawashima R, 
Fukuda H (2013) A longitudinal study of age- and gender-related 

annual rate of volume changes in regional gray matter in 
healthy adults. Hum Brain Mapp 34(9):2292–2301. https​://doi.
org/10.1002/hbm.22067​

Thompson J, Thomas N, Singleton A, Piggott M, Lloyd S, Perry EK, 
Morris CM, Perry RH, Ferrier IN, Court JA (1997) D2 dopamine 
receptor gene (DRD2) Taq1 A polymorphism: reduced dopamine 
D2 receptor binding in the human striatum associated with the A1 
allele. Pharmacogenetics 7(6):479–484

Tsai SJ, Yu YWY, Lin CH, Chen TJ, Chen SP, Hong CJ (2002) Dopa-
mine D2 receptor and N-methyl-d-aspartate receptor 2B subunit 
genetic variants and intelligence. Neuropsychobiology 45(3):128–
130. https​://doi.org/10.1159/00005​4951

Volkow ND, Gur RC, Wang G-J, Fowler JS, Moberg PJ, Ding Y-S, 
Hitzemann R, Smith G, Logan J (1998a) Association between 
decline in brain dopamine activity with age and cognitive and 
motor impairment in healthy individuals. Am J Psychiatry 
155(3):344–349. https​://doi.org/10.1176/ajp.155.3.344

Volkow ND, Wang GJ, Fowler JS, Ding YS, Gur RC, Gatley J, Logan 
J, Moberg PJ, Hitzemann R, Smith G, Pappas N (1998b) Parallel 
loss of presynaptic and postsynaptic dopamine markers in nor-
mal aging. Ann Neurol 44(1):143–147. https​://doi.org/10.1002/
ana.41044​0125

Wang Y, Chan GLY, Holden JE, Dobko T, Mak E, Schulzer M, 
Huser JM, Snow BJ, Ruth TJ, Calne DB, Stoessl AJ (1998) Age-
dependent decline of dopamine D1 receptors in human brain: 
A PET study. Synapse 30 (1):56–61. https://doi.org/10.1002/
(sici)1098-2396(199809)30:1<56::aid-syn7>3.0.co;2-j

Watanabe K, Kakeda S, Yoshimura R, Ide S, Hayashi K, Katsuki A, 
Umene-Nakano W, Watanabe R, Abe O, Korogi Y (2015) Genetic 
variation in the catechol-O-Methyl transferase Val108/158Met 
Is linked to the caudate and posterior cingulate cortex volume 
in healthy subjects: voxel-based morphometry analysis of brain 
magnetic resonance imaging. Plos One. https​://doi.org/10.1371/
journ​al.pone.01428​62

Woodward ND, Zald DH, Ding ZH, Riccardi P, Ansari MS, Baldwin 
RM, Cowan RL, Li R, Kessler RM (2009) Cerebral morphol-
ogy and dopamine D-2/D-3 receptor distribution in humans: a 
combined F-18 fallypride and voxel-based morphometry study. 
Neuroimage 46(1):31–38. https​://doi.org/10.1016/j.neuro​image​
.2009.01.049

Zazzo R (1974) Test des deux barrages. Actualités pédagogiques et 
psychologiques, vol 7. Delachaux et Nestlé, Neuchâtel

https://doi.org/10.1002/hbm.22704
https://doi.org/10.1002/hbm.22704
https://doi.org/10.1038/sj.mp.4000350
https://doi.org/10.1038/sj.mp.4000350
https://doi.org/10.1016/j.neuroimage.2010.01.001
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1002/gps.606
https://doi.org/10.1093/cercor/bhq266
https://doi.org/10.1038/nature11748
https://doi.org/10.1002/hbm.22067
https://doi.org/10.1002/hbm.22067
https://doi.org/10.1159/000054951
https://doi.org/10.1176/ajp.155.3.344
https://doi.org/10.1002/ana.410440125
https://doi.org/10.1002/ana.410440125
https://doi.org/10.1371/journal.pone.0142862
https://doi.org/10.1371/journal.pone.0142862
https://doi.org/10.1016/j.neuroimage.2009.01.049
https://doi.org/10.1016/j.neuroimage.2009.01.049

	Influence of the DRD2ANKK1 Taq1A polymorphism on caudate volume in older adults without dementia
	Abstract
	Introduction
	Methods
	Participants
	Cognitive measures
	Perceptual speed
	Episodic memory
	Semantic memory
	Letter fluency
	Category fluency

	Genotyping
	MRI acquisition
	VBM analyses
	Statistical analyses

	Results
	Genetic effects on grey matter volumes
	Genetic effects on cognition

	Discussion
	Acknowledgements 
	References


