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Abstract

[l Limbic and motor integration is enabled by a mesial temporal
to motor cortex network. Parkinson disease (PD) is characterized
by a loss of dorsal striatal dopamine but relative preservation of
mesolimbic dopamine early in disease, along with changes to
motor action control. Here, we studied 47 patients with PD using
the Simon conflict task and [**F]fallypride PET imaging. Addi-
tionally, a cohort of 16 patients participated in a single-blinded
dextroamphetamine (AAMPH) study. Task performance was eval-
uated using the diffusion model for conflict tasks, which allows
for an assessment of interpretable action control processes. First,
a voxel-wise examination disclosed a negative relationship, such

INTRODUCTION

Proficient action control is necessary for adept cognitive
and motor function, where behavioral disinhibition can
manifest with impulsive behaviors and motor impulsivity
can manifest with gait dysfunction (Ahlskog, 2011;
Weintraub et al., 2010). Inhibitory function and impulsivity
are often assessed using cognitive neuroscience tools that
probe action control in the face of conflicting stimulus—
action representations. Dopamine has long been recog-
nized as an important modulator of inhibitory control
(Mink, 1996). Studies in healthy populations and those
that suffer from addiction, obesity, and neurodegenerative
disorders such as Parkinson disease (PD) confirm the role
of dopamine in action control proficiency (Ruitenberg, van
Wouwe, Wylie, & Abrahamse, 2021; Albrecht, Kareken,
Christian, Dzemidzic, & Yoder, 2014; Jentsch & Pennington,
2014; Ghahremani et al., 2012; Ersche et al., 2011; Volkow,
Wang, & Baler, 2011; Volkow et al., 2008).

Recent studies provide tentative evidence for limbic
regulation of motor control. A functional limbic-motor
loop connects the mesial temporal structures, including
the hippocampus and amygdala, to the motor cortex via
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that longer non-decision time is associated with reduced D,-like
binding potential (BPyp) in the bilateral putamen, left globus pal-
lidus, and right insula. Second, an ROI analysis revealed a positive
relationship, such that shorter non-decision time is associated
with reduced Dy-like BPyp in the amygdala and ventromedial
OFC. The difference in non-decision time between off-dAMPH
and on-dAMPH trials was positively associated with D,-like BPyp
in the globus pallidus. These findings support the idea that dys-
function of the traditional striatal-motor loop underlies action
control deficits but also suggest that a compensatory parallel
limbic—motor loop regulates motor output. |l

the ventral striatum, substantia nigra, pallidum, and motor
thalamus (Aoki et al., 2019). Although clinical investiga-
tions into the relevance of this limbic—-motor network
have generally been sparse, emerging studies of psychi-
atric disorders that manifest with motor symptoms (e.g.,
psychogenic nonepileptic seizures) have established a
significant link between these two distinct but related
brain systems (Amiri et al., 2021; Aybek et al., 2015; van
der Kruijs et al., 2012). Additionally, an imaging study of
response inhibition in patients with PD has revealed
mesocorticolimbic regulation of action control, as greater
D,-like binding potential (BPyp) in the amygdala and
hippocampus is associated with better motor inhibitory
control (Mann et al., 2021).

PD is a neurodegenerative disorder characterized by
dopamine dysfunction, for which pharmacological resto-
ration of dopamine tone can dramatically improve motor
function. One commonly encountered nonmotor symp-
tom of PD with dopaminergic medication is impulsive
compulsive behaviors (ICBs), whereby patients develop
overactive participation in rewarding activities associated
with sex, eating, gambling, and shopping (Ahlskog, 2011,
Voon et al., 2011). Investigations into ICBs have estab-
lished important distinctions in mesocorticolimbic sys-
tems, with these patients showing evidence of differences
in dopamine receptor expression in the ventral striatum;
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enhanced dopamine release in this region; greater meso-
limbic metabolism in response to dopamine therapies;
and altered connectivity among the midbrain, amygdala,
and ventral striatum (Petersen et al., 2018; Stark, Smith,
Lin et al., 2018; Stark, Smith, Petersen et al., 2018; Claassen
etal., 2017; Steeves et al., 2009). These findings point to an
association between mesial temporal dopamine and
impulsivity in PD. Together, they offer a unique opportu-
nity to assess the limbic—-motor network and the effect of
dopamine on this system by applying methods that assess
D,-like receptor status, dopamine release, and action con-
trol proficiency.

Patients with PD often show poor action control, and
typically, impulsivity is accompanied by impaired response
inhibition (Ruitenberg et al., 2021; Moeller, Barratt,
Dougherty, Schmitz, & Swann, 2001). Unexpectedly,
despite an impulsive behavioral state, patients with ICBs
maintain proficient action control, demonstrated by
better stopping ability on the stop-signal task as com-
pared to either healthy controls or patients with PD
without ICBs and fewer impulsive errors on the Simon
conflict task as compared with patients with PD without
ICBs (Claassen et al., 2015; Wylie et al., 2012). The mech-
anisms contributing to intact action control in some
patients with PD are not well understood. However,
recent developments in the modeling of the Simon con-
flict test may aid the ability to understand these unique
observations as well as the mechanisms underlying action
control in PD at large. The task is a speeded choice RT
paradigm that requires participants to make a left or right
button press solely based on the color of the stimulus. By
introducing a congruent or noncongruent location of the
stimulus relative to the button press, the paradigm eval-
uates the impact of interference and conflict resolution in
action control (Simon, 1969; Simon & Rudell, 1967). The
task assesses RT, accuracy, and the Simon effect, or the
extent to which responses are faster and more accurate
when the stimulus and response are in the same location
(left hand and left screen presentation) than when the
stimulus and action are on opposite sides. Conventional
outcome measures of performance have focused on
accuracy at fast RTs using conditional accuracy functions,
which show accuracy data as a function of RT quantiles
(Ulrich, Schroter, Leuthold, & Birngruber, 2015; Heitz,
2014). Inhibition during longer RTs is assessed by deter-
mining delta functions, which reflect the difference in RT
quantiles between congruent and incongruent trials ver-
sus the average of RT quantiles between congruent and
incongruent trials (Ulrich et al., 2015; De Jong, Liang, &
Lauber, 1994). An extension of the diffusion decision
model has been developed to account for processing in
this task (Ratcliff, Smith, Brown, & McKoon, 2016; Ulrich
et al., 2015). The advantage of this diffusion model for
conflict tasks (DMC) is that it decomposes behavioral data
into psychologically interpretable action control processes,
allowing for quantification of distinct goal-directed and
non-goal-directed elements (Servant, van Wouwe, Wylie,

& Logan, 2018; Ratcliff et al., 2016; Ulrich et al., 2015;
White, Ratcliff, Vasey, & McKoon, 2010; Ratcliff & McKoon,
2008). These two processes, namely, an automatic process
related to the task-irrelevant location of the stimulus and
a controlled process related to the task-relevant color of
the stimulus, converge at the decision level and deter-
mine one’s performance on the conflict task.

The DMC assumes that after stimulus presentation,
noisy samples of evidence related to the color of the stim-
ulus accumulate at rate v from a starting point z (fixed
at zero) until a threshold *a. The upper threshold +a
corresponds to the correct response, and the lower
threshold —a corresponds to the incorrect response. The
automatic process in correct congruent trials produces
facilitation, and in incorrect incongruent trials, it produces
interference. The resulting automatic activation is mod-
eled by a rescaled gamma function with shape o (fixed
at two), maximum amplitude = (positive in congruent
trials, negative in incongruent trials), and peak latency
7 (Ulrich et al., 2015). In each trial, the predicted RT
corresponds to (1) the decision time or the latency
between accumulation onset and the first crossing of a
threshold for a motor response plus (2) the residual
latency with mean non-decision time (7er), reflecting
stimulus encoding and response output processes.

We hypothesized that given the proposed model of the
limbic—motor network, mesocorticolimbic regions and
their dopaminergic pathways would modify non-decision
processes. To test this, we first examined the relationship
between DMC parameters and D,-like BPyp as deter-
mined using the PET ligand ['®F]fallypride, a high-affinity
D, 3 receptor ligand. This imaging tool allows for the defin-
ing of striatal and extrastriatal D,-like receptor status. We
were therefore able to assess the relationship between
dopamine and model-based components of action con-
trol, including non-decision time. Next, we assessed the
relationship between dextroamphetamine (dAAMPH)
effects on DMC parameters and D,-like BPyp, to localize
where dAMPH exerts its effect. This was done in a 16-
patient cohort who performed a single-blinded dAMPH
administration protocol. dAAMPH administration stimu-
lates dopamine release, allowing for manipulation of
dopamine quantities in vivo. At each visit (off-dAMPH or
on-dAMPH), participants completed imaging with ['°F)
fallypride and the Simon conflict task. We related perfor-
mance to dopamine release (dAAMPH mediated changes to
nondisplaceable BPyp). We predicted that dopamine
release (dAAMPH condition) would speed RT by reducing
non-decision time.

METHODS
Participants

Characteristic of PET studies is the limitation of sample
size. In accordance with previous studies investigating
['*®F]fallypride PET BPyp, in relation to impulsivity and

Mann et al. 1807

l12%52912/9081/1 L/S€E/Pd-BloE/USOlNPa W IdRIIP//:dRY WOl papeojumo]

& U0l

¥Z0z Atenige4 z| uo sesn Aysieaun yiqiepuen Aq ypd-gy0z0



related behavioral measures, we aimed for a sample size of
n = 18 (Song et al., 2022; Mann et al., 2021; Stark, Smith,
Lin et al., 2018). All patients with PD (n = 47, 16 women
and 31 men) were recruited from the Movement Dis-
orders Clinic at Vanderbilt University Medical Center.
Patients met U.K. Brain Bank criteria for idiopathic PD
(Hughes, Daniel, Kilford, & Lees, 1992) and had previously
been diagnosed by a Movement Disorder Neurologist
(D. C.). Prior to study commencement, all participants
were screened to verify that they met inclusion and exclu-
sion criteria. Patients were excluded from the study if they
had an implanted deep brain stimulator, an unstable med-
ical condition, a comorbid neurological disorder, dementia,
a history of major psychiatric illness, or a history of sub-
stance abuse. Additionally, no patients had taken psycho-
stimulants over the previous year, and none were currently
using cocaine, nicotine, or excessive alcohol.

A physical exam, neurological exam, electrocardiogram,
urinalysis, and metabolic panel were performed for all
patients. Additionally, patients completed Part II of the
Movement Disorders Society—United Parkinson’s Disease
Rating Scale (MDS-UPDRS), which serves as a self-
evaluation of motor activities of daily living, and Part III
(in the off-medication condition), which serves as a
clinician-scored motor examination (Weintraub et al.,
2012; Goetz et al., 2008). Cognition was assessed with
the Montreal Cognitive Assessment, and symptoms of
depression were evaluated with the Center for Epidemi-
ologic Studies Depression Scale—Revised. Lastly, the
Questionnaire for Impulsive-Compulsive Disorders in
Parkinson’s Disease—Rating Scale was administered to
screen for ICBs. To confirm and further define the clinical
presence of ICBs, semistructured interviews with
patients and caregivers were performed, with an ICB
designation based on previously described DSM-5
(Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition) criteria (Voon et al., 2000).

Dopamine medications were converted to levodopa
equivalent daily dose (Tomlinson et al., 2010). Following
a 36-hr withdrawal from dopamine agonist therapy and a
16-hr withdrawal from levodopa therapy, participants
(n = 47) attended a first testing visit in the off-medication
state. This period was considered sufficient to eliminate
effects from dopaminergic therapies while minimizing
potential patient discomfort as the half-lives of levodopa
and immediate-release dopamine agonists are ~1.5 and
6 hr, respectively (Tompson & Oliver-Willwong, 2009;
Fabbrini, Juncos, Mouradian, Serrati, & Chase, 1987).
In the cohort that completed the dAMPH challenge, they
attended a second session during which they were
administered a 0.43-mg/kg oral dose of dAMPH. The
order of these visits was blinded to the participant only
(i.e., single blind). The study was designed in this manner
to prevent the influence of AAMPH on D,-like receptor
BPyp in the off-dAMPH state. Because the administration
of amphetamine is understood to induce receptor internal-
ization after treatment, it is imperative to begin with the off-
dAMPH session to avoid any lingering effects of dAAMPH
(Buckholtz et al., 2010; Skinbjerg et al., 2010).

Table 1 presents demographic and clinical information.
The study was carried out in accordance with the Declaration
of Helsinki, and all participants provided written, informed
consent before participating in the study in compliance
with the standards of ethical conduct in human investiga-
tion regulated by the local institutional review board.

Simon Task

Participants performed a manual version of the Simon con-
flict task (Simon & Rudell, 1967). They wore corrective
lenses if prescribed and were seated at a comfortable dis-
tance from a laptop screen and provided with directions
before proceeding. They were instructed to make a left-
hand button press to a green circle and a right-hand button

Table 1. Demographic and Clinical Evaluation of the Participants with PD

Variables All Patients with PD Patients with PD On-dAMPH (0.43 mg/kg Oral Dose)
n 47 16

Sex (male/female) 31/16 10/6

Age (years) 62.7 =79 64.1 =55
ICB (+/-) 24/23 977
Disease duration (years) 5.8 = 3.8 6 *37
CES-D 157 £ 9.1 16.3 * 10.6
MDS-UPDRS-II 19 £ 9.1 13 = 8.7
MDS-UPDRS-III (Off) 293 * 11.7 302 = 12.6
Total LEDD (mg/day) 639.6 = 375.1 695.6 * 307.2
Agonist single dose equivalent (mg/day) 142.5 = 102.1 753 * 344

Data are shown as mean =+ standard deviation. CES-D = Center for Epidemiologic Studies Depression Scale; MDS-UPDRS = Movement Disorders
Society-United Parkinson's Disease Rating Scale; LEDD = Levodopa Equivalent Daily Dose.
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press to a blue circle. Each trial consisted of a fixation point
followed by a blue or green circle on either side of the
screen. On corresponding trials, the circle was presented
on the side of the screen that matched the correct response
for its color. Accordingly, corresponding trials involved a
green circle on the left side of the screen or a blue circle on
the right side of the screen. On noncorresponding trials, the
circle was presented on the side of the screen that did
not match the correct response for its color. Accordingly,
noncorresponding trials involved a green circle on the
right side of the screen or a blue circle on the left side
of the screen. Participants were asked to make their
responses as quickly and accurately as possible. Once a
choice had been executed or 1500 msec had elapsed,
the trial ended. Each administration of the Simon conflict
task involved 80 practice trials, followed by four blocks of
80 trials.

DMC Fitting Procedure

The DMC was coded in C and was simulated using a Euler-
Maruyama approximation. The time step dt was fixed at
0.001 sec, and the diffusion was fixed at 0.1 to avoid com-
plications arising from a scaling property of the model.
The model was fit to each individual data set by minimizing
the following likelihood ratio chi-square statistic G*:

2 12 Di
G*=2 <an E Dij logl>
=1

J=1 iy

The outer summation 7 extends over the two congruency
conditions, and 72, represents the number of valid trials per
condition. The inner summationj extends over the 12 bins
bounded by 0.1, 0.3, 0.5, 0.7, and 0.9 RT quantiles for each
pair of joint distributions of correct and error responses.
When the number of errors Ne was low, we considered
three RT quantiles (0.3, 0.5, 0.7) if 5 < Ne < 10, and the
median RT if 0 < Ne < 5. Variables p;; and m; represent
the observed and predicted proportions of trials in RT
bin j of congruency condition 7. The G statistic thus char-
acterizes the goodness-of-fit of the model to the correct
and error RT distributions and the correct and error choice
probabilities simultaneously. The lower the G, the higher
the fit quality. It was minimized using a differential
evolution optimizer and 30,000 simulated trials per
congruency condition.

Although the DMC specifies the time course of the auto-
matic activation, it is agnostic with respect to the mecha-
nisms underlying both automaticity, which could include
attentional selectivity or retrieval of instances in long-term
memory, and its short-lived nature, which could include
inhibition and passive decay (Ridderinkhof, 2002; Hommel,
1994; Logan, 1988). Following Ulrich et al., we further incor-
porated between-trial variability in the starting point of the
evidence accumulation and residual latencies (Ulrich et al.,
2015). We did not analyze between-trial variability parame-
ters, however, as there is little theoretical justification for

them beyond improving the fit quality of the model, and
their identifiability has not been assessed by parameter
recovery studies (Minassian et al., 2016; Greenwald,
Schuster, Johanson, & Jewell, 1998).

PET Imaging Protocol

['®F]fallypride was synthesized as outlined in a previously
described method (Stark, Smith, Petersen et al., 2018).
Data were collected on a Philips Vereos PET/CT scanner
or a GE scanner with a three-dimensional acquisition
and transmission attenuation correction. Approximately
2 hr after medication (placebo or dAAMPH) administration,
serial PET scans were acquired simultaneously with a
5.0-mCi bolus injection of ['®F]fallypride over a 30-sec
period. Scan time ran to approximately 3.5 hr postinjection
with two breaks of 15 min between emission scans (Stark,
Smith, Petersen, et al., 2018).

MRI Protocol

Anatomical T1-weighted MR images were acquired to
allow region definition for ROI analyses and spatial nor-
malization for voxel-wise analyses. All MRI scans were com-
pleted with a 3.0-T Philips MRI scanner with a body coil
transmission and 32-channel SENSE array reception.
Structural images were acquired using a T1-weighted
high-resolution anatomical scan (MPRAGE; spatial reso-
lution 1 X 1 X 1 mm?; repetition time/echo time = 8.9/
4.6 msec).

PET Image Processing

['®F]fallypride nondisplaceable binding potential (BPxp)
was quantified following motion correction with Statistical
Parametric Mapping software (SPM12, Wellcome Trust
Centre for Neuroimaging, https://www.fil.ion.ucl.ac.uk
/spm/software/). Parametric BPyp images were estimated
using the simplified reference tissue model in PMOD soft-
ware (PMOD Technologies; Stark, Smith, Petersen et al.,
2018). The cerebellum was used as a reference region
because of its limited D, /3 receptor expression (Camps,
Cortés, Gueye, Probst, & Palacios, 1989). Parametric BPyp
images were co-registered to the participant’s T1-weighted
MR image using FSL’s FLIRT with 6 degrees of freedom and
a mutual information cost function (FSL v6.0, FMRIB). For
voxel-level analyses, parametric BPyp images were nonli-
nearly registered to standard Montreal Neurological Institute
(MNI152) space using FSL’s FNIRT.

ROI Analyses

A priori bilateral subcortical ROIs were manually defined
on each participant’s T1 MRI image according to estab-
lished anatomical definitions (Stark, Smith, Petersen
et al., 2018). These ROIs included the caudate (head),
putamen, globus pallidus, ventral striatum, substantia
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nigra, amygdala, and cerebellum. Additionally, the ventro-
medial OFC was manually defined according to proposed
anatomical landmarks (Mackey & Petrides, 2009). The hip-
pocampus and thalamus were segmented with FSL FIRST.

Analysis of Simon Task and D, BPyp Data

All RT values fell below 1500 msec as a time limit had
already been incorporated into the experiment. Thus,
the only data trimming that was completed during prepro-
cessing involved removing RTs that were less than
150 msec. First, a behavioral assessment of the Simon task
data was performed to compute any differences in perfor-
mance because of treatment or congruency conditions. A
two-way repeated-measures ANOVA was applied to deter-
mine the possible effect of congruency and treatment on
mean RT. Similarly, a two-way repeated-measures ANOVA
was used to analyze the potential effect of congruency and
treatment on mean accuracy.

To investigate the relationship between [**F)fallypride
BPyp and Simon task performance, a voxel-wise analysis
was completed using SPM12. The regression of D, BPyp
on DMC parameters across cortical and subcortical areas
included age, sex, and MDS-UPDRS-III (off) scores as
covariates (Mukherjee et al., 2002; Pohjalainen, Rinne,
Négren, Syvilahti, & Hietala, 1998). Significance criteria
consisted of an uncorrected p < .005 and cluster-level false
discovery rate (FDR) controlled at 0.05 to correct for mul-
tiple comparisons. Furthermore, a general linear model

(GLM) was applied to identify any additional correlations
between ['®F]fallypride BPyp and DMC parameters. For
this model, DMC parameters served as the dependent var-
iable; mean ROI BPyp as the independent variable; and
age, sex, and MDS-UPDRS-III (off) scores as covariates.
An FDR of 0.05 was used to correct for multiple compari-
sons (Benjamini & Hochberg, 1995). A robust linear model
was also implemented to confirm significance.

Next, we sought to further characterize the interpreta-
tion of the ANOVA results, namely, that JAMPH regulates
RT through its effect on non-decision time. To accom-
plish this, a GLM was used to define which, if any, of
the DMC parameters was a predictor of change in mean
RT. For this analysis, change in mean RT between off-
dAMPH and on-dAMPH sessions served as the dependent
variable; change in DMC parameters as the independent
variable; and age, sex, and MDS-UPDRS-III (off) as
covariates.

Finally, a GLM was used to test the hypothesis that D,
receptor expression in striatal or extrastriatal regions
may also contribute to distinct effects of AAMPH on Simon
task performance. For this analysis, change in DMC param-
eters between off-dAMPH and on-dAMPH sessions served
as the dependent variable; mean ROI BPyp, as the indepen-
dent variable; and age, sex, and MDS-UPDRS-III (off)
scores as covariates. Again, an FDR of 0.05 was used to
correct for multiple comparisons. All statistical analyses
were performed using R (R Foundation for Statistical
Computing, 2016).

Figure 1. Voxel-wise regression of off-dAMPH ['®F]fallypride BPyp on off-dAMPH 7Ter. Map of clusters where Ter was positively correlated with ['®F)
fallypride BPnp in patients with PD, overlaid on sagittal (top row), coronal (center row), and axial slices (bottom row) of a T1-weighted MNI brain
template. Peaks for all clusters were significant at an uncorrected p < .05 but did not survive cluster-level FDR correction at p < .05. The clusters
were localized to areas including the bilateral amygdala and hippocampus, right caudate, insular cortex, substantia nigra, and locus coeruleus.
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B

DMC
Parameter

Regions Included in Peak Cluster gppr_corr”
Cluster Coordinates Size
(mm)

x y Z

Ter

L Putamen and Globus -22 -8 8 183
Pallidus

R Insular Cortex and 36 -4 6 240 0.018
Putamen

2 Significant at FDR = 0.05

0.022

Figure 2. Voxel-wise regression of off-dAMPH ['®F]fallypride BPyp on off-dAMPH 7er. (A) Map of significant clusters where Ter was negatively
correlated with [*®F]fallypride BPyp, in patients with PD, overlaid on coronal and axial slices of an MNI template brain. All survived cluster-level FDR
correction at p < .05. (B) Areas with a negative relationship with 7er include the bilateral putamen, left globus pallidus, and right insula.

RESULTS

Two Dissociable Relationships Between Off-dAMPH
Mean Non-Decision Time and Off-dAMPH ['®F]
fallypride BPyp in Basal Ganglia Regions and
Mesial Temporal Areas

Employing a voxel-wise analysis on off-dAMPH data from
all participants, we noted positive correlations between
off-dAMPH ['®F]fallypride BPyp, and Ter, or mean non-
decision time, in several mesocortical regions. Clusters
localized to the amygdala, hippocampus, insular cortex,
right caudate, locus coeruleus, and substantia nigra, but
these were not significant at an uncorrected height
threshold of p < .005 and cluster-level FDR controlled at

0.05. Figure 1 shows these biologically relevant
correlations.

The voxel-wise analysis also revealed a negative relation-
ship, such that shorter non-decision time is associated
with greater BPyp in the bilateral putamen, left globus
pallidus, and right insula. These two clusters remained
significant following cluster-level FDR correction at 0.05
(left cluster gFDR-corr = 0.022, right cluster gFDR-corr =
0.018). Figure 2 displays the significant relationships
between ['®F]fallypride BPyp and Ter. No significant
clusters emerged for a relationship between off-dAMPH
['®Ffallypride BPyp and the remaining DMC parameters.

With an ROI-based approach, positive correlations
between off-dAMPH ['®F|fallypride BPyp and off-dAMPH

Table 2. ['*F)fallypride BPyp, (Off-dAMPH) Effects on DMC Parameter Ter

['®Ffallypride BPyp

Ter ~ BPyp + Age + Sex + UPDRS

ROI Mean = SD 95% CI Coefficient D* (Adjusted p®)
Ventral striatum 12.85 = 2.89 [0.382, 10.361] 5.371 .036 (.080)
Caudate 15.63 = 291 [—4.825, 6.863] 1.019 727 (727)
Putamen 20.69 + 3.84 [—5.804, 2.679] ~1.563 461 (519)
Substantia nigra 1.12 = 0.28 [8.721, 108.551] 58.636 .022 (.067)
Globus pallidus 11.23 = 2.32 [—12.622, 0.483] —6.070 069 (.103)
Amygdala 1.67 * 052 [15.882, 66.051] 40.966 002 (.017°)
Thalamus 1.74 + 0.40 [—58.037, 20.063] —18.987 332 (427)
Hippocampus 0.91 = 0.23 [—3.605, 126.303] 61.349 064 (.103)
Ventromedial OFC 297 * 133 [5.180, 25.082] 15.131 004 (.017%)

GLM with FDR controlled at 0.05 to correct for multiple comparisons.
# Uncorrected p value
b FDR-corrected p value.

¢ Significant FDR-corrected p value at .05.
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Figure 3. Scatterplots with lines of best fit displaying the relationship between off-dAMPH Ter and off-dAMPH [*®F|fallypride BPyp. A GLM was

applied with DMC parameters as the dependent variable and mean ROI BPyp, as the independent variable. Age, sex, and MDS-UPDRS-III (off) score
served as covariates. A significant positive correlation between BPyp, and 7er (non-decision time) was observed for the (A) amygdala (p = .017) and
the (B) OFC (p = .017), indicating a positive relationship between D,/; availability and mean non-decision time in these limbic areas. Additionally, a
robust linear model confirmed significance for the amygdala and ventromedial OFC prior to FDR correction ( puncorrected = -035, Puncorrected = -034).
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Figure 4. Observed data and DMC predictions averaged across participants. The data are shown as dots, and model predictions are shown as lines.
For each participant and condition, model predictions were computed by simulating 100,000 trials. A-C depict data and model predictions for the
16 participants who completed both off-dAMPH and on-dAMPH conditions. D-F depict data and model predictions for all 47 participants who
completed the off-dAMPH condition. (A, D) Observed versus predicted RT quantiles (0.1, 0.3, 0.5, 0.7, 0.9) of correct responses, weighted by the
corresponding response proportion (defective cumulative RT distributions). (B, E) Observed versus predicted delta functions, constructed by
plotting the difference (y axis) against the average (x axis) of equivalent RT quantiles of correct trials between incongruent and congruent conditions.
(C, F) Observed versus predicted conditional accuracy functions, constructed by plotting the proportion of correct responses (y axis) against mean
RT (x axis) in five RT bins of equal size. Note that conditional accuracy functions were not directly factored out in parameter estimation and can be
considered as out-of-sample data. The good correspondence between data and model predictions strengthens the validity of model inferences.
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DMC parameter, Ter, were found in extrastriatal ROIs, spe-
cifically in mesocorticolimbic regions. There were signifi-
cant correlations between Ter and ['*F|fallypride BPyp, in
the amygdala (coefficient = 40.966) and the ventromedial
OFC (coefficient = 15.131). Both the amygdala and the
ventromedial OFC remained significant following
FDR correction for multiple comparisons at 0.05 (p =
.017, p = .017). Moreover, the correlations between
Ter and BPyp in the substantia nigra and ventral striatum
(coefficient = 58.636, coefficient = 5.371), showed a
similar positive correlation but failed to reach FDR
levels of significance (p = .067, p = .080). Table 2 pre-
sents mean regional ['°F]fallypride BPyp values for all
ROIs, along with 95% confidence intervals, coefficients,
and p values from the GLM analysis between ['®F]fall-
ypride BPxp and Ter. Figure 3 displays the significant
positive relationships between ['®F]fallypride BPxp
and Ter. No significant correlations between ['*F]fally-
pride BPyp and the other DMC parameters emerged with
the ROI analysis.

dAMPH Accelerates Simon Task Mean RT

The dAMPH challenge cohort consisted of 16 participants
who completed both the off-medication off-dAMPH ses-
sion and the off-medication on-dAMPH session. A
repeated-measures ANOVA of Simon task performance
in both off-dAMPH and on-dAMPH states revealed the clas-
sic effect of congruency on both mean RT (p < .001) and
accuracy (p = .009). Consistent with previous findings of
stimulant effects, JAAMPH reduced mean RT (p = .020,
effect size = 0.651) but did not affect accuracy (p =
.849; Koelega, 1993; Mayfield, Randall, Spirduso, & Wilcox,
1993). Figure 4A shows that dAMPH produces a leftward
shift of cumulative RT distributions compared to the off-
dAMPH condition, suggesting that chronometric perfor-
mance between the two states essentially differs by a
constant. Interactions between congruency and treatment
did not reach statistical significance (mean RT: p = .615;
accuracy: p = .885).

Panels B and C of Figure 4 show delta and conditional
accuracy functions for the 16 participants who completed

Table 3. DMC Parameters Averaged across All Participants

both off-dAMPH and on-dAMPH sessions, whereas panels
E and F of Figure 4 show delta and conditional accuracy
functions for all 47 participants. Delta functions decrease
as RT increases, and conditional accuracy functions exhibit
a dip in accuracy for fast RTs in incongruent trials. These
trends, typically observed in the Simon task, do not appear
to vary as a function of treatment (Ulrich et al., 2015;
Ridderinkhof, 2002).

Effect of JAMPH on Mean RT Is Mediated by
Non-Decision Time

Because the DMC parameters are implicated in the
results, it is imperative to confirm that the model fits
the data. Figure 4 shows a good correspondence
between data and model predictions, suggesting that
the DMC architecture is a plausible processing account
of the data. Table 3 summarizes the best-fitting DMC
parameters for the data averaged across participants.
In the subset of participants (z = 16) completing both
on-dAMPH and off-dAMPH conditions, dAMPH signifi-
cantly lowered the non-decision time parameter (p =
044, effect size = 0.573), and showed a nonsignificant
trend in lowering the amplitude of the automatic activa-
tion caused by the task-irrelevant location (p = .070,
effect size = 0.381).

The GLM analysis of the relationship between change in
mean RT and change in DMC parameters revealed signifi-
cance for the mean non-decision time parameter, 7Ter
(coefficient = 0.604). This relationship remained signifi-
cant following FDR correction for multiple comparisons
at 0.05 (p = .021). This positive correlation between
the change in Ter and the change in mean RT indicates
that as mean non-decision time decreases with AAMPH,
so too does mean RT. Figure 5 displays the significant
relationship between 7Ter change and mean RT change.
Change in the other four DMC parameters in response
to dAMPH did not show significant relationships with
change in mean RT in response to dAMPH (v: coeffi-
cient = 76.972, p = .451; a: coefficient = 141.787, p =
.677; ¢: coefficient = —224.531, p = .918; 7: coefficient =
0.0673, p = .483).

DMC Patients with PD Patients with PD Off*dAMPH (Patients Who Patients with PD

Parameters Off-dAMPH (n = 47) Performed dAMPH Challenge; n = 106) On-dAMPH (n = 16) p
v 0.393 = 0.11 0.402 = 0.14 0.452 = 0.17 179
a 0.066 = 0.02 0.061 = 0.008 0.074 = 0.04 438
Ter (msec) 364 + 50.6 + 50 362 + 65.8 .044*
T (msec) 142 + 182 + 174 96.9 + 121 326
e 0.020 = 0.007 0.021 = 0.008 0.018 = 0.008 .070

p Values from Wilcoxon signed-rank test between off-dAMPH (z = 16) and on-dAMPH (n = 10).

 Significant p value.
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Figure 5. Scatterplot with line of best fit displaying the relationship
between mean RT change (mean RT off-dAMPH — mean RT on-
dAMPH) and 7er change (7er off-dAMPH — Ter on-dAMPH). A GLM
was applied with mean RT change as the dependent variable and
change in DMC parameters as the independent variable. Age, sex, and
MDS-UPDRS-III (off) scores served as covariates. A positive correlation
between Ter change and mean RT change was observed (p = .0205).

Change in Mean Non-Decision Time Is Positively
Correlated with Off-dAMPH ['®F|fallypride BPyp in
the Globus Pallidus

We observed a positive correlation between off-dAMPH
['5F]fallypride BPyp in the globus pallidus and change
in Ter (coefficient = 19.662, p = .058). This relationship

Ter Change from off-dAMPH to on-dAMPH (msec)

D, ; receptor availability in the globus pallidus
(["8F[fallypride BPy;)

Figure 6. Scatterplot with line of best fit displaying the relationship
between Ter change (Ter off-dAMPH — Ter on-dAMPH) and off-dAMPH
[*®F]fallypride BPxp. A GLM was applied with change in DMC
parameters as the dependent variable and mean ROI BPyp, as the
independent variable. Age, sex, and MDS-UPDRS-III (off) scores served
as covariates. A positive correlation between BPyp in the globus pallidus
and Ter change was observed (p = .058).

between off-dAMPH ['®F]fallypride BPyp in the globus
pallidus and Ter change is shown in Figure 6. No signifi-
cant correlations between off-dAMPH ['®F]fallypride
BPnp and change in the other DMC parameters emerged.
The results of the GLM analysis for all regions are presented
in Table 4. We performed a corresponding analysis
between change in DMC parameters and change in bind-
ing potential but did not observe any significant
relationships.

Table 4. ['°F|fallypride BPyp (Off-dAMPH) Effects on Change in DMC Parameter Ter

Change in Ter ~ BPynp + Age + Sex + UPDRS

ROI 95% CI Coefficient P* (Adjusted p°)
Ventral striatum [—3.812, 28.535] 12.361 121 (.182)
Caudate [—6.081, 32.127] 13.023 162 (.182)
Putamen [—3.579, 20.025] 8.223 153 (1182)
Substantia nigra [—13.519, 227.474] 106.978 077 (.172)
Globus pallidus [6.773, 32.551] 19.662 .006 (.058)
Amygdala [—4.507, 126.561] 61.027 065 (.172)
Thalamus [27.404, 335.414] 181.409 025 (.113)
Hippocampus [—105.530, 211.453) 52.961 477 (477)
Ventromedial OFC [—6.389, 39.742] 16.676 .140 (.182)

GLM with FDR controlled at 0.05 to correct for multiple comparisons.
# Uncorrected p value.

> EDR-corrected p value.
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Negative Relationship Between On-dAMPH Mean
Non-Decision Time and ['®F]fallypride BPyp, in the
Basal Ganglia

Through an ROI-based analysis, we found a negative
correlation between on-dAMPH 7er and on-dAMPH
['®F]fallypride BPyp in the putamen (coefficient =
—15.919,p = .058). Avoxel-wise analysis confirmed this rela-
tionship in the right putamen (qFDR-corr < 0.01). This rela-
tionship matches the negative correlation identified
between off-dAMPH Ter and off-dAMPH ['®F]fallypride
BPxp.

DISCUSSION

This study examined the pathways underlying action con-
trol in patients with PD, dopamine release, and D,-like
receptor binding, by applying an evidence accumulation
model to performance on the Simon conflict task. An anal-
ysis of DMC parameters and dopamine receptor availabil-
ity across all participants demonstrated two dissociable
relationships. First, an ROI-based analysis, which reflects
average relations within a structurally defined a priori
region, revealed a positive correlation in mesocorticolim-
bic regions, such that greater D,-like BPyp, in the amygdala
and ventromedial OFC is associated with longer non-
decision time. Second, a voxel-based analysis, which cap-
tures effects that either occupy parts of a region or cut
across regions, revealed a negative correlation in striatal
and pallidal regions, such that greater D,-like BPyp in
the putamen and globus pallidus is associated with shorter
non-decision time.

The effect of JAMPH on Simon task performance estab-
lished a beneficial role for the stimulant in reducing overall
RT. The Simon effect estimates the impact of spatial inter-
ference and predicts that congruent trials will result in
faster RTs. Accordingly, because this drug-induced
improvement was similar in magnitude across congruent
and incongruent conditions, dAAMPH did not appear to
regulate the Simon effect but rather facilitated overall
RT. Within the DMC, a variation in mean non-decision time
has a specific effect on model predictions as it changes
mean RT in both congruent and incongruent conditions
by the same amount. Thus, these results are consistent
with a modulation of mean non-decision time by dAAMPH
in evidence accumulation models. This was further con-
firmed as the change in mean RT in response to dAMPH
was positively correlated with the change in Ter in
response to dAMPH, suggesting that JAAMPH modulates
non-decision processes upstream of the decision process,
in the form of stimulus encoding, and/or downstream of
the decision process, in the form of response output. Fur-
thermore, investigating a change in 7er in relation to dopa-
mine receptor availability disclosed a positive correlation
in the globus pallidus, such that greater off-dAMPH D,-like
BPxp is associated with faster non-decision time in
response to dAMPH.

Limbic and Motor Loops

We interpret these results through the functional loop that
connects mesial temporal areas to motor cortex for the
purpose of supporting action control. Traditionally,
cortico-basal ganglia-thalamocortical loops are thought
to process limbic and sensorimotor information in parallel
in closed, segregated systems (Alexander, DeLong, &
Strick, 1986). However, it has long been proposed that
the nucleus accumbens (ventral striatum) behaves as a
limbic—motor interface by transforming limbic signals into
motor output via pallidal and subcortical effector sites
(Floresco, 2015; Mogenson, Jones, & Yim, 1980). More
recently, findings from viral and optogenetic experiments
with rodents suggest that the limbic and motor loops may
be anatomically and functionally connected (Aoki et al.,
2019). This interpretation is consistent with an open
cortico-basal ganglia loop, whereby the ventral striatum
projects to the substantia nigra pars reticulata and external
globus pallidus, which subsequently sends input to the
motor thalamus (Aoki et al., 2019). Our data demonstrate
an example of this novel model, reflecting that limbic
dopamine can regulate motor control. We show that
dopaminergic receptor availability from limbic regions,
especially the amygdala and ventromedial OFC, can
modulate sensory and motor processing, likely through
the nigropallidal network.

Novel Correlations Between Mesial Temporal
Systems and Non-Decision Time in PD

This study is the first to analyze PET dopamine measure-
ments to specifically examine Simon conflict task perfor-
mance in persons with PD. fMRI scans with healthy
humans have repeatedly identified the anterior and poste-
rior cingulate, inferior temporal, inferior parietal, inferior
frontal, dorsolateral prefrontal, supplementary motor, and
visual association cortices, as well as the precuneus and
caudate as areas relating to the Simon effect (Cespon,
Hommel, Korsch, & Galashan, 2020; McIntosh & Sajda,
2020; Kerns, 2006; Liu, Banich, Jacobson, & Tanabe,
2004; Peterson et al., 2002). However, with an explicit
focus on dopamine and PD, the amygdala, ventromedial
OFC, insula, pallidum, and putamen manifested as the
most meaningful regions for non-decision time in the
Simon task.

Dopamine binding potential is a multifaceted measure
whose interpretation relies on several factors. D, /3
receptors are expressed as autoreceptors on midbrain
dopaminergic neurons in the ventral tegmental area and
substantia nigra pars compacta, where they act presynap-
tically to decrease dopamine release (Ford, 2014; Missale,
Nash, Robinson, Jaber, & Caron, 1998). Furthermore,
D,-like receptors are expressed on striatal medium spiny
neurons, cortical pyramidal neurons, and mesolimbic
pyramidal-like neurons and interneurons, where they
act poststynaptically (Martel & Gatti McArthur, 2020;
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Rosenkranz & Grace, 1999). In addition to the number of
neurons and their intrinsic dopamine receptors, endoge-
nous dopamine levels also impact dopamine binding poten-
tial values, as stimulants, such as methylphenidate or
amphetamine, increase synaptic dopamine concentration
and consequently decrease receptor availability mea-
sured with [*®F]fallypride (Laruelle et al., 1995, 1997;
Volkow et al., 1994).

The positive relation between BPyp in the amygdala and
ventromedial OFC and non-decision time may reflect an
impact of synaptic dopamine in these regions. As a measure
of receptor availability, [**F]fallypride BPyp is increased if
participants have less synaptic dopamine available and if
there are more D, receptors, either because of trait differ-
ences or because of upregulation in response to lower dopa-
mine levels. Although mesial temporal areas are subject to
degeneration, this occurs to a lesser degree than for striatal
regions, leaving limbic D, 5 receptors relatively intact early in
the disease process (Alberico, Cassell, & Narayanan, 2015;
MacDonald & Monchi, 2011). However, there may never-
theless be some declines in synaptic dopamine leading to
more available receptors, as well as some compensatory
increases in D, 5 receptors. Thus, the positive correlation
between off-dAMPH BPyp, in mesial temporal regions and
off-dAMPH non-decision latency may be capturing the
beginning of a decrease in synaptic dopamine and the con-
sequent lengthening of non-decision latency. Correspond-
ingly, patients with greater synaptic dopamine availability
in these regions demonstrate faster non-decision time.

Accordingly, the significant positive association
between BPyp and non-decision time highlights a note-
worthy function of mesocorticolimbic regions for action
control. Because this “emotional” system is not tradition-
ally linked with the Simon conflict task, its apparent impli-
cation in action control in patients with PD suggests a
compensatory mechanism. In line with theories of net-
work degeneration, neural compensation may arise when
changes in areas vital for specific behaviors require the
activation of additional regions to carry out those behaviors
(Barulli & Stern, 2013). Areas that are damaged later in the
disease course and to a lesser degree may compensate for
areas that are damaged earlier in the disease course and to a
greater degree. Because of the relative preservation of
mesial temporal areas, this system may offset the more
pronounced degeneration of dorsal striatal areas, which
traditionally participate in action control. These results are
especially encouraging in terms of potential neuromodula-
tory targets. It is possible that neuromodulation, such as
deep brain stimulation or TMS, that targets limbic regions
could improve both motor performance and some non-
motor measures, including memory and emotional
regulation.

Moreover, these identified areas have been shown to
contribute to processes inherent in the Simon conflict
task, specifically non-decision steps. The correlations
between non-decision time and dopamine receptors in
the amygdala and OFC suggest a role in task-specific

1816 Journal of Cognitive Neuroscience

stimulus detection and processing. Dopamine projections
to the amygdala are recognized as regulators of associative
learning. Although this mechanism characteristically
concerns reward or aversion for fear conditioning and
addiction, associative learning may also underlie advanced
performance on the Simon task (Everitt et al., 1999; Maren &
Fanselow, 1996). A participant’s ability to encode the rela-
tionship between stimulus color and the correct button
choice, irrespective of stimulus location, likely improves
over time and may be modulated by amygdalar dopamine.
Moreover, the caudal medial OFC, recognized as a para-
limbic cortical structure, has been linked to associations
among flexible stimuli, responses, and outcomes (Elliott,
Dolan, & Frith, 2000). As a correct response in the Simon
task can be deemed “rewarding,” it is likely that dopami-
nergic signals in the ventromedial OFC assess and update
the expected value of a response to a stimulus (Jenni, Li, &
Floresco, 2021). Additionally, the paralimbic OFC may be
important for regulating task state, comprising accumu-
lated evidence about an action’s probable outcome in a
given state (Stalnaker, Raheja, & Schoenbaum, 2021).
Despite not reaching statistical significance, biologically
pertinent clusters were also apparent in the locus coeru-
leus and substantia nigra. The failure to reach significance
is likely due to the small sizes of these regions combined
with the inherent constraints of PET imaging. Despite this
limitation, the presence of these clusters is logical and
encouraging, especially considering that monoamine
release from the locus coeruleus to the hippocampus
has been seen to enhance selective attention and spatial
learning, prominent aspects of sensory processing in the
Simon conflict task (Kempadoo, Mosharov, Choi, Sulzer,
& Kandel, 2016). Because adeptness on the paradigm
involves disregarding automatic processes, the ability to
attend to the relevant feature of color and neglect the
irrelevant feature of location is essential.

Basal Ganglia Dopamine and Sensory
Motor Function

The negative voxel-wise association between D,-like BPyp
in the bilateral putamen, left globus pallidus, and right
insular cortex and non-decision time is consistent with
the effect of nigrostriatal dopamine loss on sensory and
motor processing. We note that unlike D,-like BPyp in
mesial temporal areas, BPyp in the putamen and globus
pallidus may be indicative of dopamine degeneration
because of the substantial involvement of the dorsal stria-
tum early in PD. As such, the negative correlation between
D,-like BPyp in putaminal and pallidal regions and non-
decision latency denotes the association between slower
non-decision time and fewer D, 3 receptors in these areas.
Moreover, this negative relationship is maintained even when
dAMPH is introduced, as less on-dAMPH ['®F]fallypride
BPyp is associated with greater on-dAMPH Ter. This inter-
pretation is in line with evidence of differential dopaminer-
gic cell loss along the dorsal-ventral axis, where reduced
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['®F]dopa is most prominent in the dorsal putamen (Pavese
& Brooks, 2009; Morrish, Sawle, & Brooks, 1995). The rela-
tionship with striatal BPyp revealed in the voxel-wise
regression adheres to this pattern (Figure 2). It is likely
that reduced neuronal integrity in the putamen, which
commonly regulates action control, motivates a reliance
on mesial temporal regions.

Amphetamine Effects on Non-Decision Time as a
Component of Action Control

It has long been speculated that dopamine is implicated in
action control, especially given the effect of dopaminergic
medications in persons with PD (Ruitenberg et al., 2021,
Mink, 1996). Several earlier studies exploring the intrinsic
functions of action control support this hypothesis,
reporting improved performance while participants were
dosed with dopaminergic medication (Ruitenberg et al.,
2021; Costa et al., 2014). Investigations focusing specifi-
cally on the Simon conflict task in PD have likewise
described a medication effect, whereby levodopa or dopa-
mine agonist replacement therapy reduced the Simon
effect on RT (Trujillo et al., 2019; van Wouwe et al.,
2016). In lieu of comparing performance on and off dopa-
minergic medication, we implemented an amphetamine
challenge to measure stimulated dopamine release and
assess this index of dopamine system reactivity (Riccardi
et al., 2006). Interestingly, with this method, a unique pic-
ture emerges as AAMPH speeds up RT but does not alter
the Simon effect. Therefore, dAAMPH, which increases
catecholamine levels in the synaptic cleft, appears to accom-
plish its reduction of RT by impacting non-decisional
processes rather than decisional processes (Heal, Smith,
Gosden, & Nutt, 2013).

The finding of dAAMPH’s preferential interaction with
non-decision latency aligns with previous work in both
healthy adults and rats and Parkinsonian animal models.
Research consistently shows that psychostimulants induce
motor activation (Swerdlow, Vaccarino, Amalric, & Koob,
1986). This effect is noted in humans administered
dAMPH, with reports of augmented locomotion through
increased spontaneous motor activity and increased
acceleration (Minassian et al., 2016; Greenwald et al.,
1998). Moreover, the standard amphetamine-induced
rotation test aptly demonstrates the role of the drug in
recovering motor function for 6-OHDA lesion models
(Bjorklund & Dunnett, 2019; Ungerstedt & Arbuthnott,
1970). However, in addition to contributing to motor
behavior, amphetamine also influences sensory mecha-
nisms. Further investigations into the stimulant in healthy
humans have shown enhanced information processing
with dAMPH and facilitation of sensory processing with
methamphetamine (Van Hedger, Keedy, Schertz, Berman,
& de Wit, 2019; Fillmore, Kelly, & Martin, 2005). As our
results highlight 7er, they pinpoint sensory processing
and motor execution as the key players in dAAMPH’s advan-
tageous effect on RT.

Dopamine and the Limbic-Motor Network

The effect of dAAMPH on change in Simon conflict task
performance is restricted to the pallidum, with greater
off-dAMPH D,-like BPyp in the globus pallidus associated
with more positive 7er change (better performance with
dAMPH). We see that patients with higher off-dAMPH
BPyxp in the globus pallidus benefit the most from
dAMPH-induced dopamine release. This improvement
may be associated with increased nigral dopaminergic
input that may subsequently activate pallidal effector
sites for motor output. These results do not directly
demonstrate functional connectivity with the pallidum.
However, recent tracing work has proposed that the rat
dorsomedial striatum, likely homologous to the human
globus pallidus, projects to the medial substantia nigra
pars reticulata and can subsequently target motor thala-
mus (Aoki et al., 2019). Additionally, connectivity studies
have shown metabolic relationships among the globus
pallidus, SMA, amygdala, and other regions in patients
with PD (Vo et al., 2023). Accordingly, our findings of
(1) a positive relationship between binding potential in
mesolimbic regions and off-dAMPH task performance
and (2) a positive relationship between binding potential
in the pallidum and dAMPH-driven task improvement
suggest that signals emerging from the amygdala and
OFC may project through the globus pallidus to gener-
ate motor output.

Conclusions and Limitations

Despite the notable dAMPH-induced reduction of non-
decision time, by evaluating Simon conflict task perfor-
mance 30 min after AAMPH exposure, it is possible that
we may not have measured the full impact of increased
dopamine. Enforcing a longer delay of approximately
2 hr between drug administration and cognitive testing
may have resulted in a larger JAMPH effect in the globus
pallidus and novel effects in mesocorticolimbic regions
(Fillmore et al., 2005). Moreover, although we claim that
these findings are due to dopaminergic activity, it is impor-
tant to note that dJAMPH also secondarily interacts with
other neurotransmitters, including acetylcholine, seroto-
nin, and norepinephrine (Moore, 1977). We acknowledge
the limitations of a small sample size for the dAMPH chal-
lenge and are hopeful that future studies with an increased
number of patients will further corroborate these find-
ings. Finally, we recognize that the results do not establish
functional connectivity between limbic regions and the
globus pallidus for motor output but are optimistic that
novel stereoelectroencephalography methods will allow
us to study causal and functional relationships between
these areas.

Although this study addresses PD exclusively, the
results have importance to other clinical conditions that
impact action control. The findings further support inves-
tigations in other Parkinsonian disorders that present with
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impulsivity and may have greater limbic pathology, includ-
ing PSP and frontotemporal dementia. Additionally, the
implication of a translational limbic—-motor interface, with
mesial temporal and globus pallidal activity, provides a
compelling demonstration of the rich interactions between
limbic processing and motor behavior. Connections
between movement and psychological factors have fre-
quently been cited as an explanation for motor disorders
linked to emotional dysregulation. Accordingly, motor
conversion disorder and the analogous psychogenic
movement disorder are associated with comorbid psychi-
atric disorders, including anxiety and depression, and
adverse life events (Kranick et al., 2011; Roelofs, Spinhoven,
Sandijck, Moene, & Hoogduin, 2005; Sar, Akyiiz, Kundakci,
Kiziltan, & Dogan, 2004). Evidence suggestive of this
intermingled relationship between the limbic and motor
systems consists of increased amygdala activation,
enhanced functional connectivity between the motor
cortex and posterior cingulate cortex, and greater func-
tional connectivity between the amygdala and SMA
(Aybek et al., 2015; Voon et al., 2010; Cojan, Waber,
Carruzzo, & Vuilleumier, 2009). However, translational
evidence of the correlation between the two has
remained tenuous. The results of the current study
strengthen the claim of a functional limbic—-motor loop
by demonstrating mesocorticolimbic and pallidal dopa-
minergic influence over motor behavior.
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