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Abstract
Insufficient or excessive dopaminergic tone impairs cognitive performance. We examine whether the balance between
transmitter availability and dopamine (DA) D2 receptors (D2DRs) is important for successful memory performance in a large
sample of adults (n = 175, 64–68 years). The Catechol-O-Methyltransferase polymorphism served as genetic proxy for
endogenous prefrontal DA availability, and D2DRs in dorsolateral prefrontal cortex (dlPFC) were measured with
[11C]raclopride-PET. Individuals for whom D2DR status matched DA availability showed higher levels of episodic and
working-memory performance than individuals with insufficient or excessive DA availability relative to the number of
receptors. A similar pattern restricted to episodic memory was observed for D2DRs in caudate. Functional magnetic
resonance imaging data acquired during working-memory performance confirmed the importance of a balanced DA
system for load-dependent brain activity in dlPFC. Our data suggest that the inverted-U–shaped function relating DA
signaling to cognition is modulated by a dynamic association between DA availability and receptor status.
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Introduction
The dopamine (DA) system contributes to higher-order cognitive
functions, such as working memory (Kimberg et al. 1997; Liggins
2009; Williams and Goldman-Rakic 1995). Animal work suggests

that maintenance of representations in working memory is
related to the prefrontal DA D1 receptor system (Sawaguchi 2001;
Wang et al. 2004). Likewise, mice deficient for DA D2 receptors
(D2DRs) exhibit spatial working-memory deficits (Glickstein et
al. 2002). D2DRs also have a role in phasic working-memory oper-
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ations, relevant for updating the contents of working memory
(D’Esposito and Postle 2015; O’Reilly 2006; Bäckman et al. 2011).
Specifically, blocking D2DRs in prefrontal cortex (PFC) impairs
both learning of new stimulus–response associations and cog-
nitive flexibility (Puig et al. 2014). This is in line with the dual-
state theory of prefrontal DA function (Durstewitz & Seamans,
2008), which suggests the existence of two discrete dynamic
regimes. The D1 receptor–dominated state is associated with
robust online maintenance of information and the D2 receptor–
dominated state is beneficial for flexible and fast switching
among representational states.

In humans, DA-relevant genes have been found to modu-
late working-memory performance. For instance, the catechol-
O-methyltransferase (COMT) Val158Met polymorphism gives rise
to individual differences in extracellular degradation of DA in
PFC. COMT Val homozygotes have 3–4-fold higher DA-degrading
activity than Met homozygotes (Lotta et al. 1995), resulting in
less prefrontal DA availability and typically lower working mem-
ory (Witte and Floel 2012), as well as reduced episodic memory
(Wimber et al. 2011; de Frias et al. 2004).

However, high endogenous DA levels or D2DR availability
are not always beneficial to cognitive functioning. Recently,
we showed that a subgroup of individuals with high striatal
and extrastriatal D2DRs availability exhibits particularly
poor episodic and working memory, whereas there was a
positive relationship between D2DRs and memory performance
for most individuals (Lövdén et al. 2018). Concerning DA
signaling and cognitive functioning, there is evidence for an
inverted-U–shaped dose–response curve. This model holds
that excessively low as well as excessively high DA tone is
associated with reduced performance (Cools and D’Esposito
2011). As an example of detrimental effects from excessive
DA signaling, administration of a D2DR agonist in nonhuman
primates impairs working memory and induces “hallucinatory-
like” behaviors (Arnsten et al. 1995). Cognitive disturbances
via D2DR stimulation could arise from molecular cascades
through which levels of noise in prefrontal circuits might
increase (Gee et al. 2012). An optimal balance would reflect
equilibrium between transmitter availability and receptor
status. PET studies in healthy adults showed that pre- and
postsynaptic DA markers may not necessarily be correlated.
Although DA synthesis capacity correlated with D2DR binding,
there was no association with actual DA release (Berry et
al. 2018). A negative relationship was also found between
endogenous DA synthesis rate and D2DR availability (Ito
et al. 2011). On this foundation, we hypothesize that the
balance between DA availability and D2DR status is important
for optimal neurotransmission and, consequently, cognitive
performance.

Prefrontal D2DR availability was assessed via [11C] raclopride
binding potential (BPND) determined in positron emission
tomography (PET) assessments, and a genetic variation in the
COMT gene served as a proxy for endogenous prefrontal DA
tone (Met/Met > Met/Val > Val/Val). In the following, we also
refer to these genetically inferred differences as differences
in DA availability. It is well known that [11C] raclopride BPND is
sensitive to endogenous DA levels (Laruelle 2000). Importantly,
similar mean BPND values and dispersions of values around the
mean [standard deviation (SD)/mean] were found across allelic
groups for the regions of interest in our study. Another PET study
demonstrated similar levels of raclopride BPND, density, and
ligand affinity among COMT groups (Hirvonen et al. 2010). These
observations, and particularly the existence of similar ranges

Figure 1. Hypothesized modulation of the inverted-U–shaped function relating
DA signaling to cognition by DA availability and receptor status.

of inter-individual differences in [11C] raclopride BPND among
the allelic groups in our study, indicate that BP estimations are
not biased across COMT groups (see Supplementary Table A1).
D2DRs are also expressed to a minor extent in the presy-
naptic neuron, serving as autoreceptors (Mottola et al. 2002;
Ford 2014). However, given this low expression, our mea-
sures of D2DR availability should mainly reflect postsynaptic
receptors.

If balance between DA receptors and availability is important,
we expected to find better working- and episodic-memory per-
formance among individuals with well-balanced prefrontal DA
availability and D2DRs, with higher dopaminergic tone resulting
in better performance. Individuals with low endogenous DA lev-
els (Val/Val) and high D2DR status would perform worse, likely
reflecting low DA activity for signal transmission. Similarly, high
endogenous DA tone (Met/Met) in combination with low D2DR
status should be associated with lower cognitive performance,
due to excessive DA relative to the number of receptors (Fig. 1).
Alternatively, the highest and lowest availability with respect to
both D2DR status and transmitter availability may be associated
with the worst performance, because these individuals are the
most removed from the apex of the inverted-U–shaped function.
Such a pattern would speak against the balance hypothesis.

We focus on the dorsolateral PFC (dlPFC) given its importance
for working (Eriksson et al. 2015) and episodic memory
(Kapur et al. 1995; Shallice et al. 1994). For comparative
purposes, the same analyses were conducted with D2DR
availability in caudate, which is also implicated in episodic
(e.g., Nyberg et al. 2016) and working memory (e.g., Bäckman
et al. 2011). COMT is abundantly expressed in PFC and
considerably less so in striatum (Matsumoto et al. 2003).
Thus, we expected relatively weaker effects involving the
caudate.

Finally, we use functional magnetic resonance imaging (fMRI)
data to investigate whether individuals with balanced and
imbalanced DA systems in dlPFC differ in brain activation during
a working-memory task. Working memory load potentiates
release of endogenous DA (Jacobs and D’Esposito 2011).
Individuals with excessive DA should benefit the least from
load-induced endogenous DA, reflected in weak blood-oxygen-
level–dependent (BOLD) modulation across load. By contrast,
individuals with insufficient DA should benefit more from
task-induced DA, given that they have sufficient receptors.
Individuals with balanced DA systems, irrespective of level,
are expected to be most similar in terms of their BOLD
modulation.
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Materials and Methods
We have reported the Cognition, Brain, and Aging (COBRA) study
design, recruitment procedure, imaging protocols, and details of
the cognitive and lifestyle battery elsewhere (Nevalainen et al.
2015). The COBRA study is a prospective multimodal imaging
study of DA, brain structure and function, and cognition, in nor-
mal aging. Here, we restrict the presentation to methodological
details directly relevant to the present work. The study was
approved by the local Ethical and Radiation Safety Committee of
Umeå, Sweden, and all participants provided written informed
consent prior to testing. Written consent was also acquired for
storage of blood samples at the Department of Biobank Research
at Norrland’s University Hospital.

Participants

The initial sample included 181 healthy older individuals (64–
68 years of age; mean = 66.2; SD = 1.2; 81 women), who were
randomly selected from the population register of Umeå, a city
in northern Sweden. Individuals with pathological deviations
in brain and cognitive functions or circumstances that could
bias task performance or obstruct imaging sessions (e.g., metal
implants) were excluded. The resulting sample had lower
prevalence of hypertension than nationwide reports (33% in
COBRA, ∼50% nationwide) (Carlsson et al. 2008), normal or
slightly increased body–mass index (>30 in 14.4% of the sample),
and 17.7% consumed nicotine. PET data were excluded for 4
individuals with imperfect segmentation of MR images and PET-
MR image coregistration and for 1 individual with pathological
deviations in the brain observed on the MR images. Genetic data
were missing for 2 persons.

Thus, the effective sample included 175 individuals for the
main analyses. Furthermore, 12 participants were excluded from
the fMRI analyses, as their performance indicated failure to
comprehend the task instructions (Salami et al. 2018).

Image Acquisition

Magnetic resonance (MR) imaging was performed with a 3 Tesla
Discovery MR 750 scanner (General Electric), equipped with a 32-
channel phased-array head coil. PET was done with a Discovery
PET/CT 690 scanner (General Electric).

PET Imaging
All participants underwent a PET scan (Discovery PET/CT 690; GE
Healthcare) performed during resting-state conditions following
an intravenous bolus injection of 250 MBq [11C]raclopride.
Preceding the injection, a 5-min low-dose helical CT scan
(20 mA, 120 kV, 0.8 s per revolution) was obtained for PET-
attenuation correction. Following the bolus injection, a 55-
min 18-dynamic scan was acquired (9 × 120, 3 × 180, 3 × 260,
3 × 300 s). Attenuation- and decay-corrected PET images (47
slices, 25 cm field of view, 256 × 256-pixel transaxial images,
voxel size 0.977 × 0.977 × 3.27 mm3) were reconstructed with the
resolution-recovery iterative VUE Point HD-SharpIR algorithm
GE Healthcare (6 iterations, 24 subsets, 3.0 mm postfiltering)
supplied with the scanner, with a half maximum resolution of
3.2 mm.

Structural MR Imaging
A 3D fast-spoiled echo sequence was used for acquiring anatom-
ical T1-weighted images, collected as 176 slices with a thickness

of 1 mm. Time repetition (TR) = 8.2 ms, flip angle = 12◦, and field
of view = 25 × 25 cm.

fMRI
BOLD-contrast sensitive scans were acquired using a T2∗-
weighted single-shot gradient echoplanar-imaging sequence.
Parameters were 37 transaxial slices, 3.4 mm thickness,
0.5 mm spacing, time echo (TE)/TR = 30/2000 ms, 80◦ flip angle,
25 × 25 cm field of view, and a 96 × 96 acquisition matrix. At
the start, 10 dummy scans were collected. The functional data
were acquired during a numerical n-back working-memory task
described below.

Image Processing

PET Images
D2DR status was determined by calculating the non-displaceable
[11C] raclopride binding potential, BPND (Logan et al. 1996). In
brief, the PET emission scan format was converted from DICOM
to NIfTI, corrected for head movements, and then coregistered
to the corresponding MR image using the Statistical Parametric
Mapping software (SPM8, https://www.fil.ion.ucl.ac.uk/spm/).
Regions of interest were delineated with the FreeSurfer 5.3
segmentation software (Fischl et al. 2002; Fischl et al. 2004;
Han and Fischl 2007). The cerebellar gray matter was used as
a reference region, due to negligible D2DR expression (Farde
et al. 1986). Time-activity curves for the reported regions were
used to calculate BPND, which equals to distribution volume
ratio-1, using the Logan method (Logan et al. 1996), with linear
regression from 18 to 55 minutes. Median BPND data were
extracted from Brodmann areas 9 and 46 based on masks from
the MRIcron atlas (http://people.cas.sc.edu/rorden/mricron/
index.html) to indicate D2DRs in dlPFC. In addition, BPND

data were extracted for the caudate based on the subcortical
parcellations in Freesurfer.

To adjust for mean differences between Brodmann area 9
(Mean = 0.10; SD = 0.04) and 46 (Mean = 18; SD = 0.04; paired t-
test: t(174) = 39.3, P = 0.000), values were z-transformed before
averaging, and the sum score was converted to a t-score. For
consistency, the caudate BPND (Mean = 2.26; SD = 0.24) is also
presented in t-score metric.

Using a low-affinity ligand, such as [11C] raclopride, to
assess extrastriatal D2 binding potential deserves some
comments, because of the low density of D2 receptors outside
striatum. Toward this end, COBRA work has demonstrated
that [11C]raclopride-based extrastriatal D2 binding may be
meaningfully linked to working and episodic memory (Lövdén et
al. 2017; Salami et al. 2018) and exhibits excellent psychometric
properties (Papenberg et al., in preparation). Other research has
also shown good test–retest reliability for extrastriatal binding of
[11C] raclopride to D2DRs (Alakurtti et al. 2015). These patterns of
data substantiate the feasibility of [11C] raclopride in measuring
D2DR binding outside the striatum, despite the sparse number
of receptors.

fMRI Analyses
SPM8 was used for preprocessing and data analysis of the
fMRI task. Preprocessing of the task fMRI data included slice-
timing correction, unwarping and realignment of the time-
series to the first image of each volume, and normalization to
a sample-specific template (using DARTEL), followed by affine
alignment to Montreal Neurological Institute (MNI) standard
space. Data were resampled to 2-mm isotropic voxels and
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spatially smoothed using an 6-mm full width at half maximum
(FWHM) Gaussian kernel. First-order task analyses included
the experimental conditions (1-back, 2-back, and 3-back) as
regressors of interest in a general linear model, convolved
with a hemodynamic response function. The six realignment
parameters were included as covariates of no interest to account
for residual movement artifacts. To obtain measures of brain
activity across load in the 3 working memory conditions, fMRI
contrast estimates (betas) were extracted from the relevant
contrast images for the dlPFC (Salami et al. 2018), defined a
priori as a key region of the frontal–parietal control network
(see Vincent et al. 2008 for center MNI coordinates).

Volumetric MRI Processing
Gray-matter volumes were used as covariates in the analyses
reported below. To quantify volumes, T1-weighted images
were first segmented into gray matter, white matter, and
cerebrospinal fluid, using the unified segmentation approach
(Ashburner and Friston 2005) in SPM (Wellcome Trust Centre for
Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm/), implemented
in Matlab 10 (The Mathworks, Inc). The “light clean up” option
was used to remove odd voxels from the segments. The gray-
matter images were further analyzed using DARTEL in SPM. The
gray-matter segments were imported into DARTEL space, and a
final customized template was created, as were subject-specific
flow fields containing the individual spatial-normalization
parameters (diffeomorphic nonlinear image registration). These
segments were further warped into standard MNI space, by in
corporating an affine transformation mapped from the DARTEL
template to MNI space. In addition, the normalized gray-matter
volumes were modulated by scaling these with Jacobian deter-
minants from the registration step to preserve local-tissue vol-
umes. Volumes were smoothed with an FWHM Gaussian kernel
of 8 mm in 3 directions. Masks from the MRIcron atlas were used
to extract gray-matter volumes from Brodmann areas 9 and 46.
The caudate masks were based on the WFU Pickatlas AAL.

Cognitive Measures

The main cognitive domains examined offline in COBRA are
working memory, episodic memory, and perceptual speed (see
Nevalainen et al. 2015 for a more detailed description). These
domains were tested with 3 separate tasks each (a verbal, a
numerical, and a figural task). For each task, summary scores
were computed across the total number of blocks or trials. A
summary score per ability was created by averaging the T-scored
measures (M = 50; SD = 10) for each cognitive domain. Here, we
restrict our description to the measures of working and episodic
memory.

Working Memory

Letter-updating Task
A sequence of letters (A–D) appeared one-by-one on the com-
puter screen, and participants were instructed to continuously
update and remember the three lastly shown letters. Letters
were presented during 1 s, with an inter-stimulus interval (ISI)
of 0.5 s. Then, at an unknown time point in the sequence, the
3 last letters were to be typed using the keyboard. In case of
failure, participants guessed. The test consisted of 16 trials, with
4 trials of 7, 9, 11, or 13 letter sequences presented in random
order (max = 16 trials × 3 responses = 48).

Columnized Numerical 3-back Task
A grid consisting of 1 × 3 boxes was presented on the screen. In
each box, one at a time and starting from the left, a number (1–
9) was presented for 1.5 s, with the next number presented after
an ISI of 0.5 s. After a number was presented in the rightmost
box, the next number appeared in the leftmost box. In each
trial, 30 numbers were presented. The task consisted of deciding
whether the number appearing in a specific box was the same
as the last number displayed in that particular box. A response
was required for all three boxes throughout the test, by pressing
labeled keys on the keyboard that corresponded to ‘yes’ (right
index finger) or ‘no’ (left index finger). The first 3 numbers all
received a ‘no’, as no numbers had appeared before that (max 4
trials × 27 numbers = 108).

Spatial-updating Task
Participants were presented with 3 separate grids (3 × 3 squares
in each) placed adjacent to each other. Three circular objects,
one at a random position in each grid, were presented simul-
taneously for 4 s, after which they disappeared. Following this,
an arrow appeared beneath each grid for 2.5 s (one at a time,
from left to right, with an ISI of 0.5 s), pointing in the direction
where each circle should be mentally moved. This manipulation
was done twice for each grid (i.e., 6 updating operations in total).
Following updating, participants were asked to mark the correct
object position in each grid, using the computer mouse. In case
of uncertainty, participants guessed the position of the object.
The test consisted of 10 test trials (max = 30).

In-scanner Numerical n-back Task
The sum of correct responses was obtained from a numerical n-
back task. In this task, a sequence of single numbers appeared
on the screen. Each number was shown for 1.5 s, with an ISI
of 0.5 s. During every item presentation, participants reported
if the number currently seen on the screen was the same as
that shown 1, 2, or 3 digits back. A heading that preceded each
subtest indicated the actual condition. Participants responded
by pressing one of two adjacent buttons with the index or middle
finger to reply ‘yes, it is the same number’ or ‘no, it is not the
same number’„ respectively. A total of 9 blocks for each condition
(1-back, 2-back, and 3-back) were performed in random order,
each block consisting of 10 items. The trial sequence was the
same for all participants. In calculating the total score, each
correct answer was given 1 credit point, except for the first item
in each 1-back condition, and for items 1 to 2 and 1 to 3 in
each 2- and 3-back condition. Thus, the maximum score for each
condition was 81, 72, and 63.

Episodic Memory

Word-recall Task
Participants were presented with 16 Swedish nouns that
appeared consecutively on the screen. The words were concrete,
easy to spell, and all differed in the first three letters. During
study, words were presented for 6 s each, with an ISI of 1 s. After
having seen the entire list of 16 items, participants reported the
words they could recall by writing them down one-by-one in
any order using a keyboard. Two test trials were administered
(max = 32).

Number–word Task
This task consisted of memorizing pairs of 2-digit numbers and
concrete plural nouns (e.g., 46 dogs). During study, 8 number–
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word pairs were displayed for 6 s each, with an ISI of 1 s.
Following study, participants were requested to report, using the
keyboard, the 2-digit number associated with each noun shown
on the screen (e.g., How many dogs?). Upon reporting, words
were presented one-by-one in a different order than during
acquisition. A total of 2 test trials were administered (max = 16).

Object-position Task
Participants were presented with a grid of 6 × 6 squares. A total
of 12 objects were shown, one at a time, each at separate loca-
tions in the grid. Presentation time of each object-position pair
was 8 s, with an ISI of 1 s. At test, all objects were shown adjacent
to the grid, and the correct position of each object was reported
by moving objects with the computer mouse (in any order) to
the correct location in the grid. If failing to recall the position,
participants guessed. A total of 2 test trials were performed
(max = 24).

Genotyping

The COMT Val158Met polymorphism (rs4680) was chosen as a
genetic proxy for differences in endogenous DA (Lotta et al.
1995). In conjunction with the PET session, blood samples were
collected from all participants and stored at the local biobank.
DNA extraction and genotyping services were performed by
LGC genomics, using their in-house products. In brief, DNA
was extracted from the buffy-coat fraction of blood samples
using the KleargeneTM XL nucleic acid extraction kits, and
genotyping was performed with KASPTM genotyping assays.
When conducting the genotyping analysis, the DNA template
was mixed with a KASP master mix [containing KASP Taq
polymerase, deoxynucleoside triphosphates, buffers, salts,
two fluorescently-labeled (FAM and HEX) reporter cassettes],
and a single-nucleotide polymorphism-specific KASP Assay
mix (containing two allele-specific forward primers and one
common reverse primer). The sequence for the forward primers
was 5′-GCA TGC ACA CCT TGT CCT TCA C/T-3′ (i.e., differing
at one base in the 3′-end) and for the reverse primer: 5′-CAT
CAC CCA GCG GAT GGT GGA T-3′. Genotyping was carried
out with polymerase chain reaction sessions, during which
primers bound to their target sequences, reporter cassettes
were incorporated in the DNA product, and amplification of
the product was achieved. Allelic variants were determined
via detection of FAM or HEX fluorescence for homozygotes
or both for heterozygotes. DNA amplification failed for
one sample.

The distribution of COMT alleles was in Hardy–Weinberg
equilibrium (Met/Met: n = 54; Met/Val: n = 85; Val/Val: n = 38;
χ2 < 1, p > 0.1). In the effective sample, there were 52 Met
homozygotes due to missing PET data. Notably, COMT geno-
types did not differ with respect to BPND in dlPFC, F(1,
174) = 1.49, P = 0.228, or caudate, F(1, 173) = 1.91, P = 0.151. The
comparison between Met and Val homozygotes was at trend
level for the dlPFC (see Supplementary Table A1; P = 0.10;
partial eta-squared = 0.030), but not after adjusting for sex
(P = 0.17; partial eta-squared = 0.022). To address potential
concerns, we conducted further control analyses. Specifically,
we created dummy variables to code for the effects of
COMT, which were partialled out from dlPFC BPND before
conducting the main regression analyses reported below.
These additional analyses did not result in any change
of results.

Statistical Analyses

Behavioral and demographic data were analyzed using SPSS for
Windows 15 (SPSS). We conducted linear regression analyses to
investigate main and interactive effects between BPND (dlPFC
and caudate) and COMT status (Met/Met, Met/Val, and Val/Val) on
cognition. Separate regression analyses were conducted for the
2 memory domains. Given that COMT may influence cognition
both in a dose–response manner as well as nonlinearly (Nyberg
et al. 2014; Papenberg et al. 2014), with one genotype showing
differential performance, we also tested for potential nonlinear
effects of COMT as well as the interaction term with BPND.

For illustrative purposes and further analyses, participants
were grouped into low and high D2DR availability groups based
on a median split of the sample distribution of BPND in the
region of interest (i.e., mean of left and right Brodmann areas
9 and 46 for dlPFC and caudate). This resulted in the follow-
ing distribution of COMT across groups: low dlPFC-D2DR BPND

(Met/Met = 30; Met/Val = 44; Val/Val = 13) and high dlPFC-D2DR
BPND (Met/Met = 22; Met/Val = 41; Val/Val = 25). The correspond-
ing distributions for the groups based on caudate BPND were:
low D2DR BPND (Met/Met = 24; Met/Val = 39; Val/Val = 24) and high
D2DR BPND (Met/Met = 27; Met/Val = 46; Val/Val = 14). Reported
mean differences stem from a repeated-measures multivari-
ate analysis of covariance (MANCOVA), with D2DR group (low
and high) and COMT status (Met/Met, Met/Val, and Val/Val) as
between-subject factors and cognitive performance (working
memory and episodic memory) as the outcome.

Given the well-established female superiority in episodic
memory (Herlitz et al. 1997) and the impact of education on
memory (Nyberg et al. 2012), sex and education were included
as covariates in all analyses. For the analyses involving caudate
BPND, we controlled for variation in the DA transporter (DAT)
gene (Li et al. 2013), because DAT is involved in DA degradation
in striatum (Bäckman et al. 2006). Moreover, all analyses were
adjusted for the D2DR C957T polymorphism, as it may inflate
[11C] raclopride BPND in individuals with high affinity (Karalija
et al. 2019)

With respect to BOLD activations, a paired t-test indicated no
differences between 1-back and 3-back in the right hemisphere
t(164) = 0.78, P = 0.434, in line with data showing that the left
hemisphere is most sensitive to WM demands (Nyberg et al.
2014). Moreover, there were no differences between 2-back and
3-back in the left hemisphere, t(164) = 0.58, P = 0.564. Therefore,
the analyses focused on the left hemisphere and the contrast
between 1-back and 3-back to maximize the power to detect dif-
ferences. We conducted a repeated-measures MANCOVA, with
D2DR group (low and high) and COMT status (Met/Met, Met/Val,
and Val/Val) as between-subject factors and BOLD activity (1-
back and 3-back) as the outcome. In addition to sex and edu-
cation, gray-matter volume in dlPFC was included as covariate.

The Outlier Labeling Rule was used to track univariate out-
liers; the following formulas were computed to calculate the
upper and lower limits, respectively, for outliers: Q3 + [2.2 ∗
(Q3−Q1)] and Q1−[2.2 ∗ (Q3−Q1)], where Q1 is the lower quartile
(25th percentile of the data) and Q3 is the upper quartile (75th
percentile). The number 2.2 is the value of the tuning parameter
g, which was set to 2.2 following recommendations (Hoaglin and
Iglewicz 1987). Multivariate outliers within and across groups
were determined using Mahalanobi’s distance, with the recom-
mended P < 0.001 threshold for the χ2 value (Tabachnick and
Fidell 2006). For all analyses, the alpha level was set to P < 0.05.
Effect sizes are indicated by partial eta squared.
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Figure 2. Working memory (A, C) and episodic memory (B, D) performance as a function of COMT genotype (Met/Met, Met/Val, and Val/Val) and D2DR BPND (low and
high) in dlPFC. BPND is shown in t-score metric and ranges from 25.8 to 80.2. Errors bars represent 1 standard error around the means.

Results
Interactive Effects between D2DR BPND and COMT
Status on Cognitive Performance

BPND in dlPFC was not directly related to memory performance
(working memory: β = −.059, t(167) = −.804, P = 0.423; episodic
memory: β = 0.086, t(168) = 1.179, P = 0.240) and neither was COMT
(working memory: β = 0.026, t(167) = 0.357, P = 0.722; episodic
memory: β = 0.049, t(168) = 0.680, P = 0.497). The regression
analyses revealed a significant linear interaction between
BPND in dlPFC and COMT in predicting working (β = −0.524,
t(166) = −2.594, P = 0.010; Fig. 2A) and episodic (β = −0.488,
t(167) = −2.426, P = 0.016; Fig. 2B) memory. There were no
interactive effects between BPND in caudate and COMT on
memory performance. However, the nonlinear interaction
between caudate BPND and COMT was significant for episodic
memory (β = −2.096, t(163) = −2.577, P = 0.011; Fig. 3B) but not for
working memory (P > 0.158; Fig. 3A).

Notably, adjusting the analyses for gray-matter volume in
dlPFC or caudate, the pattern of results remained, suggesting
that partial-volume effects were negligible (correlation between
BPND and volume: rdlPFC = 0.055, P = 0.467 and rcaudate = 0.047,
P = 0.534). The interaction between COMT and BPND in dlPFC
were as follows: working memory (β = −0.442, t(164) = −2.188,
P = 0.030) and episodic memory (β = −0.417, t(165) = −2.062,
P = 0.041). The nonlinear interaction between COMT and BP in
caudate remained significant as well (β = −2.045, t(161) = −2.500,
P = 0.013). To rule out that COMT may have influenced BPND

dlPFC and consequently the pattern of results, we repeated the

above analyses with BPND in dlPFC, after adjusting for COMT
(coded as two dummy variables). The interaction between COMT
and BPND in dlPFC remained almost identical for both memory
functions: working memory (β = −0.520, t(166) = −2.588, P = 0.011)
and episodic memory (β = −0.461, t(167) = −2.299, P = 0.023).

Figure 2 also depicts performance in working memory
(Fig. 2C) and episodic memory (Fig. 2D) as a function of dlPFC-
D2DR BPND group (lower and higher) and COMT genotype.
Follow-up comparisons indicated that Met homozygotes
with low D2DR BPND in dlPFC performed worse than Met
homozygotes with high D2DR BPND with respect to both
working (t(51) = 1.98, P = 0.050, partial eta squared = 0.023) and
episodic (t(51) = 2.55, P = 0.012, partial eta squared = 0.038)
memory. By contrast, Val homozygotes in the low D2DR
group had better working, t(36) = 2.46, P = 0.015, partial eta
squared = 0.036, and episodic memory, t(36) = 2.58, P = 0.011,
partial eta squared = 0.039, than those in the high D2DR group.
Heterozygotes did not differ from each other in the low and
high D2DR groups (episodic memory: P = 0.100; working memory:
P = 0.970).

With respect to the D2DR groups based on caudate BPND

(Fig. 3C and D), Val homozygotes in the high caudate-D2DR
group performed worse than Val homozygotes in the low
caudate-D2DR group for episodic memory (t(36) = 2.16, P = 0.032,
partial eta squared = 0.028). Similarly, heterozygotes in the
high caudate-D2DR group showed better performance than
heterozygotes with low D2 BPND t(82) = 3.99, P = 0.000, partial
eta squared = 0.090). There were no differences between Met
homozygotes in the two groups (P = 0.283).
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Figure 3. Working memory (A, C) and episodic memory (B, D) performance as a function of COMT genotype (Met/Met, Met/Val, and Val/Val) and D2DR BPND (low and

high) in caudate. BPND is shown in t-score metric and ranges from 17.2 to 74.9. Errors bars represent 1 standard error around the means.

BOLD Modulation Differences in dlPFC between Groups
with Varying Balance between Availability of DA and
D2DR

BOLD modulation (3-back vs. 1-back) was related to offline
working-memory performance (r = 0.284, P = 0.000; cf. Salami
et al. 2018). The analyses involving all 6 groups did not yield any
significant effects. To increase power, we focused on the groups
with the largest discrepancies between transmitter availability
and receptor binding. Figure 4A depicts BOLD activations and
3B BOLD modulation (3 vs. 1) for the 4 groups in question.
The analyses showed a significant triple interaction among
dlPFC-D2DR group, COMT status, and condition (1-back and 3-
back), F(1,75) = 4.07, P = 0.047, partial eta-squared = 0.051. Follow-
up comparisons revealed no differences between conditions
for Met homozygotes in the low D2DR group, indicating no
significant BOLD modulation, t(25) = 0.77, P = 0.442. By contrast,
Val homozygotes with low D2DRs in dlPFC show significant
BOLD modulation, t(11) = 2.33, P = 0.023, which was similar in
Met, t(18) = 2.83, P = 0.006, and Val homozygotes with high D2DRs,
t(24) = 2.43, P = 0.018.

Moreover, there were no behavioral differences in the scan-
ner task based on a sum score across conditions (dlPFC-D2DR
group × COMT: P > 0.2), and there were no differences between
2-back and 3-back in any of the groups (Ps > 0.2).

Discussion
The main goal of this study was to examine whether the bal-
ance between DA transmitter availability and receptor status

in PFC influences cognitive performance. We show that genetic
predispositions for endogenous DA (COMT) interact with D2DR
availability, such that the balance between DA availability and
receptor status is associated with relatively better working and
episodic memory and thus contributes to inter-individual dif-
ferences in cognition. Our findings are in line with the role of
prefrontal dopaminergic modulation in both working (Kimberg
et al. 1997; Liggins 2009; Williams and Goldman-Rakic 1995;
Rieckmann et al. 2011) and episodic memory (Wimber et al.
2011; de Frias et al. 2004). Specifically, the prefrontal DA system
has a role in maintenance and updating of working memory
representations (D’Esposito and Postle 2015). With respect to
episodic memory, higher prefrontal DA availability has been
linked to better suppression of irrelevant long-term memories
(Wimber et al. 2011).

Previously, we have reported that D2DRs in caudate are asso-
ciated with episodic memory (Nyberg et al. 2016), in line with
their role in supporting hippocampus-based functioning (Brown
et al. 2012; Müller et al. 2018). Moreover, high striatal and extras-
triatal D2DR availability was associated with high cognitive per-
formance, but there was a smaller group of individuals for which
high D2DR availability, particularly in striatum, was associated
with poor performance, especially for working memory (Lövdén
et al. 2018). In the present analysis, only the association between
caudate and episodic memory, but not working memory, was
modulated by COMT, showing a similar pattern as in the dlPFC,
indicating a nonlinear relationship between COMT status and D2
availability. Although it is generally thought that the COMT alle-
les have codominant effects, previous studies have not always
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Figure 4. (A) BOLD responses during the 3 n-back conditions and (B) BOLD modulation (3-back minus 1-back) in left dlPFC for the groups with the largest balance and

imbalance between DA availability and receptor status in dlPFC. Errors bars represent 1 standard error around the means.

found dose–reponse relationships (Witte and Floel 2012), which
we observed in dlPFC only. Thus, the nonlinear genetic effects
in combination with caudate D2DR availability may be due to
the fact that COMT is less involved in striatal DA metabolism
(Yavich et al. 2007), resulting in weaker genotype differences. The
COMT enzyme is crucial for regulating frontal DA transmission
and accounts for over 60% of total DA turnover, as compared
with only 15% in striatum (Karoum et al. 1994). The low COMT
expression and our previous findings of a particularly strong
negative relationship between working memory and D2DRs in
a subgroup of participants may underlie the non-significant
interactive effects between COMT and D2DR availability in cau-
date for working memory. Importantly, the observation of a
similar pattern of results in the striatum support the validity of
extrastriatal D2DR availability assessment with [11C] raclopride,
which has been controversial due to the low D2DR availability in
the neocortex.

Our findings are in line with the inverted-U–shaped function
depicting the relationship between DA activity and cognitive
performance, with too low and too high dopaminergic tone
being associated with lower cognitive functioning. This pattern
has mostly been observed in PFC but has also been reported
in striatum (Cools and D’Esposito 2011; Gjedde et al. 2010;
Takahashi et al. 2008) Accordingly, optimal DA signaling results
in maximal function and insufficient or excessive levels lead
to dysfunction (Lövdén et al. 2018; Jacobs and D’Esposito 2011).
That said, our data suggest a modification of the inverted-U
account, stressing the dynamic interplay between endogenous
DA availability and receptor status. Based on the inverted-U
function, one could have predicted that individuals who are
low or high with respect to both endogenous DA availability
and D2DR status would be most removed from the apex of
the curve and perform worst. On the contrary, we found that
Val homozygotes (i.e., low endogenous DA) and high D2DR
availability and Met homozygotes (with high endogenous DA)
in combination with low D2DR availability performed poorly,
presumably due to insufficient and excessive DA transmitter
availability, respectively, relative to the number of receptors.

Functional imaging data provide further support for this line
of reasoning. During an n-back task, Met homozygotes with low
D2DR availability were not able to upregulate their BOLD activity
in dlPFC during a more demanding condition (3-back vs. 1-back).
This is consistent with our previous results that a subgroup that

showed no load-dependent BOLD modulation had lower perfor-
mance and frontal D2DRs availability (Salami et al. 2018). By con-
trast, Val homozygotes with low D2DR showed significant BOLD
modulation in the present data, underscoring that the balance
between endogenous DA and receptors is crucial for optimal
cognitive functioning. The latter group did not differ from the
balanced Met homozygotes (i.e., high D2DR status) or from Val
homozygotes with high D2DR levels, who also benefited from
tasked-induced DA, presumably due to high D2DR availability.
The lack of differences in BOLD modulation among the latter 3
groups may also be due to the small sample size in the different
groups. Older age, COMT Val, as well as other genetic risk profiles
have been associated with larger upregulation of BOLD activity
during easier tasks as compared with more difficult tasks (Krug
et al. 2018; Nyberg et al. 2014). For instance, younger adults
and Met carriers showed maximal dlPFC BOLD response during
manipulation of working-memory content, whereas older adults
and Val carriers displayed elevated dlPFC responses during a less
demanding maintenance condition, suggesting an inefficient
BOLD signal (Nyberg et al. 2014). Thus, it is conceivable that Val
homozygotes with high DRDRs may also show a stronger BOLD
response during 2-back than 3-back with larger sample sizes
in each group (Nyberg et al. 2014). That said, a recent meta-
analysis did not find a systematic influence of COMT on brain
activation during working-memory tasks (Nickl-Jockschat et al.
2015). This is also related to behavioral data on the relationship
between COMT and cognitive performance. Although the major-
ity of studies have linked the Met allele to better performance
in working and episodic memory (Witte and Floel 2012), there
is research that has failed to find a genotype effect (Laukka
et al. 2013; Wardle et al. 2013) or even reported the opposite
pattern (Wang et al. 2013). Apart from the genotype effect, PET
studies investigating DA-cognition links have not always been
able to reveal significant associations (see Juarez et al., 2018
for discussion). These mixed findings may partly reflect the
fact that the balance between DA receptors and transmitter
availability was not taken into account.

Overall, the observed pattern of results is in line with DA’s
role in the modulation of the signal-to-noise ratio of information
processing in the brain (Winterer and Weinberger 2004; Li et al.
2001). Specifically, our data suggest that in individuals with high
D2DR binding, increasing levels of endogenous DA are beneficial
and result in better performance. Evidence for beneficial effects
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of DA have been documented in different lines of research. In
vivo, DA release amplifies signal information and reduces spon-
taneous firing, leading to an increase in signal-to-noise ratio for
neurons responding to stimuli (Vander Weele et al. 2018). In vitro,
it has been shown that DA facilitates synaptic plasticity, such
as long-term potentiation, and this effect follows an inverted-
U–shaped concentration curve (Kolomiets et al., 2009). While
increasing levels of DA result in a stronger excitatory postsynap-
tic potential, excessive DA again decreases the signal. In healthy
humans, experimental depletion of DA resulted in increased sig-
nal variability and decreased network connectivity (Shafiei et al.,
2019), suggesting less stable and noisier neural signals. In line
with the latter finding, computational models simulating aging-
related decline in dopaminergic modulation (Fig. 1, decline por-
tion of the inverted-U–shaped function) result in more variable
and less distinct neural activations (Li et al. 2001; Li & Sikström,
2002). Finally, higher D2 receptor availability has been found
in unmedicated patients with Parkinson’s disease, suggesting
a compensatory mechanism resulting from low DA levels (e.g.,
Kaasinen et al. 2000; Thobois et al., 2004). Thus, low DA status
may have exacerbated the imbalance between transmitter and
receptor availability in our sample of healthy older adults.

As noted, previous work demonstrates that administration of
a D2 agonist in nonhuman primates impaired working memory
and induced “hallucinatory-like” behaviors (Arnsten et al. 1995).
This is in line with the hypothesis that excessive D2DR acti-
vation contributes to prefrontal dysfunction in schizophrenia
(Winterer and Weinberger 2004; Durstewitz and Seamans 2008).
Moreover, stimulation of D2DRs can elicit a Ca(2+)-channel–
dependent afterdepolarization in prefrontal neurons through
which they might increase the level of noise in prefrontal circuits
(Gee et al. 2012).

The fact that we are emphasizing the importance of balance
between endogenous DA and receptor status for cognitive
functioning does not imply that levels are unimportant, as
demonstrated in age-comparative research and patient studies
(Bäckman et al. 2006). Conceivably, in addition to having a
balanced DA system, a certain level of transmitter availability
and receptors has to be achieved to optimize performance.
The importance of level is acknowledged in Figure 1. The
dynamic interplay between DA levels and receptor status
should be investigated in future studies, preferably with
longitudinal designs to determine the effects of aging on
individual differences in this balance. Although we did not
find any differences in performance or BOLD modulation
among the balanced groups, balanced Val homozygotes may
show performance impairments before Met homozygotes as a
function of aging-related decline in the DA system.

An important limitation should be acknowledged. BP mea-
surements with [11C] raclopride in healthy human populations
are considered to reflect D2DR density (Farde et al. 1995). How-
ever, BPND is not a pure assessment of the number of receptors,
as it may also reflect affinity (i.e., BP = receptor density ∗ affinity).
Indeed, studies have demonstrated interindividual differences
in [11C] raclopride affinity (Hirvonen et al. 2009), which are
likely related to differences in extracellular DA levels. Thus, it
is conceivable that differences in DA tone among COMT groups
may contribute to the measures of BPND, with lower DA tone
resulting in higher BPND. However, COMT did not affect BPND in
dlPFC or caudate in our study. This is in line with PET work on D2
BPND, which did not find any differences in BP, density, or affinity
among COMT groups (Hirvonen et al. 2010). A study using PET
assessment of D1 receptors (Slifstein et al. 2008), which is not

sensitive to endogenous DA (Cervenka 2019), showed that Val
carriers had elevated BP. Thus, it is more likely that differences in
BPND reflect upregulation of receptors due to low DA tone. Taken
together, it is very unlikely that our measures of BPND reflect
endogenous DA differences among COMT genotypes influencing
the observed pattern of results.

In summary, our study provides novel information on the
importance of balance between prefrontal DA transmitter avail-
ability and receptor status for human memory in aging. Conse-
quently, our findings have implications for the assessment of
dopaminergic neuromodulation in healthy humans as well as in
patient populations. Given that pre- and postsynaptic DA mark-
ers are not necessarily correlated in early adulthood (Berry et al.
2018; Karrer et al. 2017), it is likely that an imbalanced DA system
is not specific to old age but may become more imbalanced with
aging-related neurochemical decline or disease development
(e.g., schizophrenia and alcoholism; Volkow et al. 1996; Kesby
et al. 2018).
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Appendix

Table A1 Binding potential (BPND) in the four prefrontal regions-of-interest across COMT groups.

Met/Met
n = 52

Val/Met
n = 85

Val/Val
n = 38

Met/Met vs.
Val/Val

Met/Met vs. Val/Val
(adjusted for sex)

Mean (SD) Mean (SD) Mean (SD) t-value (p-value) F-value (p-value)
BA9 left .0864 (.0451) .0934 (.0429)a .1020 (.0469) 1.60 (.11) 2.0 (.16)
BA9 right .1060 (.0434) .1081 (.0484) .1216 (.0495) 1.59 (.12) 1.6 (.22)
BA46 left .1616 (.0480)a .1685 (.0434) .1776 (.0399) 1.68 (.10) 2.1 (.16)
BA46 right .1880 (.0419)a .1869 (.0372) .1980 (.0387) 1.15 (.25) .94 (.34)
dlPFC 48.8434 49.6933 52.4101 1.65 (.10) 1.9 (.17)

(10.3642) (9.8386) (9.8139)

BPND = binding potential; BA = Brodmann area; dlPFC = dorsolateral prefrontal cortex; ANCOVA = analysis of covariance with sex as covariate; left = left hemisphere;
right = right hemisphere. dlPFC is shown in t-score metric and based on an average of BA9 (left and right) and BA46 (left and right).
aone univariate outlier was excluded
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