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D,-Like Receptor Expression in the Hippocampus and
Amygdala Informs Performance on the Stop-Signal Task in
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The stop-signal task is a well-established assessment of response inhibition, and in humans, proficiency is linked to dorsal
striatum D, receptor availability. Parkinson’s disease (PD) is characterized by changes to efficiency of response inhibition.
Here, we studied 17 PD patients (6 female and 11 male) using the stop-signal paradigm in a single-blinded p-amphetamine
(dAMPH) study. Participants completed ['*F]fallypride positron emission topography (PET) imaging in both placebo and
dAMPH conditions. A voxel-wise analysis of the relationship between binding potential (BPyp) and stop-signal reaction time
(SSRT) revealed that faster SSRT is associated with greater D,-like BPyp in the amygdala and hippocampus (right cluster
qrpR-corr = 0.026, left cluster grpr_corr = 0.002). A region of interest (ROI) examination confirmed this association in both the
amygdala (coefficient = —48.26, p=0.005) and hippocampus (coefficient = —104.94, p=0.007). As healthy dopaminergic sys-
tems in the dorsal striatum appear to regulate response inhibition, we interpret our findings in PD to indicate either nigro-
striatal damage unmasking a mesolimbic contribution to response inhibition, or a compensatory adaptation from the limbic
and mesial temporal dopamine systems. These novel results expand the conceptualization of action-control networks, whereby
limbic and motor loops may be functionally connected.
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While Parkinson’s disease (PD) is characteristically recognized for its motor symptoms, some patients develop impulsive and
compulsive behaviors (ICBs), manifested as repetitive and excessive participation in reward-driven activities, including sex,
gambling, shopping, eating, and hobbyism. Such cognitive alterations compel a consideration of response inhibition in PD.
To investigate inhibitory control and assess the brain regions that may participate, we assessed PD patients using a single-
blinded p-amphetamine (IAMPH) study, with ['*F]fallypride positron emission topography (PET) imaging, and stop-signal
task performance. We find a negative relationship between D,-like binding in the mesial temporal region and top-signal reac-
tion time (SSRT), with greater BPyp, associated with a faster SSRT. These discoveries indicate a novel role for mesolimbic do-
pamine in response inhibition, and advocate for limbic regulation of action control in this clinical population. /

ignificance Statement

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder charac-
terized by dopaminergic and monoaminergic neuronal loss.
Although motor symptoms respond to dopamine therapy, non-
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motor symptoms are more variable and arise as greater sources
of clinical burden to patients (Martinez-Martin et al., 2011).
Impulsivity is one well-described clinical phenomenon in PD,
whereby some patients develop impulsive and compulsive behav-
iors (ICBs; Weintraub et al.,, 2010), and others experience motor
impulsiveness that contributes to falls (Ahlskog, 2010).

While generally understood as an inability to suppress an
impetuous drive, a unitary definition must be eschewed, and
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impulsivity must instead be recognized as a multifaceted cogni-
tive process (Bechara et al., 2000). Two common distinctions are
cognitive impulsivity, which is grounded in reward-based deci-
sion-making, and motor impulsivity, which focuses on response
inhibition (Bechara et al.,, 2000). Cognitive neuroscience para-
digms that assess action control can be conceptually linked to
interpretations of motor impulsivity. One such tool is the stop-
signal task, which serves as the benchmark for measuring
response inhibition. The paradigm involves participants making
speeded choice reactions to “go” stimuli, and occasionally inhibi-
ting their reactions on the occurrence of a “stop” signal (Logan
and Cowan, 1984). The task assesses the stop-signal reaction
time (SSRT), or the speed with which one cancels the prepara-
tion of an already initiated response.

Although the range of neuromodulatory systems associated
with stop-signal task performance is not fully elucidated, dopa-
mine has been considered a significant contributor to action con-
trol (Mink, 1996). Studies of clinical populations suffering from
dopaminergic dysfunction have demonstrated slower inhibitory
processes with longer SSRTs (Colzato et al., 2007; Enticott et al.,
2008). Moreover, reduced spontaneous eyeblink rate, an index of
dopaminergic function, is correlated with slower SSRT (Colzato
et al., 2009). In rodents, the role of dopaminergic activity on
SSRT has been recognized in the dorsomedial striatum, with D,-
specific blockade increasing SSRT (Eagle et al., 2011). Similarly,
correlations between D, binding potential (BPyp) and SSRT
have been localized to the caudate and putamen in healthy
humans (Ghahremani et al., 2012; Robertson et al., 2015).

Poor response inhibition often accompanies psychiatric dis-
orders that manifest with impulsivity (Moeller et al., 2001).
However, in PD patients with ICBs, action control is maintained,
such that they demonstrate faster SSRT's than either healthy con-
trols or PD patients without ICBs (Claassen et al., 2015). Self-
reported measures disclose that ICB patients present with
increased cognitive, but not motor, impulsivity on the Barret
Impulsivity Scale-11 (BIS-11; Aumann et al., 2020). The preser-
vation or even enhancement of inhibitory motor control in ICB
patients suggests key distinctions in the pattern of dopamine
alterations among PD patients. Such a possibility is consistent
with current evidence for differences to mesocorticolimbic dopa-
mine regulation in ICB patients, with strengthened network con-
nectivity, reduced D,-like BPyp in the ventral striatum and
putamen, and low dopamine tone in the anterior cingulate cortex
(Ray et al, 2012; Petersen et al, 2018; Stark et al., 2018a).
Additionally, following administration of dopamine agonist
medication, PD patients have shown increased regional cerebral
blood flow in the dorsolateral prefrontal cortex, accompanied by
improved inhibitory control (Trujillo et al., 2019). Motor inhibi-
tion in PD patients may involve mesolimbic networks because of
the predominant damage of dopaminergic innervation in the
striatum.

In this study, we tested the hypothesis that D,-mediated stria-
tal and extrastriatal networks may function as a compensatory
system for facilitating inhibitory control in PD through an exam-
ination of SSRT values and D,-like BPyp. To measure baseline
ability and sensitivity to modulation by dopamine release, PD
patients, with and without ICBs, completed the stop-signal task
following placebo and p-amphetamine (dAMPH) administra-
tion. To determine the association of different brain regions, par-
ticipants also underwent two positron emission topography
(PET) imaging scans with [ISF]fallypride, a high affinity D3 re-
ceptor ligand, under placebo and dAMPH. This assessment was
performed in a single-blinded fashion. Given the proficiency of
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SSRT performance in PD-ICB patients, we hypothesized that
ventral striatal D, BPyp would be associated with faster SSRT
and that dAMPH administration would improve performance.

Materials and Methods

Participants

All PD patients (n=17, sex =6 female/11 male) were recruited from the
Movement Disorders Clinic at Vanderbilt University Medical Center.
Patients met United Kingdom Brain Bank criteria for idiopathic PD
(Hughes et al., 1992) and were diagnosed by a movement disorder neu-
rologist (D.O.C.). All patients were screened to confirm that they met
inclusion criteria, and further did not have an implanted deep brain
stimulator, an unstable medical condition, a comorbid neurologic disor-
der, dementia, a history of major psychiatric illness, or a history of sub-
stance abuse. Additionally, no patients had taken psychostimulants over
the previous year, and were not currently using cocaine, nicotine or ex-
cessive alcohol. The majority of participants were taking DA agonist
medications along with concomitant levodopa therapy. Dopamine medi-
cations were converted to levodopa equivalent dose (LEDD; Tomlinson
et al, 2010). The study was conducted in accordance with the
Declaration of Helsinki, and all subjects provided written, informed con-
sent before participating in the study in compliance with the standards
of ethical conduct in human investigation regulated by the local
Institutional Review Board.

Along with a physical examination, neurologic examination, EKG,
urinalysis, and metabolic panel, a set of questionnaires was also adminis-
tered during study screening. 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 IIT (in the Off-medication condition), which serves
as a clinician-scored motor examination (Goetz et al., 2008; Weintraub
etal, 2012). Symptoms of depression were assessed using the Center for
Epidemiologic Studies Depression Scale Revised (CESD-R). Finally, the
Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s
Disease-Rating Scale (QUIP-RS) was conducted to screen for ICBs. To
define the clinical presence of ICBs, formal interviews with patients and
caregivers were performed, with an ICB designation based on previously
described DSM-5 criteria (Voon et al,, 2006). Table 1 presents demo-
graphic and clinical information.

Participants attended two testing visits while off dopaminergic thera-
pies. The sessions were conducted within approximately one week of
each other. Before each session, participants completed a 36-h with-
drawal from dopamine agonist therapy and a 16-h withdrawal from lev-
odopa therapy, and resumed medication following the completion of the
imaging study. This period was considered sufficient to eliminate effects
from dopaminergic therapies, while minimizing potential patient dis-
comfort. During the first session, participants were administered oral
placebo, and in the second, they were administered a 0.43 mg/kg oral
dose of AAMPH. The order of these visits was blinded to the participant
only (i.e., single blind).

Stop-signal task

Approximately 30 min after medication (placebo or dAAMPH) adminis-
tration, but before ['*F]fallypride injection, patients performed a manual
version of the stop-signal task (Logan and Cowan, 1984). Participants,
wearing corrective lenses if prescribed, were seated at a comfortable dis-
tance from a laptop screen and provided with directions before proceed-
ing. On Go trials, which comprised 75% of the trials, patients were
presented with a fixation point followed by a left-pointing or right-
pointing gray arrow in the center of the screen. They were instructed to
make a left-hand button press with external response grips when
they observed a left-pointing arrow and to make a right-hand button
press when they observed a right-pointing arrow. Responses were to be
made as quickly and accurately as possible. The time it took for a partici-
pant to press the response button following the appearance of the target
was recorded as go reaction time (GoRT). Once a choice had been
executed or 1200 ms had passed, the gray arrow disappeared. Next, an
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Table 1. Demographic and clinical evaluation of the PD participants
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Variables Al PD patients ICB patients Non-ICB patients p value
N 17 8 9 -

Sex (M/F) 11/6 4/4 712 0.231°
Age (years) 64.2 * 6 624 + 45 658 + 7 0.330°
Disease duration (years) 58 £35 57 %33 59 £38 0.689°
CES-D 153 £ 107 169 * 6.9 141 £ 132 0.182°
MDS-UPDRS-II 136 £92 17.3 = 9.6 104 £ 8.1 0.197°
MDS-UPDRS-III (off) 288 = 12,5 284 =137 29.1 £ 122 0.833°
Total LEDD (mg/d) 680.6 = 310 688.1 = 3154 673.9 = 324.1 0.986°
Agonist single dose equivalent (mg/d) 753 £ 315 793 £ 325 722 =323 0.620°
QUIP-RS 236 = 133 298 = 132 181+ 113 0.108"

Data are shown as mean * SD.

CES-D: Center for Epidemiologic Studies Depression Scale.

MDS-UPDRS: Movement Disorders Society-United Parkinson’s Disease Rating Scale.

LEDD: levodopa equivalent daily dose.

QUIP-RS: Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease-Rating Scale.
“p value from y? test between ICB and non-ICB patients.

® p value from Wilcoxon rank-sum test between ICB and non-ICB patients.

interstimulus interval between 1250 and 1750 ms occurred while the fix-
ation point remained visible.

On Stop trials, which comprised 25% of the trials, the gray arrow
changed to a purple arrow soon after appearing on the screen. Patients
were instructed to attempt to restrain themselves from pressing a button
after perceiving the purple arrow. The stop-signal delay, or the time
between the presentation of the gray arrow and its color change was sys-
tematically regulated with a staircase design that adjusts according to the
participant’s performance (Levitt, 1971). Beginning at 200 ms, the delay
was thereafter tuned incrementally by 50 ms, increasing if stopping was
successful and decreasing if stopping was unsuccessful. In situations
when stopping was unsuccessful and the participant responded, the time
it took for a participant to press the button following the appearance of
the target was noted as the signal-respond reaction time. Each adminis-
tration of the stop-signal task involved 48 practice trials, followed by two
blocks of 104 experimental trials.

Estimating SSRT

A parametric model of the stop-signal task was applied, with model
parameters calculated using the Bayesian Estimation of ex-Gaussian
Stop-Signal Reaction Time Distribution (BEESTS) software (Matzke et
al,, 2013). Reaction times that were less than or greater than three stand-
ard deviations away from the mean were removed from the analysis dur-
ing preprocessing. Similar to the traditional mean and integration
approaches for analyzing stop-signal task data, this model assumes that
the distribution of signal-respond reaction times, or reaction times on
failed stop trials, can be considered as a censored GoRT distribution.
BEESTS fits the data according to an ex-Gaussian distribution, output-
ting | as the mean of the Gaussian component, o as the standard devia-
tion of the Gaussian component, and 7 as the mean and standard
deviation of the exponential component for both GoRT and SSRT distri-
butions (Matzke et al., 2013). Mean GoRT and SSRT can then be calcu-
lated as the sum of p and 7. This method also provides an estimation of
the probability of trigger failures, which represents an inability to initiate
the stop process (Matzke et al., 2017). The model was run for 20,000
samples with a thinning of 5. GoRT and SSRT served as the primary
assessments, representing response initiation and inhibitory control,
respectively.

PET imaging protocol

['*F]fallypride was synthesized in the radiochemistry core as outlined in
a previously described method (Stark et al., 2018b). Data were collected
on a Philips Vereos PET/CT scanner with a three-dimensional acquisi-
tion and transmission attenuation correction. Approximately 2 h after
medication (placebo or d/AMPH) administration, serial PET scans were
acquired simultaneously with a 5.0 mCi bolus injection of ['*F]fallypride
over a 30-s period. Scan time ran to ~3.5 h after injection with two
breaks of 15 min between emission scans (Stark et al., 2018b).

Magnetic resonance imaging (MRI) protocol

Anatomical T1-weighted MR images were acquired to allow region defi-
nition for region of interest (ROI) analysis and spatial normalization for
voxel-wise analyses. All MRI scans were completed with a 3.0T Philips
MRI scanner with a body coil transmission and 32-channel SENSE array
reception. Structural images were acquired using a T1-weighted high-re-
solution anatomic scan (MPRAGE; spatial resolution 1 x 1 x 1 mm?;
TR/TE =8.9/4.6 ms).

PET image processing

['*F]fallypride non-displaceable binding potential (BPyp) was quantified
following motion-correction with Statistical Parametric Mapping software
(SPM12; Wellcome Trust Center for Neuroimaging, London, United
Kingdom; https://www.fil.ion.ucl.ac.uk/spm/software/). Parametric BPxp
images were estimated using the simplified reference tissue model in
PMOD software (PMOD Technologies; Stark et al., 2018b). The cerebel-
lum was used as a reference region because of its limited D,/; receptor
expression (Camps et al., 1989). Parametric BPyp images were co-regis-
tered 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 BPxp images were non-line-
arly registered to standard Montreal Neurologic Institute (MNI152) space
using FSL’s FNIRT.

ROI analyses

A priori bilateral subcortical ROIs were manually defined on each partic-
ipant’s T1 MRI image according to established anatomic definitions
(Stark et al., 2018b). These ROIs included the caudate (head), putamen,
globus pallidus, ventral striatum, substantia nigra, amygdala, and cere-
bellum. Additionally, the hypothalamus and ventromedial orbitofrontal
cortex were manually defined according to a previously described
method and proposed anatomic landmarks, respectively (Mackey and
Petrides, 2009; Klomp et al., 2012). The hippocampus and thalamus
were segmented with FSL FIRST, and the anterior cingulate cortex and
insula with FreeSurfer (v6.0; Martinos Center for Biomedical Imaging,
Charlestown, MA; https://surfer.nmr.mgh.harvard.edu/fswiki).

Experimental design and statistical analyses

First, GoRT and SSRT data from the placebo and dAMPH sessions of
PD patients were compared using the Wilcoxon signed-rank test. A
Wilcoxon rank-sum test was used to compare the GoRT and SSRT pla-
cebo data between ICB and non-ICB patients.

To investigate the relationship between [18F]fallypride BPyp and
stop-signal task performance, a voxel-wise analysis was completed using
SPM12. The regression of D,/;; BPxp on SSRT across cortical and sub-
cortical areas included age and sex as covariates (Mukherjee et al., 2002;
Pohjalainen et al., 1998). Significance criteria consisted of an uncorrected
P <0.005 and cluster-level false discovery rate (FDR) controlled at 0.05
to correct for multiple comparisons. A general linear regression model
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(GLM) was applied to further explore the correlation between ['®F]fall-
ypride BPyp and SSRT in striatal and extrastriatal ROIs. For this model,
SSRT served as the dependent variable, mean ROI BPyp, as the inde-
pendent variable, and age and sex as covariates. An FDR of 0.05 was
used to correct for multiple comparisons (Benjamini and Hochberg,
1995).

An additional GLM was used to test the hypothesis that D,; re-
ceptor expression in the significant regions from the first GLM
may also play a role in disparate effects of dAMPH on stop-signal
task performance. For this analysis, change in SSRT between pla-
cebo and dAMPH sessions served as the dependent variable, mean
ROI BPyp as the independent variable, and age and sex as covari-
ates. Again, an FDR of 0.05 was used to correct for multiple com-
parisons. All statistical analyses were performed using R (R
Foundation for Statistical Computing, Vienna, 2016).

Results

Inhibitory control performance

In order to evaluate SSRT, it is necessary to ensure that (1) the
probability of failing to inhibit a response is greater at longer
stop-signal delays, and (2) mean signal-respond reaction time is
faster than mean GoRT. These criteria were met, validating the
independent race model and the reliability of the estimates of
SSRT across participants. Table 2 summarizes the behavioral
results estimated by BEESTS.

SSRT following dAMPH administration data from
four participants were excluded from analyses because of
technological issues during task completion. Across PD
patients (n=13), SSRT did not significantly vary between
placebo administration and dAMPH administration (pla-
cebo: 274.09 = 36.48 ms; dAMPH: 274.47 =28.57ms; z =
—0.135, p=0.893). GoRT also did not vary between drug
administration conditions (placebo: 613.70 = 113.29 ms;
dAMPH: 568.37 £ 98.58 ms; z=0.955, p=0.340). Although
patients with ICBs (n = 8) displayed faster SSRT's than those
without (n=9), the difference is not statistically significant
(ICB: 260.84 * 34.05 ms; non-ICB: 285.39 =33.62ms; z =
—1.381, p=0.167). Finally, placebo GoRT also did not sig-
nificantly differ between patients with ICBs and those with-
out (ICB: 604.86 = 134.90 ms; non-ICB: 594.91 + 80.72 ms;
z = —0.140, p = 0.888). Group level comparisons for placebo
SSRT are presented in Figure 1.

Voxel-wise analysis of relationship between baseline [**F]
fallypride BPyp and placebo SSRT

Applying the voxel-wise method with age and sex as covariates
resulted in negative correlations between baseline ['*F]fallypride
BPyp and placebo SSRT in striatal and extrastriatal regions.
These clusters localized to the left orbitofrontal cortex and
bilaterally to the amygdala and hippocampus, surviving
cluster-level FDR correction at 0.05. A cluster localized to
the left caudate also emerged but was not statistically signif-
icant at cluster-level FDR correction at 0.05. Figure 2 shows
a map of significant clusters overlaid on coronal and axial
slices of a standard-space brain, along with coordinate and
statistical information for the significant clusters. No sig-
nificant clusters emerged when testing for an association
between baseline [lsF]fallypride BPyp and GoRT.

ROI-based analysis of relationship between baseline ['®F]
fallypride BPyp and placebo SSRT

Significant negative correlations between baseline ['*F]fallypride
BPyp and placebo SSRT were found in ROIs, including the
amygdala (coefficient = —48.26, p=0.005) and hippocampus
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Table 2. Stop-signal task performance following placebo administration
All PD

patients (n=17) (B patients Non-ICB patients  p value
SSRT (ms) 273.84 = 3510  260.84 + 3405 28539 * 33.62 0.167
GORT (ms) 599.59 = 106.04  604.86 * 13490 59491 = 80.72  0.888
Trigger failures 5.67 £ 873 5.44 = 10.09 586 =795 0384
(percentage)
Data are shown as mean = SD.
p values from Wilcoxon rank-sum test between ICB and non-ICB patients.
—_
p=0.167 p=0.888
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Figure 1. Group results for the stop-signal task variables. A, Placebo SSRT did not signifi-

cantly differ between patients with I(Bs and patients without I(Bs. B, Placebo GoRT did not
significantly differ between patients with I(Bs and patients without ICBs.

(coefficient = —104.94, p =0.007). Both the amygdala and hippo-
campus survived FDR correction for multiple comparisons at
0.05 (Peorrected = 0-039, Prorrectea = 0.039). Figure 3 displays the sig-
nificant relationships between [ISF]fallypride BPyp and SSRT.
Table 3 presents mean regional [ISF]fallypride BPyp values for
all ROIs, along with the coefficient and p values from the GLM
analysis.

ROI-based analysis of relationship between baseline ['8F]
fallypride BPyp and SSRT change in response to dAMPH
The ROIs of the hippocampus and amygdala were included in
this GLM. While the p values (p =0.075) were not significant, the
data support a negative correlation between baseline hippocam-
pus D,-like receptor binding, and dAMPH effects on SSRT (95%
CI = [—205.987, —2.867]). Figure 4 displays this relationship
between ['°F]fallypride BPyp in the hippocampus and SSRT
change.

Discussion

This study investigated the neural correlates of inhibitory control
in persons with PD. As in our past work (Claassen et al., 2015),
analysis of SSRT makes evident that ICB patients do not possess
a deficit in stopping speed, and indeed appeared slightly faster
than patients without ICBs (although this difference was not sig-
nificant in this small sample). It seems increasingly apparent that
motor control is not a primary contributor to ICBs in PD, and
other impulsive-compulsive processes are likely more central to
these deficits. An analysis of task performance in relation to do-
pamine receptor availability across all participants established a
negative correlation in the amygdala and hippocampus, such
that greater D,-like BPyp is associated with better stopping
control.
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Regions Included in Cluster Peak Coordinates (mm)  Cluster Size gFDR-corr"
x y 2
R Hippocampus and Amygdala 27 -11 -19 1151 0.026
L Hippocampus, Amygdala, and -27 -8 -15 2255 0.002

Orbitofrontal Cortex

* Significant at FDR=0.05

Figure 2. Voxel-wise regression of baseline [*Flfallypride BPy, on placebo SSRT. A, Map of significant clusters where SSRT was negatively correlated with [wF]faIIypride BPyp in PD patients,
overlaid on coronal and axial slices of an MNI template brain. All survived cluster-level FDR correction at p << 0.05. Areas include the amygdala, hippocampus, and left orbitofrontal cortex.
Brains are displayed according to radiologic convention, with the left side of the brain shown on the right side of the image. B, Regions showing significance for a negative correlation between

["®FIfallypride BPyp and SSRT.

ventral tegmental area to mesial tempo-
ral dopamine networks, accounting for
their superior inhibitory control. We con-
sider that in healthy dopaminergic cir-
cuits, D,-type dopamine receptors in
the dorsal striatum serve as critical
modulators of response inhibition. It
is possible that nigrostriatal degenera-

A 4004 B 400
300 300
2 2
g g
= 2001 = 200
=1 &
wn »n
wn 17/]
100} 100
0 T T T 1 0 T
0 1 2 3 4 0.0 05

D,; receptor availability in the amygdala
(("®F]fallypride BPy;))

Figure 3. Scatterplots with lines of best fit displaying the relationship between placebo SSRT and baseline ["Ffallypride
BPyp. A GLM was applied with SSRT as the dependent variable and mean ROl BPyp as the independent variable. Age and sex
served as covariates. A significant negative correlation between BPyp and SSRT was observed for the (A) amygdala (p = 0.005)
and (B) hippocampus (p = 0.007), indicating a negative relationship between D5 expression and stopping control in these limbic

areas.

Novel relationships between BPyp in the hippocampus,
amygdala, and SSRT

While previous studies have identified a negative correla-
tion between SSRT and D,-like BPyp in the dorsal, but not
ventral, striatum in healthy subjects (Ghahremani et al,,
2012; Robertson et al., 2015), this study is the first to specif-
ically examine this association in persons with PD.
Interestingly, with this clinical population, a different rela-
tionship emerges, as the most robust associations emerged
bilaterally in the amygdala and hippocampus of the voxel-
wise and ROI-based analyses.

The manifestation of a role for limbic areas in inhibitory
control in PD patients may be explained by preservation of
ventral striatal and mesolimbic dopamine networks in PD.
The dorsal striatum, with input from the substantia nigra,
suffers a substantial loss of dopaminergic innervation early
in the disease and throughout its progression (Damier et al.,
1999; Bjorklund and Dunnett, 2007). On the other hand,
while the mesolimbic system, with input from the ventral
tegmental area, degenerates during the disease course, it
declines to a lesser degree (MacDonald and Monchi, 2011;
Alberico et al.,, 2015). Patients with higher D,-like BPyp in
the hippocampus and amygdala may have better preserved

D,/; receptor availability in the hippocampus
(['8F]fallypride BPy;)

tion unmasks relationships between
motor action control and mesolimbic
dopamine. Alternatively, these rela-
tionships may indicate a compensa-
tory mechanism, with PD patients
developing a greater reliance on lim-
bic dopamine networks to regulate
action control. The results align with
previous findings of comparatively
conserved dopaminergic mesolimbic
networks and faster SSRTs in patients
with ICBs (Claassen et al., 2015; Stark et al., 2018a).

T T 1
1.0 1.5 2.0

Dopamine and the limbic cortex in PD

These results highlight a novel relationship between hippocam-
pal and limbic regulation of action control, emphasizing previous
anatomic findings that the limbic and motor loops are functionally
connected. Notably, a recent study in rodents proposed that these
two circuits are linked in a single direction, such that the limbic ven-
tral striatum regulates primary motor cortex function (Aoki et al,
2019). Rather than adopting the standard notion that limbic and
sensorimotor information are processed in parallel, Aoki and col-
leagues introduce an open cortico-basal ganglia loop. According to
this interpretation, the ventral striatum, which receives inputs from
the ventral tegmental area, amygdala, ventromedial prefrontal cor-
tex, and orbitofrontal cortex, is able to inhibit substantia nigra neu-
rons projecting to the motor thalamus (Choi et al., 2017; Aoki et al.,
2019). Our data appear to illustrate an important translational
example of limbic regulation of motor control through the amyg-
dala and hippocampus in humans.

Amphetamine effects on action control
The results of this study reflect the notion that persons with PD
experience differential effects to dAMPH with respect to their
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Table 3. ["®FIFallypride BPy, (baseline) effects on SSRT
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["Ffallypride BPyp

SSRT ~ BPyp + age + sex

ROI Mean = SD 95% (I Coefficient p value’
Ventral striatum 15.15 £ 2.68 [—15.131, 2.478] —6.33 0.145
(Caudate 16.69 + 2.35 [—16.140, 5.264] —5.44 0.292
Putamen 2237 * 3.55 [—9.766, 6.030] —1.87 0.618
Substantia nigra 1.23 = 0.26 [—132.333, 5.466] —63.43 0.068
Globus pallidus 10.14 = 1.84 [—16.358, 7.822] —4.27 0.459
Amygdala 218 = 0.54 [—78.796, —17.734] —48.26 0.005
Hypothalamus 2.64 £ 043 [—96.176, 18.600] —38.79 0.168
Thalamus 175 =037 [—103.651, 20.669] —41.49 0.173
Hippocampus 0.98 = 0.27 [—175.101, —34.775] —104.94 0.007°
Insula 213 £0.79 [—38.278, 22.924] —7.68 0.597
Ventromedial orbitofrontal Cortex 416 = 1.73 [—21.157, 2.239] —9.46 0.104
Anterior cingulate cortex 0.20 = 0.12 [—266.992, 45.958] —110.52 0.151

GLM with FDR controlled at 0.05 to correct for multiple comparisons.
“Uncorrected p value.
®Significant p value at FDR = 0.05.

2
E
=
& + 100-
Z 3 .
S £ s \
- > . RN o
e £ °
£ g
g7 o et .
) 1 0.5 %0 1.5 2.0
S i
& £: .50
5 2! .
s £ N @
5 § ! \sx
S ¥ -100-
E D, ; receptor availability in the hippocampus
) (I'8Ffallypride BPy)
Figure 4.  Scatterplot with line of best fit displaying the relationship between SSRT change

(SSRT placebo — SSRT dAMPH) and baseline [*Flfallypride BPy. A GLM was applied with
SSRT change as the dependent variable and mean ROl BPyp as the independent variable.
Age and sex served as covariates. A negative correlation between BPyp and SSRT change was
observed for the hippocampus (p = 0.045), but it did not survive FDR correction for multiple
comparisons at 0.05.

performance on the stop-signal task. As seen in Figure 4, some
demonstrate improvement (positive SSRT change) and reduced
SSRT, while others do not.

Previous work has likewise shown conflicting effects of
dAMPH on SSRT performance. Various rodent studies have illus-
trated dose-dependent and baseline-dependent SSRT changes
with amphetamine (Feola et al., 2000; Eagle and Robbins, 2003;
Eagle et al,, 2007). Furthermore, studies with healthy volunteers
have seen similar conditional results (de Wit et al., 2000; Dolder et
al., 2018). Doses of 5, 10, and 20 mg of dAMPH, used by Weafer
and de Wit, significantly reduced SSRT, implying that low to mod-
erate doses can modulate action control (Weafer and de Wit,
2013). A consistent theme is that dAMPH appears to improve
performance in participants with longer baseline SSRTs
(Feola et al., 2000; Weafer and de Wit, 2013). Similar results
are observed with this clinical population, implying that PD
patients may reach an optimal level of performance, after
which a stimulant is ineffectual.

When examining the effect of dAMPH on stop-signal task
performance, greater hippocampal D,-like BPyp is associated
with more negative SSRT change (worse performance with

dAMPH). It is likely that the positive influence of D,-like BPyp
on action control, as previously discussed, acts on hippocampal
networks. Previous studies investigating the effect of dopamine
on working memory have suggested an inverted-U shaped role
for exogenous dopamine (Cools and D’Esposito, 2011). This
model indicates that at optimal baseline working memory, addi-
tional dopamine would only worsen performance. Similarly, we
see that patients with greater D,-like BPyp in the hippocampus
and amygdala have already attained their best SSRTs and cannot
see further improvement with dAMPH. Conversely, dAMPH
appears to be rescuing poor stop-signal task performance and
improving SSRTs. The clinical implication of such dopaminergic
actions suggests that as dAMPH alters monoamine levels, the
stimulant is more likely to benefit patients with slow baseline
SSRTs.

Our discovery of relationships between D,-like BPyp
and placebo SSRT, along with SSRT change, emphasizes a
role of D,-like receptors in the hippocampus and amygdala
on action-control. Previous studies have suggested that do-
paminergic communication in the hippocampus bolsters
stimulus generalization, as D, receptor-blockade has been
shown to modulate similarity processing in humans (Kahnt
and Tobler, 2016). While the stop-signal paradigm is not
implemented as a reward task, participants may perceive
and, accordingly, respond to the color-changing arrows
with varying degrees of discrimination. Moreover, there is
increasing support for the idea that the hippocampus is
involved in visual perception, in addition to its established
implication in memory (Lee et al., 2012). Although the
response inhibition task has not been considered in terms
of spatial perception, the configuration of directional stim-
uli is undoubtedly spatial in nature, and thus may in fact
prompt hippocampal involvement. Research into the func-
tion of D, receptors in the amygdala is consistent with our
data, as rodent experiments have concluded that D, expres-
sion in the central nucleus of the amygdala regulates impul-
sive behavior (Kim et al., 2018). As our results highlight
both the hippocampus and amygdala, it is prudent to try to
disentangle their respective roles in accordance with the
stop-signal task. Over the course of the paradigm, it is likely
that participants may begin to predict the incidence of a
stop-signal, and may even consider “go” as a rewarding or
positive stimulus and “stop” as a punishing or negative
stimulus. In this case, the amygdala may function to learn
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and process reward for impulsivity, while the hippocampus
may serve to discriminate and generalize between stimuli.

In conclusion, although this study benefitted from the ability
to gather behavioral information on both placebo and dAMPH,
it is possible that the stop-signal task was conducted too soon af-
ter AAMPH administration. By assessing inhibition early in the
context of JAMPH exposure, we may not have assessed the true
effect of increased dopamine on SSRT. Future work should try to
mitigate this by implementing a delay of ~2 h between drug
administration and behavioral testing (Fillmore et al., 2005).

Furthermore, the apparent effects of dAMPH on inhibitory
control may not be dopaminergic in nature. While JAMPH pre-
dominantly acts by communicating with dopamine neurons, it
nevertheless is capable of interacting with other neurotrans-
mitters, including serotonin, acetylcholine, and norepinephrine
(Moore, 1977). In light of this, the inference that dopamine is the
main contributor to these results must be made with a caveat
that other monoamines acting on hippocampal and amygdala
regions may modulate action control in humans. Finally, we
acknowledge the limitations of a small sample size, given the ar-
duous PET and dAMPH methods, and are optimistic that future
studies with larger patient bases will further substantiate and
build on this work.
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