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Multimodal investigation of dopamine D2/D3 receptors,
default mode network suppression, and cognitive control in
cocaine-use disorder
Patrick D. Worhunsky 1, Gustavo A. Angarita1, Zu Wei Zhai2, David Matuskey 1,3, Jean-Dominique Gallezot 3, Robert T. Malison1,4,
Richard E. Carson 3 and Marc N. Potenza1,4,5,6

Stimulant-use disorders have been associated with lower availability of dopamine type-2 receptors (D2R) and greater availability of
type-3 receptors (D3R). Links between D2R levels, cognitive performance, and suppression of the default mode network (DMN)
during executive functioning have been observed in healthy and addicted populations; however, there is limited evidence
regarding a potential role of elevated D3R in influencing cognitive control processes in groups with and without addictions. Sixteen
individuals with cocaine-use disorder (CUD) and 16 healthy comparison (HC) participants completed [11C]-(+)-PHNO PET imaging of
D2R and D3R availability and fMRI during a Stroop task of cognitive control. Independent component analysis was performed on
fMRI data to assess DMN suppression during Stroop performance. In HC individuals, lower D2R-related binding in the dorsal
putamen was associated with improved task performance and greater DMN suppression. By comparison, in individuals with CUD,
greater D3R-related binding in the substantia nigra was associated with improved performance and greater DMN suppression.
Exploratory moderated-mediation analyses indicated that DMN suppression was associated with Stroop performance indirectly
through D2R in HC and D3R in CUD participants, and these indirect effects were different between groups. To our knowledge,
this is the first evidence of a dissociative and potentially beneficial role of elevated D3R availability in executive functioning in
cocaine-use disorder.
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INTRODUCTION
Links between stimulant use and alterations in dopaminergic
systems are well established [1, 2]. Regarding dopamine receptor
levels in individuals with a stimulant-use disorder, evidence
indicates bidirectional differences in the dopamine type-2 family
of receptors, with lower availability of type-2 receptors (D2R) in
striatal regions and higher availability of type-3 receptors (D3R) in
midbrain regions [3–7]. Given some distinctions in regional
distributions of these receptor subtypes, they have been
hypothesized to contribute differently to cognitive mechanisms
in addictions. D2R-related circuitry is proposed to contribute to
compulsivity and habitual behavior and D3R-related circuitry to
impulsivity and reward sensitivity [7–11]. However, investigations
dissociating potential D2R and D3R relationships with cognitive
processes in individuals with and without a cocaine-use disorder
(CUD) are limited.
Beyond contributions to reinforcement processing, dopaminer-

gic processes have also been implicated in executive functions
including working memory, attentional control, and response
processing [12, 13]. Dual-state models of dopaminergic roles in
executive functioning propose that the type-2 family of receptors
is related to cognitive flexibility and adaptability (e.g., set-shifting
and reversal learning) while cognitive stability and maintenance

(e.g., persistence of working memory) are associated with the
type-1 family of receptors [14]. Evidence of neurocognitive
impairments in individuals with a stimulant-use disorder
are mostly consistent with deficient D2R function according to
these models (i.e., greater perseverance, impaired attentional
shifting, and poor response inhibition) [15]. However, the extent to
which increased D3R-related functioning in CUD may compensate
or subjugate D2R-related roles in executive functions is unclear.
While both decreased D2R and increased D3R have been
separately linked to greater impulsivity and cognitive-control
impairments [16], their potentially dissociative influences are
unknown. Furthermore, individual differences in D2R and D3R
alterations, which may not be correlated in individuals with a
stimulant-use disorder [6, 7], may support evidence of differing
patterns and degrees of neurocognitive deficits in stimulant
additions [17, 18].
The default mode network (DMN), integrating activity in the

posterior cingulate with regions of the ventromedial frontal and
lateral parietal cortices, is an established resting-state functional
brain network broadly associated with non-goal-directed cogni-
tion [19, 20]. Alterations in DMN functioning have been noted
in a range of psychiatric conditions including addictions,
depression, schizophrenia, and attention-deficit/hyperactivity
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disorder [21–24]. Suppression of the DMN may be a marker of the
global functioning of externally oriented cognitive systems [25, 26]
and has been linked to dopaminergic functioning [27–30]. In
healthy populations, greater suppression of the DMN during visual
attention has been associated with reduced dopamine transporter
availability (i.e., greater synaptic dopamine levels) in the striatum
[31]. Greater connectivity between nodes of the DMN during
working memory has been linked to greater D2R-related, but not
D3R-related, availability [30]. Functional impairments of the DMN
have been noted across substance-use disorders [21]. In
individuals with a stimulant-use disorder, greater DMN suppres-
sion during cue-reactivity is associated with greater D2R-related
binding [32]. Furthermore, methylphenidate, which increases
synaptic dopamine levels, increases suppression of the DMN
during response inhibition in individuals who use cocaine [33] and
youth with attention-deficit/hyperactivity disorder [24].
The current study investigated potential relationships between

D2R/D3R availability and global executive functioning during
cognitive control in individuals with CUD relative to healthy
comparison (HC) individuals. Relationships were examined
between D2R and D3R availability (assessed with [11C]-(+)-PHNO
PET), DMN functioning (assessed using independent component
analysis of fMRI during a Stroop task), and Stroop-related
cognitive-control performance between and within groups. We
hypothesized that across all participants, greater availability of
D2R would be associated with better task performance (i.e.,
reduced errors and interference delays) and greater DMN
suppression during Stroop performance. In CUD, we expected
higher availability of D3R, proposed to reflect increased appetitive
(nonexecutive) processing [34], would be associated with lower
DMN suppression, and poorer Stroop performance.

METHODS
Participants
Sixteen nontreatment-seeking individuals with CUD and 16 age-
and gender-matched HC participants were recruited from the local
community. Physical exams with medical history, routine labora-
tory studies, pregnancy tests, and electrocardiograms were
performed to assess medical eligibility. Urine toxicology screening
for cocaine, amphetamines, marijuana, opiates, benzodiazepines,
and barbiturates (Integrated EZ Split Key Cup; Redwood Toxicol-
ogy Laboratories, Santa Rosa, CA, USA) was performed to confirm
cocaine-use status in CUD participants and the absence of other
recent drug use in both CUD and HC participants. Participants
were assessed for DSM-IV diagnoses using the Structured Clinical
Interview for DSM-IV [35]. All CUD participants met criteria for
cocaine dependence (comparable to DSM-5 criteria for a CUD of at
least moderate severity) and were admitted to an inpatient
research facility to monitor abstinence prior to completing
imaging procedures. Exclusion criteria included the presence or
history of a general medical (e.g., cardiovascular, diabetic/
metabolic) or neurological (e.g., cerebrovascular, seizures, trau-
matic brain injury) illness or psychotic disorder, or met criteria for
any current Axis I psychiatric diagnosis (other than cocaine- or
tobacco-use disorders), pregnancy or breast-feeding, or any
condition that would interfere with PET or MRI participation
(e.g., claustrophobia, metallic implants). Intelligence was esti-
mated using the Shipley Institute of Living Scale [36]. Tobacco-
using CUD participants were allowed regular smoke-breaks during
inpatient residency, and no smoking was allowed within an hour
prior to PET/MRI scanning to limit potential influences of acute
tobacco use [37, 38]. Individuals from a prior PET report [6]
completing Stroop fMRI procedures were included in the current
analysis. All study procedures were approved by the Yale Human
Investigation, Yale University Radiation Safety, Yale-New Haven
Hospital Radioactive Drug Research, and Yale MRI Safety
Committees, and participants provided written informed consent.

[11C](+)PHNO PET
[11C]-(+)-PHNO was prepared as previously described [39, 40], and
details of PET imaging, performed on a Siemens high-resolution
research tomograph (Siemens/CTI, Knoxville, TN, USA), are
provided as Supplementary Material. Average [11C]-(+)-PHNO
binding potential (BPND) values were computed from smoothed
parametric images for two regions of interest (ROI), the dorsal
putamen (DPU) [41], and substantia nigra (SN) [39], as binding in
these regions largely reflect D2R- and D3R-related availability,
respectively [42–44].

Stroop fMRI
The event-related Stroop color-word interference task has been
shown previously to activate brain regions and functional
networks underlying cognitive control [45, 46]. Briefly, participants
completed six 3-min runs consisting of congruent (e.g., “red”
displayed in red font) and incongruent stimuli (e.g., “red”
displayed in blue font) during which they were instructed to
respond silently, an approach that has been shown to produce
activation equivalent to overt response methods [47]. Acquisition
and spatial processing of functional images, collected on a
Siemens 3T Trio system (Siemens Medical Solutions, Malvern, PA),
are provided as Supplementary Material.

Independent component analysis
ICA was performed on the fMRI time series using the Group ICA
Toolbox (GroupICAT v4.0b; https://trendscenter.org/software/gift/)
[48]. Minimum description length criterion [49] estimated that a
mean of 25 maximally independent components was present in
each functional run. Data from all participants were concatenated
into a single group, reduced through a principal component
analysis, and 25 components were extracted from this group
aggregate using the InfoMax algorithm [50]. ICA was iterated 20
times using ICASSO to assess stability and consistency of extracted
components [51]. Component time courses and corresponding
spatial source maps were reconstructed and scaled to percent
BOLD signal change for each participant to facilitate comparisons.
The DMN was visually selected a priori from the set of 25

identified components. Task-relatedness of the DMN was assessed
using multiple regression analyses of the component time course
with the time courses of incongruent and congruent stimuli
convolved with canonical hemodynamic activity and including
motion parameters from spatial processing as nuisance regressors.
The resulting β-weights were averaged for each stimulus type
across runs for each participant as a measure of DMN “engage-
ment,” with more negative engagement indicating greater DMN
suppression.

Stroop behavioral performance
Participants completed two runs of the task aloud prior to
scanning and a maximum of five runs immediately following
scanning to assess behavioral performance. Vocal responses and
reaction times were collected using presentation (Neurobeha-
vioral Systems, Inc., Berkeley, CA). Preliminary analyses indicated
no differences in performance between runs completed before
and after scanning; thus, Stroop interference delays (i.e., incon-
gruent minus congruent vocal reaction time) and percent
incongruent errors were averaged across all runs completed
outside of the scanner.

Statistical analyses
Initial analyses were performed within modality (i.e., PET, fMRI, and
behavioral performance, separately) using linear mixed models
with a between-subjects factor of group (HC, CUD) in SPSS 26.0
(IBM Corporation, Armonk, NY). [11C]-(+)-PHNO BPND was inves-
tigated using a within-subjects factor of ROI (DPU and SN). DMN
engagements were similarly tested in a second mixed model
using a within-subjects factor of stimulus type (i.e., incongruent
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and congruent). A third mixed model was used to investigate
Stroop performance using a within-subjects factor of behavior
(interference delay and incongruent error percentage). Main
effects and interactions of the unimodal mixed models
were assessed at Bonferroni-corrected PBonferroni < 0.05 (alpha=
0.05, n= 3; P < 0.017) and post hoc tests included models to
investigate within-group effects. These three within-modality
models were each repeated with inclusion of covariates for
tobacco-smoking status across the entire sample and cocaine-use
measures (days of past-month cocaine use, years of lifetime
cocaine use, and duration of abstinence (at PET scan), modeled
together) within the CUD group.
Bimodal analyses were then performed. Primary hypotheses

regarding relationships with D2R- and D3R-related binding were
tested by repeating the models of DMN engagement and Stroop
performance separately with the inclusion of two covariates for
BPND (DPU, SN) together. To examine relationships between
performance and DMN engagement, the model of Stroop
performance was repeated with a single covariate of the average
(mean of congruent and incongruent) DMN engagement. Main
effects and interactions of these three models examining bimodal
relationships were assessed at PBonferroni < 0.05 (alpha= 0.05, n=
3; P < 0.017) and post hoc tests included models to investigate
within-group effects.
Following bimodal testing, exploratory analyses were per-

formed to examine potential moderated-mediation relationships
across all three modalities (D2R/D3R, DMN suppression, and
Stroop interference delays). Analyses were performed using
PROCESS [52] for SPSS with 5000 bootstrap resamples to handle
the limited sample sizes. Models tested whether group moderated
potential mediations by D2R- and D3R-related availability,
modeled separately, in associations between DMN engagement
and Stroop interference delays. Associations and conditional
indirect effects were calculated at 95% CI and within-group post
hoc mediation models were performed. 95% CIs that did not
include zero determined significant mediations and moderated
mediations.

RESULTS
Participant characteristics and D2/3R availability
There were no group differences in age, gender, IQ, body mass,
alcohol use, or radiotracer injection parameters (Table 1). Demo-
graphic characteristics did not interact with group on [11C]-
(+)-PHNO BPND, Stroop performance, or DMN engagement (P >
0.1). Consistent with clinical profiles, CUD participants were more
likely to smoke tobacco daily than were HC participants; however,
there was no effect of daily smoking on [11C]-(+)-PHNO BPND,
Stroop performance, or network engagement measures (P > 0.1).
There was a group difference in the time between PET and fMRI
scans, with CUD participants completing scans ~1 week apart,
while scans averaged 1 month apart in HC participants.
Consistent with prior reports [4–7], CUD and HC differed in

[11C]-(+)-PHNO BPND across regions (group-by-ROI interaction:
F1,30= 10.38, P= 0.003; PBonferroni= 0.009). CUD participants had
17% greater BPND in the D3R-rich SN (t30= 2.13, P= 0.042), and
7% lower BPND in the D2R-rich DPU that did not reach statistical
significance (t30= 1.85, P= 0.074) (Fig. 1). BPND in other regions
commonly reported in [11C]-(+)-PHNO research is provided in
Supplementary Table S1. BPND values in the SN and DPU were
positively correlated in HC (r= 0.55, P= 0.026) but not in CUD (r=
0.15, P= 0.58) participants. There was no interaction of cocaine-
use measures on ROI BPND in CUD (P’s > 0.07).

Default mode network
On average across participants and stimuli, the DMN (Fig. 2a) was
significantly suppressed (displaying negative engagement asso-
ciated with task events) during Stroop performance (main effect of

stimuli: F1,30= 7.06, P= 0.013; PBonferroni= 0.04). There was no
difference in DMN suppression between incongruent
and congruent events (within-subjects effect of stimulus type:
F1,30= 0.27, P= 0.61). There was no difference between CUD and
HC in average DMN engagement (main effect of group: F1,30=
3.12, P= 0.09) and no group-by-stimulus interaction (F1,30= 2.76,
P= 0.11) on DMN suppression. Within groups, DMN suppression
was greater in relation to incongruent compared to congruent
stimuli in HC (t15= 2.91, P= 0.011) but not CUD (t15= 0.22,

Table 1. Participant characteristics and injection details.

Variable HC (N= 16) CUD (N= 16) P value

Participant characteristics

Age, years (SD) 42.3 (6.2) 43.4 (5.3) 0.59

Gender, F (%) 4 (25.0) 2 (12.5) 0.37

Estimated IQ, total (SD) 99.7 (15.2) 95.6 (11.7) 0.40

Body-mass, BMI (SD) 30.4 (6.5) 29.8 (7.0) 0.79

Daily tobacco user, N (%) 1 (6.3) 13 (81.3) <0.001

Weekly alcohol use,
drinks (SD)

1.3 (2.2) 7.3 (17.9) 0.20

Cocaine-use frequency, days/
month (SD)

– 18.4 (7.0) –

CUD chronicity, years (SD) – 19.8 (6.1) –

Abstinence from cocaine,
days (SD)

– 7.4 (5.4) –

Time between PET/MRI,
days (SD)

30.9 (29.7) 9.1 (6.5) 0.01

[11C]-(+)-PHNO injection

Radioactive dose, MBq (SD) 430 (144) 408 (157) 0.68

Injected mass, μg/kg (SD) 0.024 (0.007) 0.022 (0.007) 0.53

Specific activity, MBq/
nmol (SD)

56.3 (22.9) 55.6 (18.1) 0.92

CUD cocaine-use disorder, HC healthy comparison, SD standard deviation.

Fig. 1 [11C]-(+)-PHNO BPND in regions of interest. Individuals with
cocaine-use disorder (CUD) had higher BPND than healthy compar-
ison (HC) participants in the substantia nigra (SN), reflecting D3R-
related binding differences (P= 0.042). Lower BPND, the dorsal
putamen (DPU), reflecting D2R-related binding, did not reach
significance (P= 0.074). Analyses were performed on smoothed
parametric images. Error bars indicate standard deviation. *P < 0.05.
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P= 0.83) participants (Fig. 2b). In CUD participants, DMN
engagement was not associated with cocaine-use measures
(P > 0.5).
Differences in DMN engagement related to incongruent and

congruent stimuli were not associated with [11C]-(+)-PHNO BPND
values across participants or within groups (i.e., there were no
interactions of DPU or SN covariates on stimulus or stimulus-by-
group effects; P > 0.3). The time between PET and fMRI scans did
not interact with covariates of D2R/D3R-related availability on
DMN engagement between or within groups (P’s > 0.4). Lower
D2R-related BPND in the DPU was associated with greater average
(i.e., mean incongruent and congruent) DMN suppression but did
not survive family-wise correction (main effect of DPU: F1,26= 5.33,
P= 0.029; PBonferroni= 0.087). This relationship did not differ
between groups (group-by-DPU interaction: F1,26= 1.89, P=
0.18), did not achieve significance within HC participants
(F1,13= 4.48, P= 0.054) and was not present in CUD participants
(F1,13= 0.75, P= 0.40) (Fig. 2c). An association between higher
D3R-related BPND in the SN and greater average DMN suppression
was not significant across participants (main effect of SN BPND:
F1,26= 3.07, P= 0.09) or different between groups (group-by-SN
interaction: F1,26= 0.38, P= 0.54); however, it was significant in
CUD (F1,13= 13.01, P= 0.003) and not present within HC
participants (F1,13= 0.30, P= 0.60) (Fig. 2d). Exploratory correla-
tions between BPND in other regions commonly reported in [11C]-
(+)-PHNO research and DMN engagement are provided in
Supplementary Table S2.

Stroop performance
On average, participants committed errors on 22.7% (SD= 16.6) of
incongruent trials, with an average interference delay of 271ms
(SD= 77). There were no differences between CUD and HC

participants on Stroop performance (F1,30= 1.07, P= 0.31) or
group-by-behavior interaction (F1,30= 1.07, P= 0.31) (Fig. 3a). In
CUD, Stroop performance was not associated with cocaine-use
measures (P > 0.06).
Across participants, D2R-related binding was associated with

interference delays and not error rates (behavior-by-DPU interac-
tion: F1,26= 7.48, P= 0.011; PBonferroni= 0.033). CUD and HC
participants differed in this association (group-by-behavior-by-
DPU interaction: F1,26= 8.54, P= 0.007; PBonferroni= 0.021), with
greater D2R-related binding associated with shorter interference
delays in HC participants (F1,13= 11.97, P= 0.004) and no relation
to delays in CUD participants (F1,13= 0.25, P= 0.088) (Fig. 3b).
There was no association between D3R-related binding and
difference between Stroop performance across participants
(behavior-by-SN interaction: F1,26= 0.02, P= 0.90) or between
groups (group-by-behavior-by-SN interaction: F1,26= 3.64, P=
0.068). However, within groups, greater D3R-related binding was
associated with shorter interference delays in CUD (F1,13= 7.99,
P= 0.014) but not in HC (F1,13= 0.81, P= 0.38) participants
(Fig. 3c). Additional exploratory correlations between BPND in
other regions commonly reported in [11C]-(+)-PHNO research and
interference engagement are provided in Supplementary Table S2.
No relationships between D2R/D3R and incongruent error rates
were observed across participants or within groups (P’s > 0.1).
There was no association between average DMN suppression

and differences between Stroop performance measures across
participants (behavior-by-DMN interaction: F1,26= 0.26, P= 0.62),
though a group difference in DMN associations with performance
was significant (group-by-behavior-by-DMN interaction: F1,26=
6.86, P= 0.014; PBonferroni= 0.042). Greater DMN suppression
was associated with longer interference delays in HC (F1,14=
4.60, P= 0.050) but not CUD (F1,14= 2.49, P= 0.14) participants

Fig. 2 The default mode network (DMN) identified by independent component analysis of Stroop fMRI data and relationships with [11C]-
(+)-PHNO BPND. a Spatial pattern of the visually selected DMN displayed at voxel-wise PFWE < 0.001 and cluster extent >200 contiguous voxels.
b Suppression of the DMN in response to high-conflict incongruent events was greater in healthy comparison (HC) as compared to cocaine-
use disorder (CUD) individuals; error bars indicate standard deviation. c In HC participants, lower D2R-related binding in the DPU was
associated with greater DMN suppression (DPU and engagement residuals from regressions with SN BPND). d In CUD participants, greater
D3R-related binding in the SN was associated with greater DMN suppression (SN and engagement residuals from regressions with DPU BPND).
°P < 0.10; *P < 0.05; ** P < 0.01.
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(Fig. 3d). No relationships between DMN suppression and
incongruent error rates were observed across participants or
within groups (P’s > 0.1).

Exploratory moderated mediation
Moderated-mediation results are summarized in Fig. 4 and
detailed in Supplementary Table S3. Results of post hoc within-
group mediation models are shown in Supplementary Fig. S1. The
model of D2R mediation yielded conditional effects such that
DMN engagement had a significant indirect effect, through D2R,
on Stroop interference delays only in HC (Β=−28.85, SE= 16.20,
95% CI=−70.36, −6.62). A significant index of moderated
mediation (index= 28.57, SE= 16.53, 95% CI= 6.75, 71.81)
indicated the D2R-related mediating effect between DMN and
Stroop performance in HC differed from CUD participants. The
model of D3R mediation revealed that DMN engagement had a
significant indirect effect on Stroop performance only in CUD (Β=
40.70; SE= 15.61; 95%CI= 12.95, 74.37), and the index of
moderated mediation (index= 43.10, SE= 16.84, 95% CI= 11.05,
77.03) indicated this significantly differed from HC participants.

DISCUSSION
The current study investigated relationships between D2R/D3R
availability, DMN suppression, and behavioral performance during
cognitive control in CUD. Consistent with prior [11C]-(+)-PHNO
research in similarly sized samples of individuals using stimulants,
CUD relative to HC participants had higher D3R-related availability
in the SN while lower D2R-related availability in the DPU did not
reach statistical significance [4, 5, 7]. Contrary to hypotheses,
greater D2R-related availability was associated with less DMN

suppression. However, consistent with hypotheses, greater D2R-
related availability was associated with better Stroop performance
(i.e., shorter interference delays) in HC individuals. In CUD
participants, there were no relationships between D2R-related
availability, DMN suppression, and behavioral performance.
However, greater D3R availability in CUD was associated with
greater DMN suppression and better Stroop performance.
Exploratory moderated-mediation analyses indicated that D2R-
related availability mediated the relationship between DMN
suppression and interference delays in HC differently than CUD
participants, in whom D3R-related availability mediated the
relationship between DMN suppression and performance. Find-
ings suggest that greater D3R-related availability may reflect
activity through alternative functional mechanisms that compen-
sate for deficient D2R-related signaling in CUD within the context
of cognitive control.

D2R/D3R and DMN suppression during cognitive control
The DMN was suppressed on average during Stroop performance;
however, suppression was significant within HC but not
CUD individuals. Contrary to hypotheses and prior reports
[30, 31], greater DMN suppression was linked to lower D2R-
related availability across the study sample, and this relationship
appeared strongest within the HC group (though did not achieve
statistical significance). Research has suggested that the positive
associations between D2R availability and increased brain activity
during executive functioning may be dependent on subjective
task difficulty [53]. Thus, one potential interpretation, consistent

Fig. 3 Stroop performance and relationships with [11C]-(+)-PHNO
BPND and DMN engagement. a Incongruent errors and interference
delays (incongruent minus congruent reaction times) did not differ
between cocaine-use disorder (CUD) and healthy comparison (HC)
participants. Error bars indicate standard deviation. b In HC
participants, higher D2R-related binding in the dorsal putamen
(DPU) was associated with shorter interference delays (DPU and
delay residuals from regressions with BPND in the substantia nigra
(SN) to reflect results of mixed model analyses). c In CUD, higher
D3R-related binding in the SN was associated with shorter
interference delays (SN and delay residuals from regressions with
BPND in the DPU to reflect results of mixed model analyses). d In HC
participants, greater average DMN engagement (i.e., less DMN
suppression) was associated with reduced interference delays. *P <
0.05; **P < 0.01.

Fig. 4 Moderated-mediation models. The D2R-related mediation
model (top) indicated a significant index of moderated mediation
(index= 28.57, SE= 16.53, 95% CI= 6.75, 71.81) in which a conditional
indirect effect of average engagement of the default mode network
(DMN) on Stroop interference reaction times through D2R was
significant in healthy comparison participants (HC) but not in
individuals with a cocaine-use disorder (CUD). The D3R-related
mediation model (bottom) indicated a significant moderated mediation
(index= 43.10, SE= 16.84, 95%CI= 11.05, 77.03) in which a conditional
indirect effect of DMN engagement on Stroop performance through
D3R was significant in CUD but not HC individuals. Unstandardized
coefficient values and standard error (Β(SE)) are shown for the
moderated-mediation models. °P< 0.10, *P< 0.05; **P< 0.01. †95%
confidence intervals of moderated mediation and conditional indirect
effects indirect do not include zero, indicating a significant effect.
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with behavioral finding of lower D2R-related binding related to
longer interference delays in HC, is that low-D2R individuals
experienced the Stroop task as more cognitively demanding in a
manner linked to greater DMN suppression.
In CUD individuals, DMN suppression appeared to be generally

blunted during the Stroop task, though only significantly differed
from HC in response to the high-conflict incongruent events.
Coordination between the DMN and executive function networks,
typically indicated by greater DMN suppression under cognitive
demands, may be dysregulated in CUD [54]. Thus, the lack of DMN
suppression in CUD in the current study, in absence of
performance impairments, may reflect this de-coupling between
functional systems. However, associations between greater D3R-
related binding and greater DMN suppression may also indicate
increased activity through alternate processes to compensate for
this de-coupling. Consistent with this interpretation is the
observation that greater D3R-releated binding was also associated
with shorter interference delays in CUD.

Stroop performance and D2R/D3R
Although there were no behavioral differences between CUD and
HC in the current study, a dissociative relationship was observed
between D2R and D3R availability and interference delays. In HC
individuals, greater D2R-related binding was associated with
shorter interference delays, consistent with the hypotheses. While
research into the influence of dopaminergic agents on Stroop
performance in healthy populations are mixed [55–57], greater
availability of striatal D2R has been associated with improved
cognitive performance more broadly [58]. In the current study, this
association between D2R binding and cognitive performance was
not present in CUD participants. Rather, in CUD individuals, shorter
interference delays were related to greater D3R-related avail-
ability. Limited evidence of the influences of elevated D3R in CUD
has indicated potential associations with greater impulsivity and
more risky decision-making [7]. While this finding suggests a role
for increased D3R reflecting a compensatory functional response
to declining D2R in CUD, this relationship was observed in the
absence of an association with D2R in CUD. One speculative
interpretation is that the increases in D3R may reflect neuroadap-
tive changes of alternate functional mechanisms to compensate
for losses in D2R-related functioning. This would be consistent
with our prior findings using this task that despite equivalent
performance in CUD and HC individuals, response times were
differentially associated with distinct functional networks in each
group [46]. However, it remains to be determined whether D3R-
related support of cognitive-control performance in CUD occurs
through appropriation of D2R-related processes or through
distinct mechanisms.

D2R/D3R, DMN, and performance relationships
Exploratory moderated-mediation analyses indicated a dissocia-
tive role of D2R- and D3R-related intermediary functional
processes in the pathway between DMN suppression and
Stroop-related cognitive control in CUD and HC. In HC, associa-
tions between DMN suppression and interference delays were
mediated through D2R-related binding as a potential indicator of
greater DMN-anti-correlated (“task-on”) functional systems linked
to D2R. In CUD, associations between DMN suppression and
interference delays were mediated through D3R-related functional
systems. Preclinical and human research have indicated that
losses in D2R and gains in D3R may occur over the course of CUD
[5, 59]; however, neither D2R- or D3R-related binding was related
to CUD chronicity in the current study, and implications of higher
D3R availability reflecting increased functioning of compensatory
mechanisms remain speculative. Similarly, whether functional
systems linked to D2R in HC individuals are appropriated by D3R
signaling or circumvented by D3R-related mechanisms warrants
further research.

To our knowledge, this is the first demonstration of dissociative
D2R- and D3R-related mediation of links between DMN suppres-
sion and cognitive-control performance in individuals with CUD
compared to healthy individuals. The mechanisms of D2R/D3R
influence on cognitive control likely involve complex interactions
with other neuromodulatory systems (e.g., serotonin and acet-
ylcholine) throughout subcortical and cortical regions [60–65].
Similarly, the phasic activation and deactivation of dopamine
receptors may have nonlinear effects on cognitive processes
relative to baseline tonic dopamine functioning [66]. This
complexity is demonstrated by evidence that both D3R agonism
and antagonism may improve cognitive functioning, including in
individuals with stimulant-use disorders [67–71]. The current
findings lend some insight into these mechanisms, providing
evidence linking greater D3R availability, DMN suppression, and
cognitive-control performance in individuals with CUD.

Limitations
The small sample sizes in this multimodal study, while within the
range of previous [11C]-(+)-PHNO research of stimulant-use
disorders, may limit detection of fMRI-related differences.
The use of [11C]-(+)-PHNO limited investigation to subcortical
regions with relatively high concentrations of D2R and D3R. While
this radiotracer allows dissociation of D2R- and D3R-related
binding signals, evidence using a high-affinity, nonselective D2R/
D3R radiotracers indicates alterations in extrastriatal and cortical
regions in individuals with CUD [72, 73] that may also be
influencing DMN suppression and cognitive performance. The
Stroop task employed used silent responding during fMRI
scanning; thus, performance during scanning was not directly
assessed. Current analyses employed linear statistics to examine
D2R/D3R relationships, and possible nonlinear relationships may
exist between dopaminergic activity and cognitive and behavioral
performance [66]. Prior research using the Stroop and other
neurocognitive tasks suggests performance improvements over
repeated testing may be linked to adaptions of neural processes
to optimize behavior [74, 75], and future studies should examine
potential D2R/D3R relationships with engagement of additional
large-scale brain networks. Furthermore, links between dopamine
D2R/D3R availability and task fatigue during Stroop performance
have been previously reported [76], but were not directly
examined in the current study. The current CUD sample
represents a somewhat homogenous population with respect to
disease severity (e.g., a history of at least 7 years, and at least
twice-weekly use) and were all assessed following <20 days of
abstinence, limiting generalizability to individuals at different
stages of disease and recovery. Similarly, while dopaminergic
alterations appear to be robust to different stimulants of abuse
(e.g., cocaine, methamphetamine; [1]), research is required to
investigate the generalizability of these functional implications in
people with non-cocaine stimulant use. PET and fMRI scans were
performed closer in time in individuals with CUD, and while
analyses indicate that this did not influence current results, future
multimodal research should be cautious to balance timing of
scans. This investigation examined relationships between dopa-
minergic receptors, DMN suppression, and behavioral perfor-
mance under cognitive-control demands using a simple event-
related Stroop task. Further research using a range of cognitive-
control-related tasks of varying difficulties (that may detect group
differences in performance) is required to replicate and extend
these findings within this domain of interest [77].

CONCLUSIONS
To our knowledge, this is the first report linking increased D3R-
related receptor availability to improved neurocognitive perfor-
mance in CUD. During performance of a Stroop task, greater D3R-
related [11C]-(+)-PHNO binding in the SN was associated with
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greater DMN suppression and shorter interference delays in
individuals with CUD. This relationship of increased availability,
improved cognitive performance, and greater DMN suppression
has been reported with respect to D2R in healthy populations,
suggesting increases in D3R may reflect a potential functional
compensation for deficient D2R-related processes in CUD. These
findings provide additional insight into mixed neurocognitive
profiles in individuals with stimulant-use disorders and indicate a
potential mechanism of preclinical evidence that D3R partial
agonists may have some efficacy in treating CUD [78, 79].
Research examining concurrent D2R and D3R links to additional
cognitive domains implicated in addictions (e.g., reward proces-
sing), as well as potential relationships with other large-scale
functional networks, may provide further insights into individual
variability and pharmacological challenges for CUD.
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