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dopamine; Alpha-methyl-para-tyrosine (AMPT), a competitive inhibitor of tyrosine hydroxylase, can be
fMRI; used to deplete endogenous dopamine in humans. We examined how AMPT-induced dopamine
striatum depletion alters resting-state functional connectivity of the basal ganglia, and canonical

resting-state networks, in healthy humans. Fourteen healthy participants (8 females; age
[mean + SD] = 27.93 + 9.86) completed the study. Following dopamine depletion, the caudate
showed reduced connectivity with the medial prefrontal cortex (mPFC) (Cohen’s d = 1.89,
p<.0001). Moreover, the caudate, putamen, globus pallidus, and midbrain all showed re-
duced connectivity with the occipital cortex (Cohen’s d = 1.48-1.90; p<.0001-0.001). No-
tably, the dorsal caudate showed increased connectivity with the sensorimotor network (Co-
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hen’s d = 2.03, p=.002). AMPT significantly decreased self-reported motivation (t(13)=4.19,
p=.001) and increased fatigue (t(13)=4.79, p=.0004). A greater increase in fatigue was as-
sociated with a greater reduction in connectivity between the substantia nigra and the mPFC
(Cohen’s d = 3.02, p<.00001), while decreased motivation was correlated with decreased con-
nectivity between the VTA and left sensorimotor cortex (Cohen’s d = 2.03, p=.00004). These
findings help us to better understand the role of dopamine in basal ganglia function and may
help us better understand neuropsychiatric diseases where abnormal dopamine levels are ob-

served.

© 2022 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

The catecholamine neurotransmitter dopamine is involved
in several key processes in the human brain, including re-
ward motivation (Bloomfield et al., 2014; Caravaggio et al.,
2018; Hofmans et al., 2020; Treadway et al., 2012) and
cognitive and motor control (Brooks, 2001; Lappin et al.,
2009; Strafella et al., 2003; Volkow et al., 1998). In par-
ticular, the afferent fibres of the midbrain dopamine sys-
tem project to the striatum and prefrontal cortex. Abnor-
malities in the striatal dopamine system have been impli-
cated in numerous psychiatric disorders, including Parkin-
son’s disease (Kaasinen et al., 2019, 2021; Martini et al.,
2018), addiction (Ashok et al., 2017; Caravaggio et al.,
2021; Kamp et al., 2019; Proebstl et al., 2019), schizophre-
nia (Caravaggio et al., 2015b; Fusar-Poli and Meyer-
Lindenberg, 2013; Kegeles et al., 2010), and attention-
deficit hyperactivity disorder (Cherkasova et al., 2014;
Fusar-Poli et al., 2012; Wu et al., 2012). Thus, understand-
ing how alterations in dopamine affects brain function in hu-
mans may provide important insights into the future treat-
ment of neuropsychiatric diseases.

Tyrosine hydroxylase, which catalyzes the conversion of
L-tyrosine to levodopa, is the rate-limiting enzyme for cat-
echolamine synthesis in the brain (Elsworth and Roth, 1997;
Nagatsu et al., 1964). Alpha-methyl-para-tyrosine (AMPT;
or metyrosine) is an amino acid analogue which competi-
tively inhibits tyrosine hydroxylase (Engelman et al., 1968a;
Spector et al., 1965). Using AMPT, it is possible to acutely
deplete endogenous concentrations of dopamine and nore-
pinephrine in humans over 24-48 h (Engelman and Sjo-
erdsma, 1966; Laruelle et al., 1997; Sjoerdsma et al., 1965).
AMPT has been a useful tool for elucidating the contribu-
tions of dopamine and norepinephrine to human behavior
and cognition (Bloemen et al., 2008; Booij et al., 2003;
Ruhé et al., 2007; Verhoeff et al., 2003; Voruganti et al.,
2001). Using AMPT in conjunction with positron emis-
sion tomography (PET) imaging has allowed for the quan-
tification of endogenous dopamine in the striatum of
healthy humans (Boot et al., 2008; Caravaggio et al.,
2020, 2014; Cropley et al., 2008; Laruelle et al., 1997;
Riccardi et al., 2008; Verhoeff et al., 2002, 2001) and per-
sons with neuropsychiatric diseases (Abi-Dargham et al.,
2000; Bloemen et al., 2013; Caravaggio et al., 2015b;
Kegeles et al., 2010; Martinez et al., 2009).

However, the use of AMPT to investigate the effects of
catecholamine depletion on resting-state functional con-
nectivity of the human brain has yet to be explored. Func-
tional magnetic resonance imaging (fMRI) studies explor-
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ing the role of dopamine depletion on brain function have
used various depletion methods and outcome measures.
Some fMRI studies have examined the effects of AMPT
on task-dependent brain activation (da Silva Alves et al.,
2013, 2011). Instead of AMPT, several fMRI studies have
used a dietary dopamine depletion paradigm (Grevet et al.,
2002; Leyton et al., 2004, 2000; McTavish et al., 1999;
Montgomery et al., 2003; Palmour et al., 1998) to exam-
ine the effects of dopamine depletion on task-based acti-
vation (Bjork et al., 2014; Coull et al., 2012; Frank et al.,
2016; Frey and McCabe, 2020; Nagano-Saito et al., 2012;
Zebrowitz et al., 2018) and resting-state functional connec-
tivity (Carbonell et al., 2014; Shafiei et al., 2019).

This dietary dopamine depletion paradigm involves hav-
ing participants consume an amino acid beverage deficient
in tyrosine and phenylalanine - often in conjunction with
a low-protein diet (Badawy et al., 2010). Since tyrosine
competes with other large neutral amino acids for entry
through the blood-brain barrier (Fernstrom, 2005), this diet
reduces the efficacy of tyrosine entry into the brain, reduc-
ing dopamine synthesis. Notably, this method requires the
dietary depletion of the essential amino acid phenylalanine
as well since tyrosine is synthesized in the liver from pheny-
lalanine.

However, there are several potential limitations to the
dietary dopamine depletion method (Badawy et al., 2010).
First, the specificity and amount of tyrosine/phenylalanine
depletion achieved across various studies with this method
is often unclear (Badawy et al., 2010). Second, it is unclear
how best to dose the dietary intervention to achieve sim-
ilar levels of tyrosine/phenylalanine inhibition across sub-
jects. Plasma levels of AMPT offer a reliable index of tyro-
sine hydroxylase inhibition and it is possible to achieve ~80%
dopamine depletion across participants (Caravaggio et al.,
2014; Engelman et al., 1968c; Laruelle et al., 1997). Finally,
it is unclear if prior dietary habits or metabolic factors in-
fluence the efficacy of dietary dopamine depletion, with re-
gards to abnormalities in baseline tyrosine/phenylalanine
availability, dopamine synthesis, and blood-brain barrier
function (Caravaggio et al., 2015a).

AMPT, although pharmacologically invasive, is the gold-
standard for achieving acute and extensive (~80%)
dopamine depletion in humans. Combined with PET imag-
ing, AMPT has been an important tool for measuring stri-
atal dopamine levels in humans. However, it is currently un-
known how dopamine depletion with AMPT affects resting-
state functional connectivity of the brain. Using resting-
state fMRI, we explored how acute dopamine depletion with
AMPT affects striatal connectivity, as well as canonical rest-



European Neuropsychopharmacology 57 (2022) 39-49

ing state networks, in healthy humans. We chose to specifi-
cally examine how dopamine depletion affects connectivity
of the striatum as this region receives primary dopaminer-
gic inputs from the midbrain. We believe these findings will
help us to better understand the role of the dopaminergic
system in regulating brain function. Moreover, this will help
inform theoretical models of neuropsychiatric illness where
dopaminergic abnormalities are associated with the disease
pathophysiology.

2. Methods and materials

2.1. Participants

Twenty healthy participants (10 female; age [mean =+
SD] = 28.5 + 10.26) were enrolled in the study. One partici-
pant dropped out of the study prior to AMPT administration. Two
participants dropped out of the study post AMPT, but prior to
scanning, due to akathisia. Two participants dropped out during
scanning due to feelings of claustrophobia/anxiety. Baseline fMRI
data for one participant was unusable due to human error, and the
subject’s data was excluded from the study.

Fourteen healthy participants (8 female; age [mean =+
SD] =27.93 £ 9.86; Body mass index = 23.93 + 2.85) completed the
study. All participants were free of any major medical or psychiatric
disorder as determined by clinical interview, the Mini-International
Neuropsychiatric Interview, basic laboratory tests, and electrocar-
diogram. Participants were required to have a negative urine screen
for drugs of abuse and/or pregnancy at inclusion and prior to each
fMRI scan. All participants were non-smokers. The study was ap-
proved by the Research Ethics Board of the centre for Addiction
and Mental Health (CAMH), Toronto, and no objection letter was
issued by Health Canada. All participant recruitment took place at
CAMH. All the participants provided written and informed consent.

2.2. AMPT administration

Dopamine depletion was induced by oral administration of 64 mg
of AMPT per kilogram of body weight over 25 h. Independent of
weight, no participant was dosed above 4500 mg, as per Health
Canada Guidelines. AMPT was administered in six equal doses at
the following times: 9:00am, 12:30pm (post 3.5 h), 5:00pm (post
8 h), and 9:00pm (post 12 h) on Visit 1, and 6:00am (post 21 h) and
10:00am (post 25 h) on Visit 2. The post AMPT MRI scan was sched-
uled at 12pm, 28 h after the initial dose of AMPT. Participants were
kept under direct observation during AMPT administration and slept
overnight on an inpatient unit at CAMH. This was done to monitor
the safety of the participants and to ensure the AMPT dosing sched-
ule was followed correctly. In addition, subjects were instructed to
drink at least 4 L of fluids during the 2-day admission to prevent the
formation of AMPT crystals in urine. Fluid intake was carefully mon-
itored during the study to ensure compliance. Urine samples were
collected at 2:00pm on Visit 1 and at 9:00am on Visit 2 to monitor
AMPT crystals in urine. In addition, in order to alkalinize the urine,
which increases AMPT solubility, sodium bicarbonate (1.25 g) was
given orally at 10:00pm on the evening before Visit 1 and at 7am on
Visit 1 of administration.

2.3. Plasma samples

Plasma levels of prolactin, homovanillic acid (HVA), and 3-methoxy-
4-hydroxyphenethyleneglycol (MHPG) were collected at 9:00am
(Visit 1, prior to AMPT administration), 2:00pm (Visit 1) and
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12:00pm (Visit 2). Plasma levels of AMPT were also collected
at 2:00pm (Visit 1) and 12:00pm (Visit 2). Plasma prolactin,
HVA, MHPG, and AMPT were quantified as previously described
(Verhoeff et al., 2002). These plasma markers were chosen as
they are indirect measures of endogenous dopamine levels - HVA
and MHPG are metabolites of dopamine and norepinephrine, re-
spectively, and dopamine inhibits the production of prolactin
(Caravaggio et al., 2014).

2.4. Rating scales

Subjects were evaluated by the research psychiatrists (SN, PG, AG)
for potential side effects at the following times: 9:00am (baseline),
2:00pm (post 5 hour dose), 12:00pm (post 27 hour dose), and at 3pm
(post 30 hour dose). The presence of adverse effects such as parkin-
sonian symptoms, acute dystonia, and involuntary movements was
monitored using the Simpson Angus Scale (SAS), Barnes Akathisia
Scale (BAS), and the Global Assessment of Functioning (GAF) scale.
To evaluate changes in energy, mood, and subjective well-being in-
duced by dopamine depletion, the Profile of Mood States (POMS)
and the Subjective Well-Being Under Neuroleptic Treatment (SWN)
scale were administered.

2.5. MRI scanning

All participants were scanned at CAMH in a 3T GE Discovery
MR750 scanner equipped with an eight-channel head coil. Partic-
ipants had a three-dimensional inversion recovery-prepared T1-
weighted MRI scan (BRAVO; GE Healthcare, Wauwatosa, WI) (echo
time = 3.00 ms, repetition time (TR) 6.74 ms, inversion
time = 650 ms, flip angle = 8°, field of view = 230 mm, 256 x 256
matrix, slice thickness = 0.9 mm). Axial spiral resting-state scans
were acquired for 6 min and 4 s (GRE/Fast GRE pulse sequence,
slice thickness = 5 mm, TR = 2000; # of slices = 31, flip angle = 60°,
field of view = 220 mm). Subjects were instructed to keep their
eyes open during the scan.

2.6. Resting-state analysis

Prior to preprocessing, the timeseries from all subjects was visually
inspected using fslview movie mode for any gross abnormalities.
Preprocessing and analysis were performed using the CONN: func-
tional connectivity toolbox version 17.a (https://www.nitrc.org/
projects/conn/) (Whitfield-Gabrieli and Nieto-Castanon, 2012).
The first three functional volumes of each run (Baseline and AMPT)
were eliminated from the analysis to account for scanner stabiliza-
tion. The images were reoriented to the anterior commissure and
functional images were co-registered to the anatomical images be-
fore they were realigned and un-warped. The anatomical images
were segmented into gray matter, white matter, and cerebral spinal
fluid (CSF) and skull stripped. Normalization parameters from the
segmentation were used to transform the functional and anatom-
ical images into standard MNI space. Functional images were then
smoothed using an 8 x 8 x 8 mm Gaussian kernel. Artifact detec-
tion toolbox was used to identify motion outliers. Thresholding was
done according to the CONN “intermediate” default that flags time-
points with greater than 0.9 mm of composite motion and global sig-
nal outliers of greater than 5 standard deviations on a scan to scan
basis to be flagged in outlier regressors. To account for physiologi-
cal noise, a component based noise correction method (CompCor)
(Behzadi et al., 2007) was used to regress out signal from the white
matter and CSF and functional data was band-pass filtered between
0.008 - 0.09 Hz.
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2.7. ROI analysis

We used the Harvard-Oxford subcortical atlases (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/) to create an anatomical region of interest
(ROI) for the left and right pallidum, caudate, putamen, and nu-
cleus accumbens and we used a probabilistic atlas of the midbrain
(Murty et al., 2014) to create ROIs for the ventral tegmental area
(VTA) and substantia nigra (SN). We chose these ROIs (the basal
ganglia) as these are the main dopaminergic regions. All ROIs were
thresholded at 50% and are displayed in Supplementary Figure 1.
For each run, the average signal from each ROl was correlated with
every voxel in the brain after regressing out noise covariates. The
resulting Pearson’s correlation values were Fisher z-transformed.
A within subject analysis was used to calculate the difference in
connectivity between baseline and dopamine depletion. Mean cen-
tered percent change in POMS Fatigue and POMS Vigor were en-
tered into the model as covariates of interest to explore voxel-wise
changes in connectivity from baseline to depletion. Results were
thresholded at a cluster threshold of p<.05, family wise error cor-
rected.

2.8. Canonical resting network analysis

Using the CONN toolbox, group-ICA was performed to identify
canonical resting state networks and interrogate the effect of
dopamine depletion on these networks. A group-ICA was performed
as per Calhoun et al. (Calhoun et al., 2005), with variance normal-
ization pre-conditioning, subject-level dimensionality reduction,
fastICA to estimate independent spatial components, and GICA1 to
backproject the components to the individual-subject level. Net-
works were identified and labelled based on their similarity to
canonical networks using a DICE coefficient. Components corre-
sponding to the default mode, sensorimotor, salience, dorsal atten-
tion, frontoparietal, and cerebellar networks were used for within-
subjects analysis to contrast baseline connectivity with dopamine
depletion.

2.9. Statistical analyses

Statistical analyses were conducted using GraphPad (v.8.4.3;
GraphPad Software, La Jolla, California). Normality of variables was
determined using the D’Agostino-Pearson test. Where paired data
were not normally distributed (e.g. complete absence of akathisia
at baseline), the Wilcoxon matched-pairs sign rank test was em-
ployed. The significance level for all tests was set at p<.05 (two-
tailed).

In total, we performed 25 contrasts of interest with fMRI (pre-
and post- AMPT) which resulted in 30 t-test results (see Supple-
mentary Table 3). We controlled for family-wise error (FWE) by cor-
recting for multiple statistical contrasts using the Holm-Bonferroni
method (see Supplementary Table 3). Notably, our within subjects
design achieved 99%—100% power to detect all significant effects of
interest (see Supplementary Table 3).

3. Results

3.1. Plasma changes

Plasma characteristics are presented in Supplemen-
tary Table 1. The average dose of AMPT administered
was 4035.7(+671.23)mg. The average plasma concentra-
tion of AMPT after 27 h of oral administration was
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Fig. 1 Functional connectivity changes following dopamine
depletion via AMPT presented on the MNI-152 brain with ac-
companying change plots for the peak coordinate in significant
clusters. Each line represents a given subject. Voxelwise clus-
ter changes are thresholded at p < .05 cluster corrected using
FWE. (Abbreviations in Fig.: mPFC: medial prefrontal cortex;
GP: globus pallidus; VTA: ventral tegmental area; IFG: inferior
frontal gyrus; PHG: parahippocampal gyrus; LOC: lateral occip-
ital cortex).

22.4(+7.44)pg/mL. Based on this average plasma concen-
tration of AMPT, the average tyrosine hydroxylase inhibition
in our sample can be estimated to be ~80% (Engelman et al.,
1968b; Laruelle et al., 1997; Udenfriend et al., 1965).
This plasma level of AMPT was similar, and not signifi-
cantly different from, that achieved by our previous PET
study (24+11 ng/mL; t(22)=0.43, p=.67), which was asso-
ciated with significant dopamine depletion in the striatum
(Caravaggio et al., 2014).

Compared to baseline, plasma levels of prolactin were
significantly increased after 5 h (t(12)=9.31, p<.0001)
and 27 h (t(13)=6.34, p<.0001) of AMPT administration.
Compared to baseline, plasma levels of HVA were signif-
icantly decreased after 5 h (t(13)=5.00, p=.0002) and
27 h (t(13)=5.29, p=.0001) of AMPT administration. Com-
pared to baseline, plasma levels of MHPG were signifi-
cantly decreased after 5 h (£(13)=6.06, p<.0001) and 27 h
(£(13)=10.48, p<.0001) of AMPT administration.
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Fig. 2 Functional connectivity changes following dopamine depletion via AMPT associated with percent fatigue change measured
by the POMS-F with accompanying scatterplot from the peak coordinate. Voxelwise cluster changes are thresholded at p < .05
cluster corrected using FWE. (Abbreviations in Fig.: mPFC: medial prefrontal cortex; GP: globus pallidus; VTA: ventral tegmental

area; SN: substantia nigra).

3.2. Subjective changes

Subjective well-being, as measured by SWN total scores, sig-
nificantly decreased at 27 h (t(13)=3.31, p=.006) but not at
5 h (t(13)=1.94, p=.07) after AMPT treatment (SWN Total
Scores: Baseline: 102.9 4+ 11.53; Post 5 h: 100.6 + 11.41;
Post 27 h: 89.29+17.03). The effect of AMPT on mood is
presented in Supplementary Table 2. At 27 h, AMPT signifi-
cantly increased fatigue measured by POMS-F (t(13)=4.79,
p=.0004) and decreased motivation measured by POMS-V
(£(13)=4.19, p=.001) compared to baseline.

3.3. Adverse events

The global functioning of participants, as assessed by the
GAF, was significantly reduced after 5 h (£(13)=2.46, p=.03)
and 27 h (t(13)=5.53, p<.0001) of AMPT administration
(GAF Scores: Baseline: 99.64+1.34; Post 5 h: 97.14+4.26;
Post 27 h 86.79+9.53). Parkinsonian symptoms, as assessed
by the SAS, significantly increased compared to baseline af-
ter 27 h of AMPT administration (W = 21, p=.03). The in-
crease in Parkinsonian symptoms did not reach significance
post 5 h (W =1, p>.99) (SAS Scores: Baseline: 0.14+0.53;
Post 5 h: 0.21+0.58; Post 27 h: 0.57+0.65). Akathisia, as-
sessed by the BAS, increased over the course of AMPT ad-
ministration (BAS Scores: Baseline: 0; Post 5 h: 0.07+0.27;
Post 27 h: 0.50+0.85). However, this increase in akathisia
did not reach statistical significance (5 h: W = 1, p>.99;
27 h: W = 10, p=.13). Despite this, we note that several
participants had clinically notable akathisia, and two partic-
ipants dropped out due to significant akathisia. Urine testing
revealed two participants developed significant crystalluria
and were treated after their fMRI scan accordingly.

3.4. Region of interest results

Following dopamine depletion, we observed a reduction in
connectivity from the caudate to medial prefrontal cortex
(mPFC) (Cohen’s d = 1.89, p=.0006). The caudate was func-
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tionally connected to the mPFC at baseline but had reduced
connectivity following AMPT. Further, the caudate (Cohen’s
d = 1.89, p=.0006), putamen (Cohen’s d = 1.76, p=.0002),
and the globus pallidus (Cohen’s d = 1.90, p=.00003) all
showed reductions in connectivity to the right lateral occip-
ital cortex (LOC). These regions were not reliably connected
to the LOC at baseline, but following AMPT they became
mildly anticorrelated with the LOC. These results survived
FWE correction for multiple statistical contrasts (see Sup-
plementary Table 3).

In the nucleus accumbens (NAc), we observed increased
connectivity to the right inferior frontal gyrus (IFG) (Cohen’s
d = 1.50, p=.04). At baseline the NAc was anticorrelated
with the right IFG and, following AMPT, the NAc lost this
anticorrelation. However, this finding did not survive FWE
correction for multiple statistical contrasts (see Supplemen-
tary Table 3). In the VTA we observed reduced connectivity
to the thalamus, parahippocampus and hippocampus (Co-
hen’s d = 1.76, p=.03), as well as the superior LOC (Co-
hen’s d = 1.48, p=.00009). Thus, the VTA was connected to
the thalamus, parahippocampus, and hippocampus at base-
line, but lost this connectivity following dopamine deple-
tion, while anticorrelations increased to the LOC. However,
only connectivity changes with the superior LOC survived
FWE correction for multiple statistical contrasts (see Sup-
plementary Table 3). These findings are shown in Fig. 1 and
the peak coordinates are found in Table 1.

When we investigated what connectivity changes were
related to fatigue, we found a negative correlation between
globus pallidus-thalamus connectivity change and percent
change in fatigue (Cohen’s d = 2.20, p=.02). Those indi-
viduals who showed a greater increase in fatigue, also saw
a greater decrease in connectivity between the globus pal-
lidus and the thalamus. These relationships did not survive
FWE correction for multiple statistical comparisons (see
Supplementary Table 3).

We also observed a negative correlation between VTA-
mPFC connectivity with percent change in fatigue (Cohen’s
d = 1.76, p=.01), and a negative correlation between SN-
mPFC connectivity with percent change in fatigue (Cohen’s
d = 3.02, p=.0000000001).The latter relationship survived
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Table 1
baseline and dopamine depletion conditions.

Cluster regions, hemisphere, peak coordinates, test statistic, and cluster size for connectivity differences between

Region Hemisphere Peak Coordinate T Cluster size (voxels)
X Y yA

Caudate connectivity

anterior cingulate B 0 28 —6 7.06 995

frontal pole L —12 64 —4 4.67

LoC R 44 —70 —6 6.33 898
Putamen connectivity

LocC R 48 -84 8 5.28 1408
Globus Pallidus connectivity

LocC R 40 —76 -8 7.12 1515

Occipital Fusiform L —30 —78 —-12 6.4 683
Nucleus Accumbens connectivity

IFG R 54 16 14 5.6 554
VTA connectivity

LOC L -22 —74 28 6.6 1168

PHG R 16 —36 —6 6.47 573

Hippocampus R 30 —42 —4 5.48

Thalamus R 10 —26 -2 4.92

Loc R 58 —64 -8 5.52 1263

Abbreviations: B, bilateral; IFG, inferior frontal gyrus; L, left; LOC, lateral occipital cortex; PHG, parahippocampal gyrus; R, right; VTA,

ventral tegmental area. Coordinates are presented in MNI space.

Table 2 Cluster regions, hemisphere, peak coordinates, test statistic, and cluster size for connectivity correlations with POMS-F,

a measure of fatigue.

Region Hemisphere Peak Coordinate T Cluster size (voxels)
X Y yA
Globus Pallidus Connectivity
Thalamus L —16 —14 6 7.94 650
Thalamus R 16 —14 6 5.42
VTA connectivity
medial prefrontal BA10 B -8 60 —4 6.34 1080
Substantia Nigra Connectivity
Paracingulate gyrus B -2 42 —6 10.91 2502
anterior cingulate B —4 32 8 6.01
medial prefrontal BA10 B —4 60 —4 5.92
Loc R 60 —66 14 6.81 422

Abbreviations: B, bilateral; BA, Brodmann area; L, left; LOC, lateral occipital cortex; R, right; VTA, ventral tegmental area. Coordinates

are presented in MNI space.

FWE correction for multiple statistical comparisons (see
Supplementary Table 3). Thus, individuals who showed a
greater increase in fatigue, also had greater reductions in
connectivity between midbrain dopaminergic regions with
the mPFC. These results are shown in Fig. 2 and peak coor-
dinates are reported in Table 2.

When we investigated the connectivity changes that were
related to motivation, we found a positive correlation
between motivation change and connectivity change be-
tween the VTA and sensorimotor cortex (Cohen’s d = 2.03,
p=.00004). This relationship survived FWE correction for
multiple statistical comparisons (see Supplementary Table
3). Thus, individuals who had a reduction in motivation, also
had a relatively greater reduction in connectivity between
the VTA and left sensorimotor cortex. No other connectivity
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changes were related to motivation change. These results

are shown in Fig. 3.

3.5.

Canonical resting network analysis

We were able to identify 8 components from the group ICA
and they were labelled according to their spatial match with
CONN toolbox canonical networks as defined from CONN’s
ICA analyses of Human Connectome Project dataset of 497
subjects. Best spatial match was determined via DICE co-
efficient. These components corresponded to the default
mode, sensorimotor, visual, salience, dorsal attention, fron-
toparietal, language and cerebellar network. Of interest,
we examined the default mode, sensorimotor, salience, dor-
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Fig. 3 Functional connectivity change following dopamine de-
pletion via AMPT associated with percent motivation change
measured by the POMS-V with accompanying scatterplot from
the peak coordinate. Voxelwise cluster changes are thresh-
olded at p < .05 cluster corrected using FWE. Peak coordinate:
X = —44, y = —16, z = 64, t = 7.33; cluster size = 570 vox-
els. (Abbreviations in Fig.: VTA: ventral tegmental area; IFG:
inferior frontal gyrus; S1: primary somatosensory cortex).

sal attention, frontoparietal, and cerebellar networks and
found differences only in the sensorimotor network. The
sensorimotor network had increased connectivity to the left
dorsal striatum (Cohen’s d = 2.03, p=.002;peak x = —10,
y =4,z =16, T = 7.58, cluster size 601) following
dopamine depletion (Supplementary Fig. 2). This relation-
ship survived FWE correction for multiple statistical com-
parisons (see Supplementary Table 3).

4. Discussion

Our study examined the effects of acute dopamine de-
pletion with AMPT on resting-state functional connectiv-
ity in the brain. First, we conducted ROl based analy-
ses exploring how dopamine depletion affected the con-
nectivity of the basal ganglia with the rest of the brain.
Dopamine depletion reduced connectivity between the
caudate and mPFC. This is consistent with the known
anatomical and topographical projections of the mPFC to
the caudate (Alexander et al., 1986; Cho et al., 2015;
Parent and Hazrati, 1995; Purves, 2001; Strafella et al.,
2001; Yin et al., 2008), and previous functional connec-
tivity studies (Choi et al., 2012; Di Martino et al., 2008;
Draganski et al., 2008; Tziortzi et al., 2013, 2014). Our data
further supports the important role of dopamine signaling in
the caudate as an important modulator of mPFC-dependent
activity and cognition (Cropley et al., 2006; Jokinen et al.,
2009; Niethammer et al., 2013; Rajji et al., 2017).
AMPT-induced dopamine depletion also decreased con-
nectivity between several regions (caudate, putamen,
globus pallidus, and the VTA) with the LOC. While the
primary visual cortex does not project to the striatum
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(Purves, 2001), there are projections from the LOC to
the striatum (Purves, 2001; Tziortzi et al., 2013, 2014;
Zhang and Li, 2018). It has been estimated that projec-
tions from the occipital lobe may represent 2% of the to-
tal afferent projections to the striatum (by striatal volume)
(Tziortzi et al., 2013). Some fMRI studies suggest that ac-
tivity in the ventral striatum, midbrain, sensorimotor cor-
tex, and visual cortex may positively scale with motiva-
tion (Kohli et al., 2018). Interestingly, amphetamine and
cocaine, which increases striatal dopamine, may increase
the connectivity between the striatum and occipital cor-
tex (Manza et al., 2019; Zhang and Li, 2018). In patients
with schizophrenia, motivational deficits have been related
to reduced connectivity between the VTA and the right
LOC - among other regions (Giordano et al., 2018). More-
over, several studies have highlighted the interplay between
striatal dopamine and the occipital cortex, particularly in
the context of modulating visual perception to reward cues
and incentive salience (Arsenault et al., 2013). It is plausi-
ble that changes in dopaminergic-based motivational states
can affect perception and perceptual judgements in hu-
mans (Balcetis, 2015). Future studies should examine how
changes in striatal dopamine levels in humans are related
to changes in the perception of reward cues and incentive
stimuli as a function of occipital connectivity to the basal
ganglia.

We replicated previous findings that AMPT significantly in-
creased fatigue and decreased motivation as measured by
the POMS (Caravaggio et al., 2014; Verhoeff et al., 2002,
2003). Thus, our correlational analyses focused on these
AMPT-induced subjective changes. We observed that AMPT-
induced decreases in motivation were associated with de-
creases in connectivity between the midbrain (VTA) and
the left sensorimotor cortex. This is consistent with pre-
vious findings that activity in both of these regions is as-
sociated with greater motivation (Kohli et al., 2018), and
is generally consistent with the role of dopamine in in-
creasing motivated motor actions (Caravaggio et al., 2018;
Treadway et al., 2012). Moreover, we observed that AMPT-
induced fatigue was associated with decreased connectivity
between the substantia nigra and the mPFC/paracingulate
gyrus. More human research is required to disentangle the
unique contributions of midbrain dopamine and frontal cor-
tical regions to motivation versus fatigue/arousal in gen-
eral.

Examining changes in canonical resting-state connectiv-
ity networks, we found dopamine depletion specifically in-
creased connectivity between the sensorimotor network
and the left dorsal striatum, particularly the caudate. While
unclear, this may represent a compensatory mechanism to
maintain fine motor control under dopamine depletion. In
support of this idea, early stage, minimally treated pa-
tients with Parkinson’s disease show connectivity between
the caudate and supplementary motor areas which is not
present in healthy controls (Sang et al., 2015). Future stud-
ies are needed to determine how changes in sensorimotor
network connectivity is associated with changes in motiva-
tion and cognition under dopamine depletion.

Collectively, our findings help us to better understand the
classical model of the basal ganglia and the role dopamine
in modulating brain function. These findings may help to in-
form theoretical models of neuropsychiatric disease where
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abnormalities in striatal dopamine are thought to play a role
in the pathophysiology. For example, it has been demon-
strated that patients with schizophrenia have increased en-
dogenous dopamine in the caudate (Abi-Dargham et al.,
2000; Caravaggio et al., 2015b; Kegeles et al., 2010) as well
as functional, anatomical, and neurochemical abnormali-
ties in the anterior cingulate cortex (Egerton et al., 2012;
Iwata et al., 2019; Kegeles et al., 2012; Reid et al., 2010;
Smesny et al., 2015). We found dopamine depletion de-
creased connectivity between the caudate and the anterior
cingulate cortex/mPFC. Future PET studies should examine
whether endogenous dopamine levels in the caudate of pa-
tients with schizophrenia is correlated with its connectivity
to the mPFC, and in turn, the severity of self-monitoring
deficits and auditory hallucinations (Carter et al., 2001;
Sapara et al., 2015).

There are several limitations to the current investigation.
First, we did not employ an active placebo condition. This
was not done due to technical and ethical considerations.
However, even if a placebo condition were employed, it is
unlikely participants would not be able to deduce the AMPT
condition, given the severity of effects AMPT produces. Sec-
ond, our sample is a uniquely self-selecting group; namely,
individuals who can tolerate AMPT administration over 27 h.
Third, dopamine depletion also depletes endogenous nore-
pinephrine concentrations. Thus, the unique effect of nore-
pinephrine depletion is unknown. However, these limita-
tions are shared by all brain imaging studies employing
AMPT. Finally, we administered AMPT over 24+ hours rather
than 48 h, as in some studies (Abi-Dargham et al., 2000;
Kegeles et al., 2010; Laruelle et al., 1997; Martinez et al.,
2009). However, since inhibition of tyrosine hydroxylase is
saturable and non-linear (i.e., plasma AMPT levels ranging
from 20 to 30 pwg/mL results in roughly the same 80% in-
hibition) (Laruelle et al., 1997; Udenfriend et al., 1965),
the benefits of 48 hour depletion (especially in the context
of potentially higher dropout rates) is unclear. Our meta-
analysis of AMPT PET studies suggests that, while variability
is improved, there is no statistically significant difference in
dopamine depletion achieved between 24+ hours and 48 h
of AMPT dosing (Caravaggio et al., 2020).

In conclusion, AMPT causes significant reductions in con-
nectivity between several cortical regions and the basal
ganglia. This dysconnectivity was generally correlated with
increases in fatigue and decreases in motivation. How-
ever, dopamine depletion also increased the connectivity
between the striatum and the sensorimotor network. Fu-
ture studies are necessary to elucidate the cognitive and
behavioural consequences of these changes. While AMPT
studies are difficult to conduct, given our emphasis on ROI
and canonical network-based analyses, our work is highly
amenable to replication by future studies. We believe this
work will help inform the role of dopamine in basal ganglia
function and neuropsychiatric diseases.
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