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ABSTRACT

The cognitive effects of pharmacologically enhancing cortical dopamine (DA) tone are variable across healthy human adults. It has been postulated that individual
differences in drug responses are linked to baseline cortical DA activity according to an inverted-U-shaped function. To better understand the effect of divergent
starting points along this curve on DA drug responses, researchers have leveraged a common polymorphism (rs4680) in the gene encoding the enzyme catechol-O-
methyltransferase (COMT) that gives rise to greater (Met allele) or lesser (Val allele) extracellular levels of cortical DA. Here we examined the extent to which changes
in resting cortical perfusion following the administration of two mechanistically-distinct dopaminergic drugs vary by COMT genotype, and thereby track predictions
of the inverted-U model. Using arterial spin labeling (ASL) and a double-blind, within-subject design, perfusion was measured in 75 healthy, genotyped participants
once each after administration of tolcapone (a COMT inhibitor), bromocriptine (a DA D2/3 agonist), and placebo. COMT genotype and drug interacted such that
COMT Val homozygotes exhibited increased prefusion in response to both drugs, whereas Met homozygotes did not. Additionally, tolcapone-related perfusion changes
in the right inferior frontal gyrus correlated with altered performance on a task of executive function. No comparable effects were found for a genetic polymorphism
(rs1800497) affecting striatal DA system function. Together, these results indicate that both the directionality and magnitude of drug-induced perfusion change

provide meaningful information about individual differences in response to enhanced cortical DA tone.

1. Introduction

Cortical dopamine (DA) is known to modulate higher-order cog-
nition, but baseline DA system function has emerged as a potentially
critical mediator of dopaminergic drug effects on human cognition, be-
havior, and neuronal function (Cools and D’Esposito, 2011). Based on
the view that DA influences cognitive and neuronal processes accord-
ing to an inverted-U-shaped function, a prominent hypothesis is that
augmenting DA tone will optimize neuronal dynamics and improve
components of cognition in individuals with lower dopaminergic ac-
tivity but will degrade function in those with higher baseline activity
(Arnsten et al., 2015; Durstewitz and Seamans, 2008). As a proxy for
baseline DA in humans, researchers have leveraged a functional poly-
morphism in the gene encoding catechol-O-methyltransferase (rs4680
or COMT Val158Met; Lachman et al., 1996), an enzyme that catabolizes
cortical DA (Kdenméki et al., 2010). Relative to the COMT Met vari-
ant, the Val allele promotes increased enzymatic activity (Chen et al.,
2004), yielding reduced accumulation of released DA. This genotypic
difference has been used as the basis for predicting and interpreting
divergent biophysiological and cognitive effects of dopaminergic drugs
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such as tolcapone (Apud et al., 2007; Barkus et al., 2016; Farrell et al.,
2012), a COMT inhibitor that increases accumulation of released DA in
the frontal cortex (Tunbridge et al., 2004).

Nevertheless, COMT-based evidence for the full inverted-U model
has been mixed, including reports of only cognitive facilitation by tol-
capone in Val homozygotes (Giakoumaki et al., 2008), only deleteri-
ous effects in Met homozygotes (Furman et al., 2020), both facilita-
tion in Val and worsening in Met homozygotes (Apud et al., 2007;
Farrell et al., 2012), or no modulation of drug effect by COMT geno-
type (Cameron et al., 2018). Such variability limits our ability to un-
derstand and predict dopaminergic modulation: absence of a predicted
effect can be due to dosage issues, poor sensitivity of the utilized task
to DA effects, true absence of a DA effect on the construct of interest,
or a non-U-shaped (Floresco, 2013) relationship between DA and the
target cognitive component. Thus, to better characterize differential ef-
fects of DA on brain function and cognition, it is desirable to quantify
physiological responses to drugs independently of cognitive paradigms.

Arterial spin labeling (ASL) has emerged as a non-invasive, eco-
nomical, and reliable (Chen et al., 2011) magnetic resonance imag-
ing (MRI) technique for measuring brain perfusion by assessing cere-
bral blood flow (CBF). Unlike in blood-oxygen-level-dependent (BOLD)
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signal imaging, which indirectly infers neural activity-related changes
based on the ratio of oxygenated to deoxygenated blood, in ASL scans
protons in arterial blood are magnetically “tagged” as they flow into
the brain. Acting as an endogenous contrast, these tagged protons sub-
sequently perfuse brain tissue, enabling the quantification of regional
CBF in meaningful units, even in the absence of explicit activity (Liu and
Brown, 2007). Thus, ASL provides a tool for gauging absolute blood
flow in the resting brain and constitutes a promising avenue for assay-
ing dopaminergic and other drug effects (Detre et al., 2012). Indeed,
D2 receptor-modulating drugs influence blood flow in the midbrain and
striatum (Hawkins et al., 2018; Michels et al., 2016), where D2 receptors
are most abundantly expressed, and administration of a D1 agonist has
been shown to increase prefrontal cortex (PFC) perfusion in schizophre-
nia (Mu et al., 2007). Less is known about the influence of cortical DA
tone on perfusion in healthy humans. One recent report identified an
effect of COMT genotype on PFC perfusion following placebo, but not
tolcapone, administration (Martens et al., 2021). However, the use of
a between-subjects pharmacological design likely decreased sensitivity
to drug effects, as baseline perfusion itself varies considerably between
participants independent of putative DA effects (Viviani et al., 2009).
Here, we implemented a within-subject, placebo-controlled design
to examine the impact of tolcapone and bromocriptine, a DA D2/3 re-
ceptor agonist, on cortical perfusion in healthy, young COMT Met and
Val homozygotes. Based on the hypothesis that participants with high
vs. low cortical DA tone will exhibit opposing responses to enhanced DA
activity, we predicted that tolcapone-related changes in cortical perfu-
sion would distinguish genotype groups and covary with a previously-
reported cognitive effect of tolcapone in the same sample of participants
(Furman et al., 2020). In contrast, we hypothesized that bromocriptine
would modulate cortical CBF in the two groups to a lesser extent, given
the relative sparsity of D2 receptors in the cortex. Together, we hope
to demonstrate that CBF can serve as a quantitative, task-independent
measure of drug-elicited change in cortical DA tone in healthy humans.

2. Methods and materials
2.1. Participants

Healthy, young participants were recruited for genetic sampling
from the University of California, Berkeley community and surround-
ing area as part of a larger study of dopaminergic drug effects on brain
function and behavior (see Supplementary Materials for full inclusion
criteria). Saliva samples were obtained using Oragene collection Kkits
with stabilizing liquid (DNA Genotek, Ottawa, ON, Canada) and geno-
typing was performed using polymerase chain reaction-based TagMan
technology (Applied Biosystems, Foster City, CA). Individuals who were
homozygous for the COMT Val or Met allele were invited to partici-
pate in the remainder of the study. To determine whether genotypic
effects on drug-elicited CBF changes are specific to COMT genotype, or
instead, whether polymorphisms influencing other aspects of DA system
function could similarly modulate drug effects, our analyses addition-
ally included TaqlA (rs1800497) genotype, associated with individual
differences in striatal DA system function (Gluskin and Mickey, 2016;
Laakso et al., 2005). TaqlA genotypes were binned according to the
presence (“A1+”) or absence (“A1-”) of the minor A1+ allele. All partic-
ipants gave written informed consent in accordance with the Committee
for the Protection of Human Subjects at the University of California, San
Francisco and University of California, Berkeley, and were compensated
for their participation.

2.2. Experimental overview

Eligible participants were scheduled for three pharmacological study
sessions to be completed on different days. During each of the three
sessions, participants received a single oral dose of bromocriptine
(1.25 mg), tolcapone (200 mg), or placebo in identical, compounded
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capsules. Drug doses were selected on the basis of their demonstrated
ability to elicit changes in cognitive performance (e.g., Cameron et al.,
2018; Farrell et al., 2012; Gibbs and D’Esposito, 2005). ASL scans were
performed approximately 110 min after drug/placebo administration,
within the window of maximal plasma concentration for both drugs
(Jorga et al., 1998; Kvernmo et al., 2006). The order of drug admin-
istration was double-blinded and counterbalanced across participants.
Participants were unable to accurately guess whether they had re-
ceived drug or placebo during a given session, and rates of “drug” vs.
“placebo” guesses did not differ significantly across the three sessions
(x2[2]=2.18, p=0.34, excluding 3 omitted session responses).

2.3. Structural images acquisition and preprocessing

T1l-weighted magnetization prepared rapid gradient-echo
(MPRAGE) scans [repetition time (TR) = 2300 ms; echo time
(TE) = 2.98 ms; flip angle (FA) = 9°% bandwidth = 238 Hz/Pixel;
matrix = 240 x 256; field-of-view (FOV) = 256 cm; sagittal plane;
voxel size = 1mm?; 160 slices] were acquired using a Siemens 3T
Trio Tim scanner at UC Berkeley’s Brain Imaging Center. A 12-channel
coil was used to provide reliable signal to noise ratio in subcortical
regions (Kaza et al., 2011) and to enhance participant comfort across
the three days of MRI scans. The Advanced Normalization Tools (ANTs;
Avants et al., 2011) longitudinal thickness pipeline (Tustison et al.,
2018) was used to obtain high quality brain and tissue images for all
subjects and sessions. For each subject, a single subject template (SST)
was constructed from the three MPRAGE scans and then segmented
into tissue components and brain. In turn, SST tissue and brain masks
were used as priors to perform brain extraction and tissue segmenta-
tion for each individual session’s native space image. Diffeomorphic
transformations were also obtained, allowing non-linear registration
between the SST and each session’s structural data.

2.4. ASL data acquisition and preprocessing

Perfusion data were acquired using a pseudo-continuous ASL
(PCASL) sequence. Interleaved images with and without labeling
(tagged/control images) were acquired for 5.3 min (80 vols) using a
gradient-echo echo-planar imaging sequence (TR/TE = 4000/11 ms; flip
angle = 90°; bandwidth = 2604 Hz/pixel; FOV = 22 cm; image size
64 x 64 x 20 voxels; voxel size = 3.44 x 3.44 x 5 mm; 1 mm gap; la-
beling duration = 1480 ms; post-labeling delay = 1500 ms). CBF maps
were obtained using FSL’s oxford_asl (Chappell et al., 2009), motion
corrected using FSL’s MCFLIRT, and quantified in standard physiologi-
cal units (ml blood/100 mg tissue/min) using a standard kinetic model
(Alsop et al., 2015), with labeling efficiency set to «=0.85 and longitu-
dinal relaxation time of the blood set to T1_b=1600 ms. A mean con-
trol image was obtained by averaging all control images in the motion-
corrected data. This image was used for calibration, as no designated
calibration image was obtained during data acquisition. Results were
unchanged when the first control image was used for calibration. CBF
maps were co-registered to anatomical T1-weighted images to derive
an estimate of average cortical gray matter (GM) perfusion. To facili-
tate voxel-wise comparison across sessions and participants, CBF maps
were co-registered to participants’ first session co-registered map, and
then transformed to MNI-152 space with the ANTs command antsRegis-
tationSyNQuick.sh (an initial rigid, affine transformation followed by a
diffeomorphic transformation) and spatially smoothed (8 mm FWHM).

2.5. Cognitive task

To determine whether alterations in cognition covaried with changes
in resting cortical perfusion, we used performance metrics found
to exhibit drug-by-genotype effects in this sample of participants
(Armbruster et al., 2012; Furman et al., 2020; see Supplementary Fig-
ure 1). Participants were required to respond to digits that appeared
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on a black background every 2000 ms. On most trials (N=810 per ses-
sion), participants made either odd/even or low/high decisions about
a single digit appearing above a central fixation cross (“ongoing task”).
Every 3-6 trials, two digits appeared on the screen simultaneously. The
relative brightness of the digits varied and encoded a task cue. When
the upper digit was brighter (N=60 per session), participants were in-
structed to ignore the lower digit and continue to perform the ongoing
task with their index fingers (“distractor trials”). When the lower digit
was brighter (N=60 per session), participants were signaled to switch
attention to the lower digit and apply the alternate task rule with their
middle fingers (“switch trials”). For the remaining trials (N=60 per ses-
sion), the difference in brightness between the digits was reduced. As
participants were only trained to respond to the brighter of the two
digits, this trial type assessed participants’ bias toward switching under
ambiguous conditions (Armbruster et al., 2012). The cognitive task was
completed immediately before ASL scanning. Data cleaning procedures
are described in Furman et al. (2020).

Processes facilitating cognitive stability are thought to preferen-
tially engage cortical/frontal regions, whereas those supporting flexi-
bility depend on interactions with the basal ganglia (e.g., Cools and
D’Esposito, 2011). Thus, to most directly test the link between drug-
related cortical perfusion changes and cognitive performance, we fo-
cused primarily on distractor cost, computed as the difference in re-
sponse time (in ms) between distractor trials and ongoing task trials.
We previously reported a detrimental impact of tolcapone on such dis-
tractor resistance in Met, but not Val, homozygotes in this group of
participants (Furman et al., 2020). However, as frontal cortex interacts
with the basal ganglia (and striatal dopamine system) to affect cognitive
flexibility (e.g., Stelzel et al., 2010), we additionally report correlations
between drug-related changes in cortical perfusion and switch-related
metrics to provide a more comprehensive picture of effects: switch cost
was computed as the difference in response time (in ms) between switch
trials and ongoing task trials, and spontaneous switch rate was computed
as the proportion of accurate ambiguous trials that were treated by the
participant as switch trials (as evidenced by their use of middle fingers).

2.6. Statistical analysis

A linear regression model was used to examine genotypic differences
on baseline (i.e., placebo) cortical GM perfusion, with COMT genotype,
TaqlA genotype, sex, and age as predictors. A separate linear mixed ef-
fects model was used to investigate genotypic influence on drug-related
CBF change following the administration of bromocriptine or tolcapone.
The CBF difference between drug and placebo sessions was entered as
the dependent variable, and fixed effect predictors included drug (tol-
capone or bromocriptine), COMT genotype, TaqlA genotype, sex, age,
as well as the interactions of both genotypes with drug. Interactions
with age or sex did not improve the model fit, so these terms were ex-
cluded. Participant intercept was included as a random effect. Mixed
effect statistics were implemented with the “Ime4” (Bates et al., 2015)
and “afex” (Singmann et al., 2018) libraries in R (R Core Team, 2017).
Degrees of freedom were approximated using the Satterthwaite method,
and estimated marginal means (“emm”) were obtained with the “em-
means” package (Lenth, 2018).

To examine regional changes in CBF, equivalent models were imple-
mented voxel-wise. Specifically, an initial linear model including COMT
genotype, TaqlA genotype, sex, and age was implemented with AFNI’s
3dttest++ function to determine genotypic differences in baseline (i.e.,
placebo) CBF. A second linear mixed effect model was used to probe
genotypic effects on CBF drug responses. To this end, voxel-wise drug
difference maps were constructed for each participant by subtracting
placebo from tolcapone and bromocriptine CBF maps and analyzed with
AFNI’s 3dLME tool, with subject entered as a random effect and age and
sex included as covariates. Statistical significance of resulting clusters
was determined using AFNI’s 3dClustSim with a Gaussian plus mono-
exponential spatial autocorrelation function and parameters estimated
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by 3dFWHMXx. Simulated null results (N=10,000) were generated with
residuals within a whole-brain mask that was limited to voxels present
in at least 75% of participants. With voxel-wise p=0.001, clusters were
determined to require k=23 and k=33 adjacent (first-nearest neighbor)
voxels to achieve corrected «=0.05 for the baseline/placebo and drug
difference analyses, respectively.

3. Results
3.1. Participants

Our initial sample included eighty-two participants. Seven partici-
pants were excluded for having incomplete sets of useable imaging data
(N=6) or behavioral data (N=1). Our final sample of 75 participants
belonged to the following COMT/TaqlA genotype groups: Met/Al+
(N=17, 8 female, age (mean+sd) = 20.8+2.4 years); Val/Al+ (N=20,
14 female, 21+1.7 years); Met/Al- (N=19, 15 female, 21.8+3.6 years);
Val/Al- (N=19, 11 female, 21.3+2.3 years).

3.2. Global cortical gray matter perfusion

Consistent with previous work (e.g. Parkes et al., 2004), average GM
perfusion during the placebo session was higher in females than males
(emm: 33.3 vs 28.1; f=5.27, t=3.99, p=0.0002), and decreased with
years of age (f=-0.71, t=—2.84, p=0.006). There were no significant
effects of COMT (Met vs Val: f=-0.21, t=—0.16, p=0.87) or Taq1lA (Al-
vs Al+: f=-1.17, t=—0.93, p=0.36) genotype.

The mixed model of drug-related change in GM CBF revealed no
main effects of drug type (tolcapone-placebo vs bromocriptine-placebo:
p=-0.98, t=—1.64, p=0.10), TaqlA genotype (Al- vs Al+: p=-0.71,
t=—0.77, p=0.44), age ($=0.06, t=0.35, p=0.73), or sex (female vs male:
p=-0.5, t=—0.53, p=0.60). However, COMT genotype significantly in-
fluenced drug effects on GM CBF (Met vs Val: f=-2.47, t=—2.71,
p=0.008), such that Met homozygotes exhibited numerically decreased
CBF (emmz+se = —0.75+0.67) whereas Val homozygotes exhibited in-
creased CBF (+1.715+0.645) following DA drug administration (Fig. 1).
Notably, drug type (i.e., tolcapone vs bromocriptine) did not interact
with either TaqlA (f=-0.27, t=—0.23, p=0.82) or COMT ($=-0.93,
t=—0.78, p=0.44) genotype, suggesting that the observed effect of COMT
genotype on drug-related change in CBF did not vary as a function of
which drug was administered. To confirm the presence of the genotype
effect within each drug condition, we performed post hoc comparisons
between COMT groups and found a significant difference in CBF fol-
lowing tolcapone administration (Met vs Val: —1.47 vs 1.46, t=—2.7,
p=0.008) and a trend-level difference following bromocriptine adminis-
tration (Met vs Val: —0.035 vs 1.97, t=—1.8, p=0.07). The difference in
the effects of tolcapone and bromocriptine on GM CBF in Met homozy-
gotes did not reach statistical significance (t=1.68, p=0.097).

3.3. Local gray matter perfusion

Examining voxel-wise CBF data collected on placebo, we found no
suprathreshold clusters that differentiated COMT genotype groups or
TaqlA genotype groups. However, drug-related change in CBF could be
significantly differentiated by COMT genotype within two adjacent clus-
ters of voxels along the right inferior frontal gyrus (IFG) and a cluster
spanning parts of putative right frontal eye fields and premotor cor-
tex (FEF/PMC; see Table 1 & Fig. 2). Mirroring the result with global
GM perfusion, TaqlA genotype groups did not exhibit varying drug re-
sponses in any region, nor did COMT or TaqlA genotype interact with
drug type to significantly bias CBF change in any region.

3.4. Perfusion-behavior correlations

Next, we examined the relationship between drug-related change in
CBF and distractor cost (Adistractor cost) derived from the cognitive
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Fig. 1. Global gray matter perfusion by condition, and drug-related change, in COMT Met (gray) and Val (white) homozygotes. (a) COMT genotype groups did
not differ in CBF on placebo but (b) showed divergent responses to drug administration. Error bars represent +1 standard error of the mean. *p < 0.05; “p < 0.1;

CBF = cerebral blood flow.

Table 1

Regions exhibiting COMT genotype-dependent change in cerebral blood flow (CBF) following administration of

bromocriptine or tolcapone.

Center of mass (MNI)

Peak voxel (MNI)

Cluster region

Peak F-value k

X Y Z X Y Z
R. frontal eye fields (FEF), premotor cortex (PMC) 34 0 55 36 8 54 20.5 51
R. inferior frontal gyrus (IFG) 43 16 15 50 18 18 16.1 45
R. inferior frontal gyrus (IFG) 40 35 5 40 32 6 16.9 35

task. In our paradigm, distractor cost tracks the degree to which the
simultaneous appearance of a salient but currently-irrelevant stimulus
increases the time required to complete the ongoing task. Thus, this met-
ric can be interpreted as the extent to which participants can robustly
maintain task representations in the face of competing information (i.e.,
distractors), a cognitive process thought to be affected by PFC dopamine
(Cools and D’Esposito, 2011). We previously reported a detrimental im-
pact of tolcapone on such distractor resistance in Met, but not Val, ho-
mozygotes in this group of participants (Furman et al., 2020), consistent
with an interpretation of cortical DA “overdose.”

Mean CBF change across the two IFG clusters inversely corre-
lated with tolcapone-related Adistractor cost across the group (Spear-
man’s rho=-0.29, p=0.01; Fig. 3) and within COMT Met homozygotes
(tho=-0.4, p=0.02), such that poorer performance (higher distractor
cost) accompanied reductions in perfusion. A significant association was
not observed for any other genotypic subgroup (COMT Val: rho=—-0.03;
TaqlA Al+: rho=-0.30; Al-: rho=-0.25; all ps>0.1). Considered sepa-
rately, the more caudal IFG cluster (group: rho=-0.31, p=0.006; Met
only: rho=-0.33, p=0.05) best tracked behavioral change across the
group whereas the more rostral IFG cluster (group: rho=—-0.22, p=0.06;
Met only: rho=-0.44, p=0.008) best tracked behavioral change within
Met homozygotes. In contrast to regional CBF, tolcapone-related change
in global GM CBF was unrelated to Adistractor cost across the group
(tho=-0.06, p=0.62), within COMT genotype groups (Met: rho=-0.05,
p=0.78; Val: rho=0.07, p=0.66) or within TaqlA genotype groups
(Al+: rho=-0.12, p=0.48; Al-: tho=0.03, p=0.85). Mean tolcapone-
elicited change in CBF in the FEF/PMC cluster was likewise uncorre-

lated with Adistractor cost (group: rho=—0.09; COMT Met: rho=—0.06;
Val: rho=0.07; TaqlA Al+: rho=0.07; Al-: rho=-0.22; all ps>0.1).

Following bromocriptine treatment, Adistractor cost did not
correlate with changes in CBF across right IFG clusters (group:
rho=-0.07; Met: tho=0.06; Val: rho=-0.09; TaqlA Al+: rho=-0.09;
Al-: rho=0.003; all ps>0.5), in FEF/PMC (group: rho=0.02; Met:
rho=0.15; Val: rho=0.02; TaqlA Al+: rho=0.14; Al-: rho=-0.06; all
ps>0.3), or across cortical gray matter (group: rho=—0.05, p=0.65; Met:
rho=0.03; Val: rho=—0.07; TaqlA Al+: rho=-0.25; Al-: rho=0.12; all
ps>0.1).

To determine whether the observed relationship between cortical
perfusion change and behavioral change was specific to distractor resis-
tance, we also examined covariation of drug effects between CBF and
two cognitive flexibility metrics: switch cost (Aswitch cost) and spon-
taneous switch rate (Aswitch rate). These metrics assess, respectively,
the speed with which participants flexibility shift task representations
in response to an explicit cue, and the tendency to switch tasks even
in the absence of an explicit cue. There were no significant correlations
between drug-related change in CBF and either task metric (see Supple-
mentary Materials for details).

4. Discussion

The aim of the current study was to investigate genotypic differences
in the effect of tolcapone, an inhibitor of the catecholamine-degrading
enzyme COMT, and bromocriptine, a DA D2/3 receptor agonist, on
cortical perfusion as measured with ASL. We found that changes in
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Fig. 2. Interaction of COMT genotype and drug (tolcapone/bromocriptine vs. placebo) on CBF in right frontal eye fields and premotor cortex (top panel) and right
inferior frontal gyrus (bottom panel). Bar plots depict average effect across significant cluster voxels separately for each region, genotype group, and drug contrast;
error bars represent +1 standard error of the mean. FEF = frontal eye fields, CBF = cerebral blood flow.

CBF following acute administration of either drug significantly differ-
entiated COMT Met and Val homozygotes, such that global GM perfu-
sion tended to increase in Val/Val participants, but to decrease in Met
homozygotes. This interaction is consistent with the overarching pre-
dictions of the inverted-U model: augmentation of dopaminergic sig-
naling triggers opposing consequences on the basis of differences in
baseline function. Mirroring the observed drug effect on global perfu-
sion, voxel-wise analysis identified a genotypic influence on CBF change
in right IFG and right FEF/PMC, such that tolcapone and bromocrip-
tine tended to increase perfusion in Val participants, but to reduce
or insignificantly affect perfusion in Met participants. In no case was
TaqlA genotype found to moderate the impact of study drugs on cor-
tical perfusion. Together, this pattern of results highlights the baseline
dependence of mechanistically-distinct DA drug effects on cortical per-
fusion. It also adds weight to the proposal that ASL is an appropriate
methodology for determining both the directionality and magnitude
of dopaminergic drug effects on the brain independent of task-based
metrics.

The degree to which tolcapone reduced perfusion in IFG, both across
the entire group of participants and within Met homozygotes, covaried
with the deleterious effect of drug on distractor resistance, or the abil-
ity to shield ongoing task goals from interference. Often touted for its
role in supporting motor and cognitive inhibition (Aron et al., 2004),
the IFG has been more broadly implicated in mediating the type of at-
tentional control required for interference resolution and other exec-
utive functions (Hampshire et al., 2010). In non-human primates, D1
receptor expression is high in regions of the ventrolateral PFC (Froudist-
Walsh et al., 2020) and, in humans, D1 receptor binding potential ex-
hibits an inverted-U-shaped relationship with executive function (i.e.,
performance on the Wisconsin Card Sorting Test; Takahashi et al.,
2008). Further, DA is released bilaterally within human IFG during high-
order cognitive performance (N-back task; Aalto et al., 2005), and cog-
nitive training has been found to alter D1 (but not D2) receptor binding
in both right IFG and middle frontal gyrus, potentially in response to
prolonged increases in DA levels during training (McNab et al., 2009).
Interestingly, a recent biophysically-based model (Froudist-Walsh et al.,
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2020) accounting for gradients in D1 receptor expression and inter-
areal connections across the primate cortex reproduced the hypothe-
sized inverted-U-shaped relationship between level of D1 receptor stim-
ulation and working memory-related neuronal activity in multiple fron-
toparietal regions, and most markedly in region 45a, a homologue of
human mid-IFG. In concert with our novel finding that gene-by-drug in-
teraction on CBF is robust along the IFG, these studies suggest that the
IFG is both an important target of dopaminergic innervation in humans
as well as a mediator of the effect of DA, and perhaps particularly of the
D1 receptor, on cognition.

Importantly, ASL imaging in the current study was conducted in the
absence of explicit task demands. While much of our knowledge about
the dose-dependence of DA effects on PFC neuronal and neural network
function stems from studies of primates performing cognitive tasks (e.g.,
see Arnsten et al., 2015), there is some evidence that DA augmenta-
tion influences properties of cell firing during off-task periods. In one
study, DA had heterogeneous effects across sampled PFC neurons, in-
creasing baseline firing rate in some but decreasing or failing to influ-
ence it in others (Jacob et al., 2013). Subsequently, use of selective ago-
nists revealed opposing influences of D1 and D2 receptor stimulation on
baseline firing, with the former suppressing and the latter enhancing it,
though dosage effects remain to be investigated (Ott et al., 2014). Thus,
drug effects on resting CBF may result from changes in neuronal ac-
tivity and consequent metabolic demand across regions of DA receptor-
enriched cortex. Compounding response variability attributable to base-
line differences in DA activity, COMT genotype-related differences in
DA receptor availability (Silfstein et al., 2008; see also Hirvonen et al.,
2010) may alter the ratio of DA receptor types affected by drug admin-
istration, thereby yielding different patterns of net excitation. Further,
individual differences in baseline DA system function may affect the de-
gree to which D2 agonists, such as bromocriptine, primarily stimulate
pre- versus post-synaptic D2 receptors (Horst et al., 2019), and thereby
influence the direction of downstream activity, particularly in the stria-
tum. Additional research is needed to explicitly test this hypothesis and
to determine whether action at presynaptic D2 receptors in the cortex
contributes meaningfully to drug response variability.

Tolcapone effect on IFG CBF
ml blood/100mg tissue/min

It is likely that DA receptor-mediated changes in frontal (i.e.,
FEF/PMC and IFG) neuronal or ensemble function propagate down-
stream to influence distributed brain network dynamics. For example,
manipulating DA activity in the primate FEF changes the firing rate
of sensory neurons in connected posterior cortex (i.e., V4) both dur-
ing the performance of a visual task and at baseline (Nourdoost and
Moore, 2011). Such remote “broadcasting” could help explain the more
global effects on resting cortical perfusion found here despite evidence
that COMT inhibition does not affect central hemodynamics (e.g., blood
pressure; Illi et al., 1994). Indeed, not only do FEF neurons contribute
to the tuning of visual cortical neurons, but FEF/PMC and IFG comprise
key frontal nodes in the dorsal and ventral attention networks, associ-
ated with the deployment of top-down attentional control and the reori-
entation of attention to unexpected stimuli, respectively (Corbetta and
Shulman, 2002). Consistent with large-scale effects, DA depletion al-
ters both fMRI-based signaling dynamics and functional connectivity
within a network overlapping the putative ventral attention network
(Shafiei et al., 2019).

It is additionally possible that tolcapone and bromocriptine influence
perfusion, at least in part, through direct effects on cerebral vasculature.
Cerebral vessels express DA receptors (Choi et al., 2006) and are in close
proximity to dopaminergic axons in cortical regions characterized by
dense dopaminergic innervation, including lateral PFC (Krimer et al.,
1998). In cats and primates, DA injection causes dose-dependent con-
striction of arterioles (Krimer et al., 1998) and reduction in blood flow
(von Essen, 1974), likely through actions at adrenergic or serotonergic
receptors (Edvinsson et al., 1985). On the other hand, DA agonists pro-
duce significant dilation of parietal arterioles (untested in frontal cor-
tex; Edvinsson et al., 1985; McColloch and Harper, 1977), though D1
and D2 receptor-selective drugs exhibit different dose-dependent rela-
tionships: whereas D2 receptor agonism elicits a linear, dose-dependent
increase in vessel dilation at high concentrations, D1 receptor ago-
nism produces an inverted-U-shaped response, with greatest dilation
achieved at mid-range doses and insignificant effects at low or high
doses (Edvinsson et al., 1985). From this perspective, the enhanced per-
fusion found in Val homozygotes following both drug treatments may
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reflect greater capacity in these participants for vasodilatory action via
both receptor pathways. Nonetheless, the current experiment was not
designed to adjudicate among competing physiological explanations of
perfusion change; additional, multimodal research is needed to deter-
mine the relative contributions of neuronal, neural network, and vascu-
lar processes to the observed effects.

A notable aspect of our results is that tolcapone increased CBF in
Val homozygotes despite the absence of performance effects, facilitative or
otherwise. Without an ancillary brain measure of drug effect, our ability
to interpret the Met-only pattern of behavioral results hinges on specu-
lation as to whether the null behavioral effect in Val/Val participants is
driven by insufficient drug-induced changes in DA activity in this group
or, alternatively, by insensitivity of the task (or cognitive process) to
dopaminergic modulation at the stimulated levels (Furman et al., 2020).
Indeed, these two interpretations are often inextricable: though the sen-
sitivity of a utilized behavioral probe to gradations of DA function is usu-
ally unknown, it is frequently the only means of approximating a drug’s
effect. By providing independent evidence in favor of robust modulation
by tolcapone in Val homozygotes, our ASL results help arbitrate among
explanations, providing support for the alternative interpretation. Fu-
ture work is still needed to determine whether greater susceptibility to
performance decrement (“overdose”) than to enhancement (“optimiza-
tion”) is a feature of cortical dopaminergic modulation of distractor re-
sistance in neurotypical adults or a particularity of our chosen task (and
the combination of cognitive processes required for its performance).

We note several limitations of this study. First, our ASL protocol did
not include a dedicated calibration scan. While the use of an average
control image is not expected to alter the interpretation of our results
(Pinto et al., 2020) and the directionality of age and sex effects is con-
sistent with prior work (Parkes et al., 2004), our absolute CBF values
may not be directly comparable to studies that use the calibration scan
method. Second, due to technical constraints, ASL scanning was con-
ducted within several minutes of the completion of the cognitive task.
Thus, it is possible that residual metabolic effects of task performance
may have contributed to perfusion estimates. Finally, COMT heterozy-
gotes were excluded to maximize our ability to detect genotypic differ-
ences in response to dopaminergic drugs. We are, therefore, unable to
determine whether there is a dose-dependent effect of the Met allele on
drug-related changes in global or regional CBF. We also do not yet know
whether the perfusion-behavior relationship identified here generalizes
to the larger population of COMT genotype heterozygotes. Despite these
limitations, our results highlight the promise of cerebral perfusion as an
efficient and sensitive method for quantifying the effect of dopaminergic
drugs on brain function in a manner that is independent of researcher-
selected paradigms, an important step toward better characterizing the
role of cortical DA in human cognition.

Declaration of Competing Interest
The authors declare no competing financial interests.
Acknowledgments

We thank Jenna Naskolnakorn for her role in participant recruitment
and data collection.

Data and code availability statement

The data that support the findings of this study are available from the
senior author (MD), upon reasonable request. The code used for these
analyses is publicly available, as detailed in the Methods section.

CRediT authorship contribution statement

DJF: Conceptualization, data acquisition, data analysis, writing
(original+final draft). IP: Data analysis, writing (original+final draft).

Neurolmage 242 (2021) 118472

RW: Conceptualization, data acquisition. AK: Conceptualization, Writ-
ing (final draft). MD: Conceptualization, Writing (final draft), funding
acquisition.

Funding

This research was generously funded by NIH grants RO1 DA034685
and F32 DA038927.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2021.118472.

References

Aalto, S., Briick, A., Laine, M., Nagren, K., Rinne, J.O., 2005. Frontal and temporal
dopamine release during working memory and attention tasks in healthy humans:
a positron emission tomography study using the high-affinity dopamine D2 receptor
ligand [11C] FLB 457. J. Neurosci. 25 (10), 2471-2477.

Alsop, D.C., Detre, J.A., Golay, X., Giinther, M., Hendrikse, J., Hernandez-Garcia, L., Van
Osch, M.J., 2015. Recommended implementation of arterial spin-labeled perfusion
MRI for clinical applications: a consensus of the ISMRM perfusion study group and
the European consortium for ASL in dementia. Magn. Reson. Med. 73 (1), 102-116.

Apud, J.A., Mattay, V., Chen, J., Kolachana, B.S., Callicott, J.H., Rasetti, R., Alce, G., Iudi-
cello, J.E., Akbar, N., Egan, M.F., Goldberg, T.E., Weinberger, D.R., 2007. Tolcapone
improves cognition and cortical information processing in normal human subjects.
Neuropsychopharmacology 32 (5), 1011-1020. doi:10.1038/sj.npp.1301227.

Armbruster, D.J., Ueltzhoffer, K., Basten, U., Fiebach, C.J., 2012. Prefrontal cortical mech-
anisms underlying individual differences in cognitive flexibility and stability. J. Cogn.
Neurosci. 24 (12), 2385-2399.

Arnsten, A.F.T., Wang, M., Paspalas, C.D., 2015. Dopamine’s actions in primate prefrontal
cortex: challenges for treating cognitive disorders. Pharmacol. Rev. 67 (3), 681-696.

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the right inferior frontal
cortex. Trends Cogn. Sci. 8 (4), 170-177.

Avants, B.B., Tustison, N.J., Song, G., Cook, P.A,, Klein, A., Gee, J.C., 2011. A reproducible
evaluation of ANTs similarity metric performance in brain image registration. Neu-
roimage 54 (3), 2033-2044.

Barkus, C., Korn, C., Stumpenhorst, K., Laatikainen, L.M., Ballard, D., Lee, S., Sharp, T.,
Harrison, P.J., Bannerman, D.M., Weinberger, D.J., Chen, J., 2016. Genotype-depen-
dent effects of COMT inhibition on cognitive function in a highly specific, novel mouse
model of altered COMT activity. Neuropsychopharmacology 41 (13), 2069-3060.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67 (1), 1-48.

Cameron, I.G.M., Wallace, D.L., Al-Zughoul, A., Kayser, A.S., D’Esposito, M, 2018. Effects
of tolcapone and bromocriptine on cognitive stability and flexibility. Psychopharma-
cology (Berl.) 235 (4), 1295-1305.

Chappell, M.A., Groves, A.R., Whitcher, B., Woolrich, M.W., 2009. Variational Bayesian
inference for a non-linear forward model. IEEE Trans. Signal Process. 57 (1), 223-236.

Chen, J., Lipska, B.K., Halim, N., Ma, Q.D., Matsumoto, M., Melhem, S., Egan, M.F., 2004.
Functional analysis of genetic variation in catechol-O-methyltransferase (COMT): ef-
fects on mRNA, protein, and enzyme activity in postmortem human brain. Am. J.
Hum. Genet. 75 (5), 807-821.

Chen, Y., Wang, D.J.J., Detre, J.A., 2011. Test-retest reliability of arterial spin label-
ing with common labeling strategies. J. Magn. Reson. Imaging 33 (4), 940-949.
doi:10.1002/jmri.22345.

Choi, J.-K., Chen, Y.I., Hamel, E., Jenkins, B.G., 2006. Brain hemodynamic
changes mediated by dopamine receptors: role of the cerebral microvascula-
ture in dopamine-mediated neurovascular coupling. Neuroimage 30 (3), 700-712.
doi:10.1016/j.neuroimage.2005.10.029.

Cools, R., D’Esposito, M, 2011. Inverted-U-shaped dopamine actions on human
working memory and cognitive control. Biol. Psychiatry 69 (12), el13-el25.
doi:10.1016/j.biopsych.2011.03.028.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention
in the brain. Nat. Rev. Neurosci. 3 (3), 201-215.

Detre, J.A., Rao, H., Wang, D.J.J., Chen, Y.F., Wang, Z., 2012. Applications of arte-
rial spin labeled MRI in the brain. J. Magn. Reson. Imaging 35 (5), 1026-1037.
doi:10.1002/jmri.23581.

Durstewitz, D., Seamans, J.K., 2008. The dual-state theory of prefrontal cortex dopamine
function with relevance to catechol-o-methyltransferase genotypes and schizophrenia.
Biol. Psychiatry 64 (9), 739-749.

Edvinsson, L., McCulloch, J., Sharkey, J., 1985. Vasomotor responses of cerebral arterioles
in situ to putative dopamine receptor agonists. Br. J. Pharmacol. 85 (2), 403-410.

Farrell, S.M., Tunbridge, E.M., Braeutigam, S., Harrison, P.J.,, 2012. COMT
Vall58Met genotype determines the direction of cognitive effects produced
by catechol-O-methyltransferase inhibition. Biol. Psychiatry 71 (6), 538-544.
doi:10.1016/j.biopsych.2011.12.023.

Floresco, S.B., 2013. Prefrontal dopamine and behavioral flexibility: shifting from an “in-
verted-U” toward a family of functions. Frontiers in neuroscience 7, 62.


https://doi.org/10.1016/j.neuroimage.2021.118472
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0001
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0002
https://doi.org/10.1038/sj.npp.1301227
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0005
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0005
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0005
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0005
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0007
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0008
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0011
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0011
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0011
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0011
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0011
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0012
https://doi.org/10.1002/jmri.22345
https://doi.org/10.1016/j.neuroimage.2005.10.029
https://doi.org/10.1016/j.biopsych.2011.03.028
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0016
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0016
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0016
https://doi.org/10.1002/jmri.23581
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0019
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0019
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0019
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0019
https://doi.org/10.1016/j.biopsych.2011.12.023
http://refhub.elsevier.com/S1053-8119(21)00745-X/optyh3pKyYdP8
http://refhub.elsevier.com/S1053-8119(21)00745-X/optyh3pKyYdP8

D.J. Furman, 1. Pappas, R.L. White II et al.

Froudist-Walsh, S., Bliss, D.P., Ding, X., Jankovic-Rapan, L., Niu, M., Knoblauch, K.,
Wang, X.J., 2020. A dopamine gradient controls access to distributed working mem-
ory in monkey cortex. bioRxiv.

Furman, D.J., White III, R.L., Naskolnakorn, J., Ye, J., Kayser, A., D’Esposito, M, 2020.
Effects of dopaminergic drugs on cognitive control processes vary by genotype. J.
Cogn. Neurosci. 32 (5), 804-821.

Giakoumaki, S.G., Roussos, P., Bitsios, P., 2008. Improvement of Prepulse Inhibi-
tion and Executive Function by the COMT Inhibitor Tolcapone Depends on
COMT Vall58Met Polymorphism. Neuropsychopharmacology 33 (13), 3058-3068.
doi:10.1038/npp.2008.82.

Gibbs, S.E., D’Esposito, M, 2005. Individual capacity differences predict working memory
performance and prefrontal activity following dopamine receptor stimulation. Cog-
nit., Affect. Behav. Neurosci. 5 (2), 212-221.

Gluskin, B.S., Mickey, B.J., 2016. Genetic variation and dopamine D2 receptor availability:
a systematic review and meta-analysis of human in vivo molecular imaging studies.
Transl Psychiatry 6 (3), e747.

Hampshire, A., Chamberlain, S.R., Monti, M.M., Duncan, J., Owen, A.M., 2010. The role
of the right inferior frontal gyrus: inhibition and attentional control. Neuroimage 50
(3), 1313-1319. doi:10.1016/j.neuroimage.2009.12.109.

Hawkins, P.C.T., Wood, T.C., Vernon, A.C., Bertolino, A., Sambataro, F., Dukart, J., Merlo-
Pich, E., Risterucci, C., Silber-Baumann, H., Walsh, E., Mazibuko, N., Zelaya, F.O.,
Mehta, M.A., 2018. An investigation of regional cerebral blood flow and tissue struc-
ture changes after acute administration of antipsychotics in healthy male volunteers.
Hum. Brain Mapp. 39 (1), 319-331. doi:10.1002/hbm.23844.

Hirvonen, M.M., Néagren, K., Rinne, J.O., Pesonen, U., Vahlberg, T., Hagelberg, N.,
Hietala, J., 2010. COMT Vall58Met genotype does not alter cortical or striatal
dopamine D2 receptor availability in vivo. Mol. Imaging Biol. 12 (2), 192-197.
doi:10.1007/s11307-009-0257-5.

Horst, N.K., Jupp, B., Roberts, A.C., Robbins, T.W., 2019. D2 receptors and cognitive flex-
ibility in marmosets: tri-phasic dose-response effects of intra-striatal quinpirole on
serial reversal performance. Neuropsychopharmacology 44 (3), 564.

1lli, A., Sundberg, S., Koulu, M., Scheinin, M., Heindvaara, S., Gordin, A., 1994. COMT
inhibition by high-dose entacapone does not affect hemodynamics but changes cate-
cholamine metabolism in healthy volunteers at rest and during exercise. Int. J. Clin.
Pharmacol. Ther. 32 (11), 582-588.

Jacob, S.N., Ott, T., Nieder, A., 2013. Dopamine regulates two classes of primate prefrontal
neurons that represent sensory signals. J. Neurosci. 33 (34), 13724-13734.

Jorga, K.M., Fotteler, B., Heizmann, P., Ziircher, G., 1998. Pharmacokinetics and pharma-
codynamics after oral and intravenous administration of tolcapone, a novel adjunct
to Parkinson’s disease therapy. Eur. J. Clin. Pharmacol. 54 (5), 443-447.

Kéenmaéki, M., Tammimaiki, A., My6hénen, T., Pakarinen, K., Amberg, C., Karayiorgou, M.,
Gogos, J.A., Mannisto, P.T., 2010. Quantitative role of COMT in dopamine clearance
in the prefrontal cortex of freely moving mice. J. Neurochem. 114 (6), 1745-1755.

Kaza, E., Klose, U., Lotze, M., 2011. Comparison of a 32-channel with a 12-channel head
coil: are there relevant improvements for functional imaging? J. Magn. Reson. Imag-
ing 34 (1), 173-183. doi:10.1002/jmri.22614.

Krimer, L.S., Muly, E.C., Williams, G.V., Goldman-Rakic, P.S., 1998. Dopaminergic
regulation of cerebral cortical microcirculation. Nat. Neurosci. 1 (4), 286-289.
doi:10.1038/1099.

Kvernmo, T., Hértter, S., Burger, E., 2006. A review of the receptor-binding and pharma-
cokinetic properties of dopamine agonists. Clin. Ther. 28 (8), 1065-1078.

Lachman, H.M., Papolos, D.F., Saito, T., Yu, Y.M., Szumlanski, C.L., Weinshilboum, R.M.,
1996. Human catechol-O-methyltransferase pharmacogenetics: description of a func-
tional polymorphism and its potential application to neuropsychiatric disorders. Phar-
macogenetics 6 (3), 243-250.

Laakso, A., Pohjalainen, T., Bergman, J., Kajander, J., Haaparanta, M., Solin, O.,
Syvélahti, E., Hietala, J., 2005. The Al allele of the human D2 dopamine receptor
gene is associated with increased activity of striatal L-amino acid decarboxylase in
healthy subjects. Pharmacogenet. Genomics 15 (6), 387.

Lenth, R. (2018). emmeans: estimated marginal means, aka least-squares means. R pack-
age version 1.3.1.

Neurolmage 242 (2021) 118472

Liu, T.T., Brown, G.G., 2007. Measurement of cerebral perfusion with arterial
spin labeling: part 1. Methods.. J. Int. Neuropsychol. Soc. 13 (3), 517-525.
doi:10.1017/581355617707070646.

Martens, M., McConnell, F.K., Filippini, N., Mackay, C.E., Harrison, P.J., Tunbridge, E.M.,
2021. Dopaminergic modulation of regional cerebral blood flow: an arterial spin la-
belling study of genetic and pharmacological manipulation of COMT activity. Neu-
roimage, 117999.

McCulloch, J., Harper, A.M., 1977. Cerebral circulation: effect of stimulation and blockade
of dopamine receptors. Am. J. Physiol. - Heart Circul. Physiol. 233 (2), H222-H227.
doi:10.1152/ajpheart.1977.233.2.H222.

McNab, F., Varrone, A., Farde, L., Jucaite, A., Bystritsky, P., Forssberg, H., Klingberg, T.,
2009. Changes in cortical dopamine D1 receptor binding associated with cognitive
training. Science 323 (5915), 800-802. doi:10.1126/science.1166102.

Michels, L., Scherpiet, S., Stampfli, P., Herwig, U., Briihl, A.B., 2016. Baseline perfusion
alterations due to acute application of quetiapine and pramipexole in healthy adults.
Int. J. Neuropsychopharmacol. 19 (11). doi:10.1093/ijnp/pyw067.

Mu, Q., Johnson, K., Morgan, P.S., Grenesko, E.L., Molnar, C.E., Anderson, B., Na-
has, Z., Kozel, F.A., Kose, S., Knable, M., Fernandes, P., Nichols, D.E., Mailman, R.B.,
George, M.S., 2007. A single 20mg dose of the full D1 dopamine agonist dihydrexi-
dine (DAR-0100) increases prefrontal perfusion in schizophrenia. Schizophr. Res. 94
(1), 332-341. doi:10.1016/j.schres.2007.03.033.

Noudoost, B., Moore, T., 2011. Control of visual cortical signals by prefrontal dopamine.
Nature 474 (7351), 372-375.

ott, T., Jacob, S.N., Nieder, A., 2014. Dopamine receptors differentially enhance rule cod-
ing in primate prefrontal cortex neurons. Neuron 84 (6), 1317-1328.

Parkes, L.M., Rashid, W., Chard, D.T., Tofts, P.S., 2004. Normal cerebral perfusion mea-
surements using arterial spin labeling: reproducibility, stability, and age and gender
effects. Magn. Reson. Med.: Off. J. Int. Soc. Magn. Reson. Med. 51 (4), 736-743.

Pinto, J., Chappell, M.A., Okell, T.W., Mezue, M., Segerdahl, A.R., Tracey, 1., Vilela, P.,
Figueiredo, P., 2020. Calibration of arterial spin labeling data—Potential pitfalls in
post-processing. Magn. Reson. Med. 83 (4), 1222-1234.

Singmann, H., Bolker, B., Westfall J., & Aust, F. (2018). afex: analysis of factorial experi-
ments. R package version 0.22-1.

Shafiei, G., Zeighami, Y., Clark, C.A., Coull, J.T., Nagano-Saito, A., Leyton, M., Dagher, A.,
Misié, B., 2019. Dopamine signaling modulates the stability and integration of intrin-
sic brain networks. Cerebral Cortex 29 (1), 397-409.

Slifstein, M., Kolachana, B., Simpson, E.H., Tabares, P., Cheng, B., Duvall, M., Gordon
Frankle, W., Weinberger, D.R., Laruelle, M., Abi-Dargham, A., 2008. COMT genotype
predicts cortical-limbic D1 receptor availability measured with [11 C]NNC112 and
PET. Mol. Psychiatry 13 (8), 821-827. doi:10.1038/mp.2008.19.

Stelzel, C., Basten, U., Montag, C., Reuter, M., Fiebach, C.J., 2010. Frontostriatal involve-
ment in task switching depends on genetic differences in d2 receptor density. J. Neu-
rosci. 30, 14205-14212.

Takahashi, H., Kato, M., Takano, H., Arakawa, R., Okumura, M., Otsuka, T., Kodaka, F.,
Hayashi, M., Okubo, Y., Ito, H., Suhara, T., 2008. Differential contributions of pre-
frontal and hippocampal dopamine D1 and D2 receptors in human cognitive func-
tions. J. Neurosci. 28 (46), 12032-12038.

Tunbridge, E.M., Bannerman, D.M., Sharp, T., Harrison, P.J., 2004. Catechol-O-
methyltransferase inhibition improves set-shifting performance and elevates stimu-
lated dopamine release in the rat prefrontal cortex. J. Neurosci. 24 (23), 5331-5335.
doi:10.1523/JNEUROSCI.1124-04.2004.

Tustison, N.J., Holbrook, A.J., Avants, B.B., Roberts, J.M., Cook, P.A., Reagh, Z.M.,
Stone, J.R., Gillen, D.L., Yassa, M.A., Alzheimer’s Disease Neuroimaging Initiative,
2018. The ANTs longitudinal cortical thickness pipeline. BioRxiv, 170209.

Viviani, R., Sim, E.J., Lo, H., Richter, S., Haffer, S., Osterfeld, N., Beschoner, P., 2009.
Components of variance in brain perfusion and the design of studies of individual
differences: the baseline study. Neuroimage 46 (1), 12-22.

von Essen, Claes., 1974. Effects of dopamine on the cerebral blood flow in the dog. Acta
Neurol. Scand. 50 (1), 39-52. doi:10.1111/j.1600-0404.1974.tb01345.x.


http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0022
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0023
https://doi.org/10.1038/npp.2008.82
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0025
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0025
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0025
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0026
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0026
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0026
https://doi.org/10.1016/j.neuroimage.2009.12.109
https://doi.org/10.1002/hbm.23844
https://doi.org/10.1007/s11307-009-0257-5
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0030
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0030
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0030
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0030
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0030
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0031
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0032
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0032
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0032
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0032
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0034
https://doi.org/10.1002/jmri.22614
https://doi.org/10.1038/1099
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0039
https://doi.org/10.1017/S1355617707070646
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0042
https://doi.org/10.1152/ajpheart.1977.233.2.H222
https://doi.org/10.1126/science.1166102
https://doi.org/10.1093/ijnp/pyw067
https://doi.org/10.1016/j.schres.2007.03.033
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0048
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0048
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0048
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0048
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0049
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0049
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0049
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0049
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0049
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
http://refhub.elsevier.com/S1053-8119(21)00745-X/opt6KUkcGa2Tj
https://doi.org/10.1038/mp.2008.19
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0053
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0054
https://doi.org/10.1523/JNEUROSCI.1124-04.2004
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0056
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
http://refhub.elsevier.com/S1053-8119(21)00745-X/sbref0057
https://doi.org/10.1111/j.1600-0404.1974.tb01345.x

	Enhancing dopamine tone modulates global and local cortical perfusion as a function of COMT val158met genotype
	1 Introduction
	2 Methods and materials
	2.1 Participants
	2.2 Experimental overview
	2.3 Structural images acquisition and preprocessing
	2.4 ASL data acquisition and preprocessing
	2.5 Cognitive task
	2.6 Statistical analysis

	3 Results
	3.1 Participants
	3.2 Global cortical gray matter perfusion
	3.3 Local gray matter perfusion
	3.4 Perfusion-behavior correlations

	4 Discussion
	Declaration of Competing Interest
	Acknowledgments
	Data and code availability statement
	CRediT authorship contribution statement
	Funding
	Supplementary materials
	References


