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ABSTRACT

Natural rewards such as erotic stimuli activate common neural pathways with monetary
rewards. In human studies, the manipulation of dopamine and serotonin play an important role
in the processing of monetary rewards with less understood on its role on erotic stimuli. In this
study, we investigate the neuromodulatory effects of dopaminergic and serotonergic

transmission in the processing of erotic versus monetary visual stimuli.

We scanned one hundred and two (N = 102) healthy volunteers using functional magnetic
resonance imaging while performing a modified version of the well validated monetary

incentive delay task consisting of erotic, monetary and neutral visual stimuli.

We show a role for enhanced central dopamine and lowered central serotonin levels in
increasing activity in the right caudate and left anterior insula during anticipation of erotic
relative to monetary rewards in healthy controls. We further show differential activation in the
anticipation of natural versus monetary rewards with the former associated with ventromesial
and dorsomesial activity and the latter with dorsal cingulate, striatal and anterior insular

activity.

These findings are consistent with preclinical and clinical findings of a role for dopaminergic
and serotonergic mechanisms in the processing of natural rewards. Our study provides further
insights into the neural substrates underlying reward processing for natural primary erotic
rewards and yields importance for the neurochemical systems of addictive disorders including

gambling disorder.
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INTRODUCTION

What drives us towards natural rewards, such as food or sex? Characterising neural substrates
implicated in processing natural rewards is essential in understanding motivational and reward
seeking processes, and pathological biases. Understanding how our behaviour may be biased,
towards either drug or monetary rewards, or towards or away from natural food, sexual or
social rewards, is relevant to the study of disorders of addiction. Here we focus on the
substrates underlying central dopaminergic and serotonergic systems comparing primary

natural sexual rewards and secondary monetary rewards in healthy humans.

Sexual behaviour has similar behavioural and neurofunctional underpinnings to other primary
rewards, such as food. Sexual behaviour involves several neurophysiological systems,
including endocrine, central nervous and peripheral mechanisms. The emergence of functional
magnetic imaging has provided important neural insights. Sexual behaviour consists of
motivation, consummation, and satiety phases. Sexual arousal comprises a cognitive
components of appraisal and attention to sexual stimuli encoded by the orbitofrontal cortex,
inferior temporal cortices and cerebellum, and an emotional component of sexual response as
a primary reward encoded by the amygdala, insula and somatosensory cortices[1]. These
studies focus on visual erotic stimuli, which reliably induces sexual motivation[2]. Central
neurotransmitter systems, including dopamine (DA), serotonin (SHT) and noradrenaline, play
a critical role in modulating sexual behaviour. In this study we assess the mannipulation of

dopamine and serotonin in the anticipation of monetary and sexual rewards.

Serotonergic transmission and sexual behaviour
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Sexual dysfunction is a common side effect of selective serotonin reuptake inhibitors
(SSRI)[3]. Sub-chronic paroxetine treatment of healthy male subjects decreased activation of
the anterior cingulate cortex (ACC), including the subgenual, pregenual, and midcingulate
cortices, ventral striatum and midbrain to visual erotic stimuli[4]. SHT and DA have proposed
opponent or functional, valence-dependent (aversive or appetitive), synergistic
relationships[5]. Increasing prefrontal serotonergic levels appear to lower dopaminergic levels
[6]. Administration in the same study sample of the serotonin—norepinephrine—dopamine
reuptake inhibitor bupropion increased ventral striatal and midbrain activation attributed
possibly to dopaminergic effects[2]. Most drugs of abuse exert acute effects on extracellular 5-
HT activity: stimulant drugs, heroin and alcohol increase rodent serotonergic transmission in

brain areas implicated in reward processing[7,8].

The role of dopaminergic transmission in the processing of erotic rewards

Dopamine plays a critical role in reward processing and reinforcement learning with midbrain
dopaminergic neurons encoding reward prediction errors, the difference between expected and
experienced rewards[9] and the incentive salience of reward-related stimuli[10]. L-dopa
administration and DA D2/3 receptor agonists are associated with new onset gambling disorder

and compulsive sexual behaviours in patients with Parkinson’s disease[11,12].

Drugs of abuse and natural rewards share a common neural pathway, the mesolimbic dopamine
system, in both a similar and distinct way between sexual rewards and effects of drugs of
abuse[13]. Dopamine mediates cue-induced craving, cognitive control and behavioural
inflexibility that characterize addiction disorders, and increases in dopamine transmission
underlie the reinforcing effects of drugs of abuse [14]. Sexual experience followed by

abstinence shows cross-sensitization with drug rewards in rodents by inducing neuroplasticity
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mediated by the transcriptional factor AFosB via D receptor activation in the nucleus
accumbens (NAcc)[15]. Dopaminergic receptor antagonism of mesolimbic/mesocortical
reward systems is presumed to be related to sexual dysfunction observed in up to 70% of treated
schizophrenia patients[16]. However gambling and hypersexuality have been reported with

aripiprazole which has partial D3 receptor agonist effects[17].

Common neural substrates between sexual and monetary rewards?

Sexual and monetary rewards appear to be mediated by a common brain network which
includes the ventromedial prefrontal cortex, amygdala, ventral striatum, mediodorsal thalamus
and anterior insula[18]. One of the most well-established tasks to dissociate anticipation and
receipt of reward stimuli is the monetary incentive delay (MID) task[19] which has been
extensively used in functional magnetic resonance imaging (fMRI) studies of healthy controls
and addiction disorders. The ventral striatum is implicated in reward anticipation for both
primary and secondary rewards. Pathological gamblers showed reduced ventral striatal
activation to anticipated erotic compared to monetary stimuli in an adapted MID task
accompanied by reduced behavioural motivation towards erotic stimuli[20]. In contrast,
subjects with compulsive sexual behaviour (CSB) or problematic pornography use showed
greater ventral striatal activation to erotic anticipation in this same adapted MID task compared
with healthy volunteers, an effect not observed for monetary rewards[21]. Here we seek to
understand the neurochemical substrates in healthy controls to monetary and sexual reward

processing underlying these observations in pathological groups.

Study aim
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We address the role of dopaminergic and serotonergic manipulation on the processing of sexual
as compared to monetary rewards in a large sample of healthy volunteers. We increased central
DA levels with L-dopa (the precursor of DA) and carbidopa (an inhibitor of peripheral
metabolism of L-dopa) and we decreased central SHT levels with acute tryptophan depletion
(ATD)[22]. Participants were scanned with fMRI while performing a modified MID task with
both monetary and visual erotic rewards. We predicted that increased DA levels would enhance
striatal activity to monetary rewards and that increased DA and decreased SHT levels would

enhance striatal activity to the anticipation of sexual rewards.

PATIENTS AND METHODS

Recruitment

One hundred and two (102) healthy volunteers, aged 18-50 years old, were recruited using
written, electronic and social media advertisements. Given the nature of the sexually explicit
material presented, all participants were male and heterosexual. Participants were included if
they were medication-free, had no active psychiatric illnesses or substance use disorder (Mini
International Neuropsychiatric Inventory (MINI) assessed by a psychologist) and were MRI-
eligible. Participants completed the Profile of Mood States (POMS)[23] prior and after
medication administration, the Beck Depression Inventory (BDI)[24], the State-Trait Anxiety
Inventory (STAI)[25], a digit span test from the Wechsler Adult Intelligence Scale
(WAIS)[26], and the Danish version of the National Adult Reading Test (DART)[27] as a
proxy of intelligence. The study was approved by the Middle Jutland Scientific Ethical

Committee and all participants provided written and informed consent.

Pharmacological manipulation/ medication
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For the L-dopa preparation, participants received 100mg L-dopa (Sinemet), the precursor of
dopamine, and 25mg carbidopa, an inhibitor of aromatic amino acid decarboxylase.
Participants were scanned approximately one hour after drug ingestion to ensure optimal DA
plasma concentration[28]. For the acute tryptophan depletion, participants received a liquid
amino acid load without tryptophan but with other large neutral amino acids, as per previous
studies[29]. Participants were scanned two hours post administration to ensure successfully
lowered tryptophan levels[22]. Further details on the experimental procedure can be found in

Supplementary Material and Methods.

Study groups

Participants were divided into four groups consisting of 1. L-dopa treatment alone, 2. ATD
treatment alone, 3. L-dopa and ATD, and 4. controls, receiving no pharmacological

manipulation.

The monetary incentive delay task

Participants completed a modified MID task consisting of monetary, erotic and neutral reward
outcomes (Figure 1), previously described in Sescousse, Barbalat et al., 2013. Participants react
to a target stimulus presented after an incentive cue to obtain the anticipated reward. Each trial
consisted of the reward cue, anticipation, discrimination, and outcome. The cue indicated the
type of reward. Anticipation was represented using a fixation cross (1500-4500 ms). A visual
discrimination task was then performed within 1000 ms (with reaction time stair-cased to
outcome: correct response subtracted 50 ms from the allowed response time, and incorrect

response added 50 ms); successful timely correct responses led to the reward outcome (i.e. a
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sexually explicit image or a monetary reward) and slow or incorrect responses led to reward
omission. No reward (neutral outcome) trials were represented using scrambled pictures of
sexually explicit ones to adjust for visual processing, including image size, color, and
complexity. The erotic stimuli for the task were chosen from a validated stimulus set[21] (24
pictures of undressed females), and monetary rewards was represented by a safe with the
amount indicated (in Danish kroner) along with the cumulative winnings. Ratings of the erotic
images for liking (pleasantness) and wanting (sexual arousal) were recorded at the end of task
on a scale from one to ten to account for variability in sexual preferences and control for
desensitization to the sexually explicit material. Participants also performed additional

cognitive tests (reported elsewhere).

Data acquisition and processing

MRI data were acquired with a Siemens Skyra 3T scanner with a 32-channel head coil at the
Center of Functionally Integrative Neuroscience at the Danish Neuroscience Center in Aarhus
Denmark. Sequences comprised of a field map acquisition (multi-band, single-echo) and a
structural T1-weighted MP2RAGE sequence. An echo-planar imaging (EPI) sequence was
acquired of 1200 volumes (repetition time (TR): 1660 ms, echo time (TE): 30 ms, flip angle:

75°, acquisition matrix: 106%106*72).

Preprocessing of the functional EPI images was performed with Statistical Parametric
Mapping, 12th edition[30]. Converted NIFTI images were slice time corrected to the center of
each TR period, realigned, and co-registered to the same EPI image from SPM using the
OldNormalise method (based on three comparisons of registration and normalization,
including T1, field-map and EPI images, as the latter yielded higher spatial resolution in orbito-

and medial frontal regions, when compared with field map and segmentation-based
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methods)[31]. Images were smoothed with a full width at half maximum (FWHM) kernel of
6 mm?>. Realignment parameters were included as a covariate. Second-level analyses were
performed dividing participants into groups based on blinded IDs and computed separately for
anticipation and outcome phases in a full factorial design specification, with a between-subjects
factor of drug (assuming independence and unequal variance), and a within-subjects factor of
type of reward (assuming non-independence and equal variance). Tests were employed for
main effects of drug and reward for the separate phases of reward anticipation and outcome for
all four groups. If main effects were found, drug by reward interaction effects were analyzed
with two-sample t-tests. Reward types were compared with neutral as a control (i.e. monetary
anticipation vs. neutral anticipation; erotic anticipation vs. neutral anticipation). All analyses
were reported at whole brain family-wise error p<0.05 cluster corrected (with cluster defining
threshold of p<0.001 uncorrected). Region-of-interest (ROI) analyses focused on the ventral
striatum and were conducted with small-volume-correction (SVC) of 5 ™™ with significance

assigned at a threshold of family-wise error p<0.05.

Statistical analysis of behavioral outcomes

Participant demographics and trait questionnaire scores were assessed for normality of
distribution and outliers and compared between groups with two-tailed t-tests. No outliers
were noted. Due to technical errors, reaction time data for four participants were unavailable.
We examined RT differences across erotic and monetary versus neutral targets using an
improved-scoring algorithm by Greenwald and colleagues [32]. This algorithm reduces
biases due to variability of RTs by standardizing differences in response latencies and
dividing an individual’s difference in RTs by a personalized standard deviation of these
differences. We compared drug by reward RT differences using a two-way analysis of

variance (ANOVA). For trait personality and mood state ratings, we performed two-way
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ANOVAs. For significant main effects, post-hoc t-tests were Bonferroni corrected for
multiple comparisons. Effect sizes were reported using partial Eta Squared (pn?2). Statistical

analyses were performed using the statistical software R (version 3.6.3).

RESULTS

Behavioural results

Demographics and questionnaire results are presented in Table 1 with no significant
differences noted. Participants also did not differ in measures of alcohol or pornography
craving or impulsivity. Across all groups, we show faster RTs to monetary compared to
erotic cues (F (1,188) =9.36, p = 0.003, pn?> = 0.047) with no medication effect. Subsequent
pairwise t-tests revealed that only the L-dopa group did not show a significant difference
(t(24) = 1.88, p = 0.29,p uncorected — () 07), whereas ATD (t(22) = 2.74, p = 0.048), ATD + LD
(t(22) =2.89, p = 0.033), and the HV-control groups (t(26) = 2.73, p = 0.04) all reached

significance.

Reward anticipation neural activity

The main effect of medication during reward anticipation revealed greater activity in the drug
groups in the right parahippocampus, ventral posterior cingulate cortex (VPCC), and right
primary visual cortex relative to placebo (for full results overview, see Table S1 in
Supplementary Material). The main effect of reward revealed differences across erotic and
monetary reward anticipation. Anticipation of erotic - neutral stimuli was associated with
increased mesial prefrontal activity in the ventromedial prefrontal cortex (vmPFC),

dorsomedial prefrontal cortex (dmPFC) and ventral posterior cingulate cortex (vPCC), whereas
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monetary - neutral anticipation was associated with increased bilateral ventral striatum,

caudate, putamen, anterior insula, and dACC and right dIPFC (Figure 2).

We then showed that erotic - neutral anticipation in drug groups versus monetary — neutral
anticipation in placebo had greater activity in right caudate, left anterior insula, and left
cerebellum (Figure 3). Post-hoc analyses showed no significant differences among the three

different medication groups. There were no significant differences in the opposite contrast.

Reward outcome neural activity

The main effect of drug showed that drug groups relative to placebo had greater activity in the
right vPCC, left parahippocampus, and medial cerebellum (Figure S1 in Supplementary
Material). Further ROI analyses for the bilateral ventral striatum revealed increased activity in

drug groups relative to placebo.

The main effect of reward outcome showed that erotic — monetary outcomes had greater
activity in mesial-prefrontal regions such as the vmPFC, subgenual cingulate cortex, bilateral
OFC, amygdala and fusiform face areas (FFA) (Figure 4). In contrast, monetary — erotic
outcomes showed greater activity in dACC, and anterior PFC. There was no interaction

between the drug type and reward type.

DISCUSSION

We acutely increased central dopaminergic transmission with the dopamine precursor L-dopa
and decreased central serotonergic transmission with acute tryptophan depletion in a large
group of non-clinical healthy volunteers. Participants underwent fMRI scanning while

performing a well-validated version of the monetary incentive delay task consisting of
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monetary, erotic and neutral stimuli. We show activation of distinct neural systems for erotic
and monetary rewards during anticipation and outcome stages. We additionally show activation
of dissociable neural areas by altered dopaminergic and serotonergic levels compared to the

placebo group.

Dissociable neural areas encoding erotic versus monetary rewards

Erotic stimuli during both anticipation and outcome stages activated mesial prefrontal areas
such as vimPFC and dmPFC whereas monetary rewards activated dorsal cingulate areas. The
vmPFC is implicated in outcome representation and associative learning relevant to outcome
tracking of goal-directed control[33], whereas the dorsal cingulate is implicated in salience,
tracking of prediction errors and conflict monitoring[34]. The two brain areas have been
differentially involved in foraging versus decisions regarding traditional economic choices[35]
with proposed distinct involvement of vmPFC and dACC for current choice and best long-term
option respectively in sequential multiple-stage decisions[36]. It is plausible that the distinct
neural activation in our study represents potentially different decision processes for natural
(sexual) versus secondary (monetary) rewards; although our task is not a sequential decision
making task, it may well be that trials with monetary rewards tracked longer term options,
which included showing the cumulative earnings, elicited the outcomes of decisions to be used

as priors for the next trial presenting with monetary rewards.

We also show enhanced striatal and anterior insula activation during anticipation of monetary
rewards which may also represent a greater preference in healthy controls. Primary rewards
including food and erotic rewards were previously shown to be associated with anterior insular
activity compared to monetary rewards[20]. The anticipation stage for erotic rewards in our

study possibly activates the cognitive component as described in the neurophenomenological
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model already detailed, i.e. attention and appraisal to the visual sexual stimuli; this includes
the activation of prefrontal areas but not striatal and insular areas, which are associated along
with amygdala with the emotional component of the model. Indeed, during the reward outcome
stage, erotic stimuli increased amygdala activation. Additionally, in our study we applied visual
erotic stimuli; although this reliably induces sexual motivation and “wanting”, it is distinct
from genital stimulation[37] which is required for entering the consummatory plateau of the

sexual response cycle and activates insula and amygdala[2].

Our findings also highlight differences during the reward outcome stage with greater OFC
activity for erotic versus monetary reward outcomes. A previous study using a similar adapted
MID task showed enhanced activity in posterior OFC to erotic versus monetary reward
outcomes, a finding that was greater in non-treatment active gamblers to monetary
outcomes[20]. This difference may represent dissociate tracking of different reward types
differentiating between a primary natural reinforcer and a secondary conditioned reinforcer
which may represent distinct evolutionary processes[20]. Indeed, rodent studies suggest that
natural sweet taste reward and drug of abuse (heroin) are both represented in different neuronal
populations within the OFC[38]. Additionally, the OFC is highly interconnected with the
basolateral amygdala encoding expected outcomes and coordinating goal-directed
behaviour[39]. Alternatively, monetary anticipation and tracking of monetary outcomes may
involve more discrete representations of reward value and prediction errors which might be
more closely associated with dorsal cingulate and striatal regions. The OFC is also implicated
in behavioural disinhibition[40] and the lateral OFC particularly in inhibitory failures[41]

which may contribute to impairments in inhibitory control in the context of erotic imagery.

Pharmacological manipulation of erotic versus monetary rewards
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We show that increased DA and decreased 5-HT tone increased activation of the right caudate
and left anterior insula during anticipation of erotic relative to monetary rewards in healthy
controls (Figure 3). We have very recently shown that treatment-active gambling disorder
subjects relative to healthy volunteers have greater ventral striatal activity to erotic versus
monetary reward anticipation (work currently submitted). Our findings in this healthy control
group suggest that one plausible mechanism for our observations in gambling disorder subjects
may relate to enhanced dopaminergic and lowered serotonergic tone. These findings converge
with preclinical and clinical studies on the role of dopaminergic and serotonergic effects on

sexual reward.

These findings converge with and also shed light on the literature on compulsive sexual
behaviour (CSB) suggesting that differential mechanisms may lead to similar behavioural
profiles. Dopamine agonists have been associated with CSB in Parkinson’s disease[42] with
greater sexual drive associated with dopaminergic drugs correlating with greater striatal,
cingulate and OFC activity to sexual imagery[43]. Our findings are consistent with these
observations of dopamine-agonist related CSB. However, PD is also associated with
neurodegeneration across monoaminergic cell bodies including the serotonergic system;
patients that develop CSB represent a specific subgroup which might also have greater baseline
impairments in underlying serotonergic function. In the general population, CSB is associated
with enhanced ventral striatal activity to visual sexual cues[44] associated with greater early
attentional bias[45] correlating with greater choice preference and approach behaviours
towards sexually conditioned stimuli[45] suggesting potential overlaps between CSB and
disorders of addiction. CSB subjects also show greater ventral striatal activity during the
anticipation of sexual imagery relative to monetary rewards as tested using a similarly modified

version of the MID task[21]. Our findings suggest a possible role for underlying hyperactive

Casper Schmidt 15



dopaminergic or lower central serotonin tone in CSB. Further studies in this population with

pharmacological manipulation may shed more light on causal mechanisms.

Preclinical neuroimaging studies in humans have suggested a link between antidepressant
treatment and decreased sexual function thus lending support to the idea that increased 5-HT
might decrease sexual motivation[46]. We show that depleting central 5-HT levels may
increase neural properties of anticipation of sexual rewards. Given the suggested modulatory
role of serotonergic transmission on the dopaminergic system[5,6], the observed effects may
be mediated through dopaminergic transmission. Innate natural rewards such as sweet taste
appear to override cocaine including in drug-sensitized rodents[47] mediated possibly by the
endocannabinoid system[48] which in turn is correlated with increased DA release in the
NAcc[49]. Indeed, higher extracellular dopaminergic levels were shown to result in increased
“wanting” for sweet rewards[50]. Similarly, we show that increases in DA and lowering 5-HT
enhances caudate activity specifically to erotic relative to monetary anticipation in healthy

volunteers.

We did not show a specific effect of drug on reward outcomes. Previous studies using similar
adapted MID tasks in CSB demonstrated only differences in the anticipation and not outcome
phase in keeping with the concept of higher ‘wanting’ rather than ‘liking’ of erotic
outcomes[21]. We did show increased ventral striatal activity in the drug groups to reward
outcomes. We applied three different manipulations consisting of increased dopaminergic,
lowered serotonergic, and a combination of increased dopaminergic and lowered serotonergic
transmission and compared these to placebo. We did not find any difference between the three
different types of neuromodulation, but we found that all three manipulations increased activity
in bilateral ventral striatal areas during reward outcomes characterized by dense dopaminergic

innervation[51]. The ventral striatum is one of the neural areas within the reward processing
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circuit which along with the orbitofrontal cortex, amygdala and medial prefrontal cortex, and
it is suggested to mediate reward prediction errors which drive reinforcement learning[9]. Both
primary[52] and secondary rewards[53] activate ventral striatum; indeed, in our study we did
not observe any role for the type of reward on activation of this neural area. This lack of ventral
striatal difference in the anticipation of reward types might reflect the lack of differential
preference in healthy controls, whereas in CSB subjects, sexual reward preference appears to
play a role in greater ventral striatal activity[54]. A role for serotonin mediating an inhibitory
control of the prefrontal cortex over reward signals encoded by dopaminergic neurons in the
NAcc has been suggested[6,55]. Negative interactions between the NAcc and anteroventral
PFC, which is suggested as a neural correlate of prefrontal inhibitory control over reward
signals in the NAcc[56], were increased with the SSRI paroxetine during processing of erotic
rewards[4]. Thus, our findings align with previous findings of potential opponent interaction
between dopaminergic and serotonergic transmission and show this interaction may also

underlie the processing of erotic rewards.

This study is not without limitations. The study is focused on healthy controls; such
pharmacological manipulations in patient groups using this fMRI task might allow for more
causative interpretations. We did not observe any differences between interventions. These
specific manipulations may not be sensitive to reward anticipation and outcome but might
reveal differences with other cognitive processes or within patient groups. Levodopa
administration and tryptophan depletion are also fairly non-specific interventions; more
specific pharmacological manipulations on specific dopamine or serotonin receptor subtypes

might be indicated to reveal differential effects.

Together, our findings demonstrate dissociable effects of altered central dopamine and

serotonin levels in the processing of erotic versus monetary rewards in a non-clinical healthy
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population. Our findings provide further insights into the neuromodulatory systems of reward
processing. These findings also have important clinical implications. Our findings suggest
that multiple possibly interactive mechanisms may lead to CSB. The management of
dopaminergic medication-induced CSB in Parkinson’s disease beyond decreasing dose or
changing medications can be very difficult to treat. The capacity to differentially modulate
reward subtypes, for instance by enhancing natural rewards in alcohol or drug addiction or
gambling disorders might shift the myopic bias away from pathological cues to natural rewards.
Serotonin specific reuptake inhibitors have been shown to improve gambling disorder[57]; one
plausible mechanism by which this might occur might be related to a shift from pathological
towards natural rewards. The role of serotonergic mechanisms in CSB may be complex as a
small case series of CSB subjects treated with serotonin specific reuptake inhibitors show an
initial decrease in compulsive sexual behaviours but a longer term increase in new sexual
behaviours[58]. Further pharmacological studies with specific SHT receptor profiles or
dopamine antagonist profiles are indicated in CSB. Hypoactive sexual desire in women and
sexual dysfunction related to chronic antidepressants and antipsychotics is a highly relevant
clinical problem. Flibanserin a SHT1A agonist and SHT2A antagonist shows efficacy in the
treatment of hypoactive sexual desire in women[59]. The dopamine agonist apomorphine has
been also shown efficacy in hypoactive sexual desire in women[60]. Bupropion, a
noradrenergic and dopaminergic reuptake inhibitor shows efficacy in the management of
serotonin reuptake inhibitor sexual dysfunction in depression[61] and methadone-treated
patients[62] and demonstrates differential neural activity to erotic stimuli relative to
paroxetine[4]. Further studies assessing the role of pharmacological manipulation in
pathological disorders along with a more fine-grained understanding of the specific dopamine

or serotonin receptor subtype, and the role of other neurotransmitters are indicated.
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FIGURE LEGENDS

Figure 1: The monetary incentive delay task (MID). Participants were first shown a cue indicating
the reward type. The cue was then replaced by a fixation cross indicating the anticipation phase
and then the discrimination task, where they had to make a correct response (button press to a
symbol within 1 second) to obtain the reward. In correct and rewarded trials, subjects were shown
either a safe with information about the amount won and cumulative winnings, or a sexually

explicit picture of a female.

Figure 2: Main effect of reward with (a) greater erotic relative to monetary anticipation activity in
ventromedial and dorsomedial prefrontal cortices, and ventral posterior cingulate cortex, and (b)
greater monetary relative to erotic anticipation activity in bilateral areas of ventral striatum,
caudate, putamen and anterior insula, and the dorsal anterior cingulate cortex and the right
dorsolateral prefrontal cortex. The image was thresholded at the whole-brain level of p = 0.001
uncorrected, and made in MRIcroGL (ver. 1.150909) by manually extracting cluster from

Statistical Parametric Mapping and adding an overlay illustrating signal intensity.

Figure 3: Drug by reward interaction effect with increased erotic versus monetary anticipation in
medicated groups compared to the control group in the right caudate and left anterior insula. Image
thresholded at the whole-brain level of p = 0.001 uncorrected, and made in MRIcroGL (ver.
1.150909) by manually extracting cluster from Statistical Parametric Mapping and adding overlays

illustrating signal intensity.
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Figure 4: Main effect of Reward with (a) greater erotic relative to monetary outcome activity in
ventromedial, subgenual cingulate, and bilateral orbitofrontal cortices, and bilateral amygdala and
fusiform face area, and (b) greater monetary relative to erotic anticipation activity in bilateral
anterior prefrontal and dorsal anterior cingulate cortices. The image was thresholded at the whole-
brain level of p = 0.001 uncorrected, and made in MRIcroGL (ver. 1.150909) by manually

extracting cluster from Statistical Parametric Mapping and adding an overlay illustrating signal

intensity.

TABLES

Table 1: Demographic characteristics and questionnaire results. Mean + Standard deviation

(SD)

Variable L-dopa ATD L-dopa + HV P

ATD
Age 26.3(6.3) |26.1(5.4) |26.8(6.3) 26.8 (5.8) [0.08 0.97
DART 279(79) |31.1(6.3) |33.0(3.7) 27.9 (6.6) 2.82 0.04
Digit span 1523.9) [1543.2) (1522.7) 16.5 (3.0) 0.77 0.51
BDI 54(4.9) [54@3.7) 1[6.1(3.6) 7.2(8.5) 0.53 0.66
STAI 60.7 (12.6) (67.7 (11.3) |68.2 (15.3) 66.8 1.49 0.22
(17.4)

Mean liking 59(1.4) [6.0(1.1) [6.1(2.0) 6.1 (1.1) 0.04 0.99
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Mean wanting  |5.7 (1.8)  [5.7(1.5) [5.9 (2.6) 57(1.3) lo.07 0.98
Erotic RT bias 0.3 (0.3) [0.3(0.3) 0.4 (0.3) 0.4 (0.3) [0.94 0.43
Monetary RT bias/0.5 (0.4)  |0.5(0.3) 0.6 (0.3) 0.6 (0.4) [0.52 0.67

Abbreviations. L-dopa, Levodopa; ATD, acute tryptophan depletion; HV, healthy volunteer;

DART, Danish Adult Reading Test; BDI, Beck’s Depression Inventory; STAI, State-Trait

Anxiety Inventory; RT, reaction time
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