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Understanding how the brain translates a structured sequence of
sounds, such as music, into a pleasant and rewarding experience is a
fascinating question which may be crucial to better understand the
processing of abstract rewards in humans. Previous neuroimaging
findings point to a challenging role of the dopaminergic system in
music-evoked pleasure. However, there is a lack of direct evidence
showing that dopamine function is causally related to the pleasure
we experience from music. We addressed this problem through a
double blind within-subject pharmacological design in which we
directly manipulated dopaminergic synaptic availability while healthy
participants (n = 27) were engaged in music listening. We orally
administrated to each participant a dopamine precursor (levo-
dopa), a dopamine antagonist (risperidone), and a placebo (lactose)
in three different sessions. We demonstrate that levodopa and ris-
peridone led to opposite effects in measures of musical pleasure and
motivation: while the dopamine precursor levodopa, compared
with placebo, increased the hedonic experience and music-related
motivational responses, risperidone led to a reduction of both. This
study shows a causal role of dopamine in musical pleasure and
indicates that dopaminergic transmission might play different or
additive roles than the ones postulated in affective processing so
far, particularly in abstract cognitive activities.

music | dopamine | reward | pleasure | motivation

Afascinating aspect of humans is their capacity to experience
feelings of pleasure from highly complex patterns of audi-

tory or visual stimulation such as music and artwork (1–4). In-
triguingly, as it is the case for music, these activities do not
provide survival values, as primary pleasures (such as food or
sex) do, thus raising questions about the ultimate goal of the
reward-related signals they can induce in most humans and the
neural circuits underlying such particular pleasure.
Previous research has consistently shown that music-evoked

pleasure is accompanied by physiological changes in the auton-
omous nervous system, as well as modulation of the mesolimbic
reward pathway, which are similar to those found in response to
primary (such as sex or food) and secondary rewards (e.g.,
money) (refs. 5–17; see also, refs. 18 and 19). Notably, a PET
study (11) found that, similar to the processing of biologically
relevant rewards, preferred music induces dopamine release in
striatal regions, particularly in the nucleus accumbens (NAcc) and
the caudate. These findings have led to a model whereby the re-
cruitment of dopaminergic circuits by music—through communi-
cation with sensory and cognitive areas involved in the processing
of musical information—would result into changes in emotional
intensity and arousal, leading to pleasurable and rewarding feelings
(20–23). This view challenges previous evidence from primary

rewards conducted in rodents, where dopaminergic manipulations
show a clear role of dopamine in motivation and learning, but a
controversial function in regulating hedonic responses in primary
rewards such as food. Indeed, the pleasurable component of reward
has been associated with hedonic hotspots in the NAcc regulated by
opioids, rather than dopaminergic transmission (23).
However, except for the study of Salimpoor et al. (11), most re-

search on musical pleasure has relied on indirect measures of neu-
ronal activation, with no specificity for neurotransmitter systems that
may be involved, and thus their interpretation about the actual
neurochemistry supporting musical pleasure has to be taken with
caution. In addition, there is no direct evidence showing that do-
pamine function is causally related to music-evoked pleasure. In-
deed, most of the studies conducted rely on correlational methods,
such as neuroimaging, or on chemically nonspecific brain stimula-
tion methods (24). Indeed, so far no studies have shown that direct
manipulation of synaptic dopaminergic availability can modulate
musically induced pleasure. Thus, it remains elusive whether dopa-
mine release and the engagement of dopaminergic circuits
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observed in prior studies is actually causing/facilitating the
pleasure we experience from music or, in contrast, it is a conse-
quence of that pleasure, engaging dopamine-related learning and
motivational systems as it has been shown in animal studies using
primary rewards. Furthermore, certain authors have distinguished
between various kinds of pleasures, ranging from more sensory-
based, mastery-competence related, to more aesthetic (refs. 25–
27; see ref. 28 for a recent discussion). Although dopamine might
not be directly involved in more sensory pleasurable experiences,
it could however intertwine differentially or in a more complex
way in the processing of diverse types of pleasures, as could be the
case in aesthetic experiences (29). Directly manipulating dopa-
minergic transmission would then critically shed light on the
neurobiology and neurochemistry underpinning reward responses
to music. More broadly, this approach would also disentangle the
causal role of the dopaminergic system, characterized by impor-
tant differences across species (30, 31), in the pleasurable re-
sponses associated with abstract rewards in humans.
We addressed this question through a double blind within-

subject pharmacological design in which we directly manipulated
dopaminergic synaptic availability while healthy participants lis-
tened to self-selected and experimenter-selected musical excerpts
(24). Therefore, we orally administrated to each participant a do-
pamine precursor (levodopa), a dopamine antagonist (risperidone),
and a placebo (lactose) in three different sessions (separated by
at least 1 wk). The dopamine precursor levodopa does not in-
discriminately and massively enhance tonic dopamine levels as
other dopamine-enhancing drugs do—like methylphenidate or
d-amphetamine. In contrast, levodopa is rapidly taken up by
dopaminergic neurons, to be transformed into dopamine and stored
in vesicles, enhancing synaptic dopamine levels in association
with stimulus-elicited responses. Risperidone is a dopaminergic
antagonist that interferes with dopaminergic neurotransmission
by binding to a series of dopamine receptors known as D2-like
receptors (32). We measured pleasure responses through (i) a
physiological measure of arousal, electrodermal activity (EDA),
which is a good objective indicator of the hedonic impact of
music (19, 33); and (ii) subjective ratings of the experienced
pleasure (real-time ratings and general pleasure ratings provided
after each song). Motivational responses were measured by asking
participants how much of their own money they were willing to
spend for each song, using a previously validated auction paradigm
(12, 24). To control for other possible dopaminergic-dependent
modulations, participants were requested to provide, for each
excerpt, subjective ratings of emotional valence, arousal, and fa-
miliarity. Crucially, to control for the actual implication of reward
processes, we also employed a nonmusic condition, the monetary
incentive delay (MID) paradigm, a well-established and exten-
sively used protocol able to activate the dopaminergic system,
which was the focus of study here (19, 34, 35). We predicted that if
dopamine, beyond its role in learning and motivation, plays a
causal role in music-evoked pleasure, levodopa and risperidone
administration should lead to opposite effects in measures of both
musical pleasure and motivation: while the dopamine precursor
levodopa should increase the hedonic experience and the music-
related motivational responses, risperidone should lead to a reduction
of both. In contrast, if dopamine only plays a role in motivation
as previously described in primary rewards, the pharmacological
intervention should leave pleasure reactions intact and just
modulate music-related motivational responses.

Results
Listening to pleasurable music is often accompanied by mea-
surable bodily reactions such as goose bumps or shivers down the
spine, commonly called “chills” or “frissons.” Chills are generally
used as indicators of musical pleasure, although not everybody
experiences chills in response to music. In the current experi-
ment, 16 (out of 27) participants reported chills during the

placebo session with either their own favorite music or our music
selection. We examined the time these specific participants
reported chills across sessions to assess the effects of the phar-
macological interventions on chill responses. To normalize these
values across participants (24), we computed changes with re-
spect to the placebo in the amount of time these participants
reported chills during music listening (i.e., self-selected and
experimenter-selected excerpts), following both levodopa and
risperidone administration (but see SI Appendix, Figs. S1–S3 for
complete representation of the three pharmacological sessions
and SI Appendix, Fig. S4 for distribution of individual responses
to drugs). A Wilcoxon signed-rank test indicated that chill re-
sponders spent more time reporting chills following levodopa
than risperidone (Z = 2.341, P < 0.019). Next, we followed a
similar procedure for high-, low-, and no-pleasure ratings (i.e.,
with the whole sample). The analysis revealed significant dif-
ferences between pharmacological interventions in the time re-
porting high- (Z = 1.968, P < 0.049) and low-pleasure (Z = 2.273,
P < 0.023) ratings. Under levodopa, participants were more
likely to report high-pleasure ratings and less likely to report low-
pleasure ratings than following risperidone administration. No
differences between levodopa and risperidone were found in the
time reporting no pleasure (Z = 0.698, P < 0.485). No significant
differences were found when comparing real-time ratings be-
tween experimenter-selected (i.e., pop) and self-selected (i.e.,
favorite) music (all P > 0.173, Wilcoxon signed-rank tests, see
also SI Appendix, Fig. S5). Pharmacological interventions (i.e.,
drugs) bidirectionally affected (i.e., higher pleasure under pre-
cursor, lower under antagonist) both types of excerpts in the
same way. Importantly, this effect was not due to a general re-
duction of ratings under risperidone, as no significant differences
in total time reporting real-time ratings were found when com-
paring the two drugs (Z = −0.952, P = 0.341, Wilcoxon signed-
rank test). These drug effects did not differ between men and
women (all P > 0.706, Kruskal–Wallis H tests).
We then evaluated changes across sessions in EDA associated

with real-time ratings of pleasure provided by the participants.
Previous studies have shown that listening to pleasurable music is
generally accompanied by increases of EDA which are modu-
lated by the intensity of the experienced pleasure. Thus, EDA
associated with high pleasurable musical excerpts has been
generally used as an objective measure of musical pleasure.
Therefore, we computed physiological values associated with
high-pleasure music listening periods by subtracting changes in
EDA following low (real-time ratings 1 and 2) to high pleas-
antness ratings (i.e., refs. 3 and 4). Placebo-corrected EDA val-
ues associated with high-pleasure states during music listening
showed an increase under levodopa, significantly different from the
decrease observed under risperidone [effect of drug (levodopa/
risperidone), t (25) = −2.261, P = 0.033, paired t test] (Figs. 1B
and 2A). No EDA modulations were observed during a baseline
rest period (before the music listening task). Importantly, these
results indicate that pharmacological interventions did not in-
duce changes in EDA itself nor generally in EDA response to
music, but rather, affected the signal associated with high he-
donic responses to music. In addition, we also analyzed the av-
erage EDA while listening to music (thus averaging the 45 s of
music listening for all songs listened to) on each session. We did
not find differences in EDA amplitude for the entire duration of
the songs following levodopa or risperidone [t (25) = 0.873; P =
0.391, paired t test]. This result indicates that the dopaminergic
manipulation did not lead to tonic changes in EDA while listening
to music, but rather specifically modulated the amplitude of phasic
EDA in response to highly pleasant sections of music. For the
control monetary reward task (MID), and similarly to music lis-
tening, a drug-dependent modulation effect was observed for high
incentive condition. EDA activity associated with high monetary
gains resulted in increased and decreased conditions under
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levodopa and risperidone, respectively [t (26) = −2.868, P = 0.008,
paired t test] (Fig. 2B), while no significant differences were ob-
served during the neutral (i.e., no rewarding) condition [t (26) =
−0.926, P = 0.363), paired t test].
Next, we tested whether dopaminergic manipulation influ-

enced participants’ aesthetic judgments provided after each song
(from 1 = no pleasantness to 5 = intense pleasantness). Fol-
lowing the same rationale as with the previous analyses, we
computed percent of change following risperidone or levodopa
administration with respect to placebo. The analysis revealed a
marginal difference between drugs: individuals tend to report
higher liking rates following levodopa than risperidone (Z =
−1.947, P = 0.052, Wilcoxon signed-rank test). No significant
changes were observed between drugs for other subjective rat-
ings provided after each song, i.e., familiarity, arousal, and
emotional valence (all P > 0.105 Wilcoxon signed-rank tests).
Finally, and importantly for our hypothesis, the pharmaco-

logical intervention did modulate participants’ willingness to pay
for the experimenter-selected music: individuals significantly bid
more money under levodopa than under risperidone (Z = 2.435,
P = 0.015, Wilcoxon signed-rank test). As was the case for
pleasure responses, motivational reward responses (monetary
bids) increased under dopaminergic stimulation and decreased
under dopaminergic inhibition relative to baseline (Fig. 1C). In
line with results in real-time ratings, the general drug effect on
motivational responses did not differ between men and women
[χ2 (1) = 0.462, P = 0.497, Kruskal–Wallis H test].

Discussion
Overall, our results straightforwardly revealed that pharmacologi-
cal interventions bidirectionally modulated the reward responses
elicited by music. In particular, we found that risperidone impaired
participants’ ability to experience musical pleasure, whereas levo-
dopa enhanced it. Accordingly, emotional arousal corresponding to
high-pleasure real-time ratings, as indexed by changes in EDA, was
higher under the dopamine precursor and lower under the dopa-
mine antagonist compared with placebo. These findings parallel
those observed in the control MID task, where EDA increased
under levodopa and decreased under risperidone in response to
high-rewarding, but not to neutral nonrewarding monetary cues.
Finally, participants were willing to spend more money under
levodopa than under risperidone, indicating that they were more
motivated to listen to the music again when promoting the dopa-
minergic transmission than when blocking it.
Previous studies have consistently shown the implication of the

mesolimbic reward system for both hedonic and motivational
responses using PET (5, 6, 11, 35), fMRI (7–17), and transcranial
magnetic stimulation (TMS) (24). However, except for ref. 11,

none of these studies were specific to dopamine transmission,
and all were correlational except for ref. 24, which however
attempted to indirectly modulate dopamine by means of TMS.
Here, we provide causal evidence for the implication of the
dopaminergic system in musical reward by directly altering do-
paminergic function. Several findings support that our pharma-
cological modulations specifically affected reward responses,
rather than a more general modulation of participants’ arousal
or well-being. First, results from the control MID task, previously
related to specific brain activity and dopamine release in the
NAcc (34, 36), confirm a pharmacological-dependent modula-
tion of the reward system. If the intervention was affecting
dopamine-dependent reward responses, changes should be pre-
sent in a dopamine-dependent task such as the MID. Adminis-
tration of dopamine precursor was indeed associated with an
increase in EDA for high compared with low magnitude of
monetary reward-predicting cues, and this response decreased
under risperidone. In addition, neutral trials, in which partici-
pants did not lose or win money, were used as a negative control
to ascertain whether pharmacological modulation was confined
to reward-related processes, and thus rule out unspecific drug
effects on baseline dopaminergic tone. Crucially, no differences
across conditions (i.e., drugs) were found for the neutral condi-
tion, indicating an interaction between reward processing spe-
cifically and dopaminergic modulation. Second, EDA values
were similarly modulated in response to high- compared with
low-rewarding musical excerpts, but no differences across ses-
sions were found in the baseline condition. Finally, at the be-
havioral level, only the reward-related subjective ratings were
modulated by pharmacological interventions, while no significant
changes in emotional valence, arousal, and familiarity ratings
were found across sessions. This is in line with recent findings on
word learning [same interventions, same individuals (37); par-
ticipants completed the word learning task after our music para-
digm] showing that the behavioral ratings associated with reward
during learning, but not the ones related to a neutral condition or
to arousal, were affected by the pharmacological interventions in
the same manner as the ones reported here. Altogether, these
points offer converging evidence that our findings pointedly
reflect a drug-dependent modulation of reward experience and
exclude an unspecific and confounding general drug effect af-
fecting participants’ health or mood state.
In this vein, Berridge and Kringelbach (23) describe three

interconnected but neurobiologically different psychological
components of reward: “liking,” namely the hedonic impact, plea-
surable component; “wanting,” namely the motivation for re-
ward; and “learning,” namely the associations, representations,

Fig. 1. Changes with respect to placebo condition under levodopa and
risperidone (means ± SEM) for music-related reward responses. (A) Amount
of time reporting chills, high pleasure (HP), low pleasure (LP), and no plea-
sure (NP) real-time ratings (i.e., while listening to each song, including self-
and experimenter-selected songs; e.g., risperidone and levodopa, respectively,
decreased and increased by 43% and 65% the time reporting chills with respect
to the placebo condition). Chills values include chills responders only; HP, LP, and
NP values include the entire sample. (B) EDA changes associated with high-
pleasure real-time ratings. (C) Motivational ratings, i.e., willingness to spend
money for each excerpt. *P < 0.05.

Fig. 2. EDA changes (means, solid lines ± SEM, lighter colors) over time with
respect to placebo condition under levodopa (green) and risperidone (red)
during music listening associated with high-rewarding excerpts (i.e., high
minus low real-time liking rates) (A) shows very similar responses to EDA
changes associated with high-rewarding cues (i.e., high monetary gain minus
low monetary gain) in the MID control task (B).

Ferreri et al. PNAS | February 26, 2019 | vol. 116 | no. 9 | 3795

N
EU

RO
SC

IE
N
CE

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S
SE

E
CO

M
M
EN

TA
RY

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 



www.manaraa.com

and predictions about future rewards based on past experiences. If
on the one hand the role of dopamine in wanting and learning
components is widely accepted, on the other hand, its function in
regulating hedonic responses appears controversial. For example,
near complete destruction of nigrostriatal and mesolimbic dopa-
minergic neurons led to no changes in pleasure although it was
able to completely abolish rats’ interest in food (38). Nevertheless,
the studies investigating reward processing usually deal with pri-
mary rewards, such as food, and animal models (e.g., refs. 39–41).
Here, in contrast, studying responses to abstract rewards in human
subjects, we show that manipulation of dopaminergic transmis-
sion affects both the pleasure (i.e., amount of time reporting chills
and emotional arousal measured by EDA) and the motivational
components of musical reward (money willing to spend). These
findings suggest that dopaminergic signaling is a sine qua non
condition not only for motivational responses, as has been shown
with primary and secondary rewards, but also for hedonic reac-
tions to music. This result supports recent findings showing that
dopamine also mediates the perceived pleasantness attained
by other types of abstract rewards (37) and challenges previous
findings in animal models on primary rewards, such as food
(42, 43).
Musical pleasure, in contrast to what occurs with primary re-

wards, may depend on modulations of emotional arousal and
intensity (6) triggered by expectations and surprises driven by the
presence of structural and temporal regularities in musical pat-
terns (12, 44, 45), associative conditioning (29, 46), or episodic
memory (47) among others (48–50). Importantly, most of these
elements rely on cognitive computations driven by dopaminergic
transmission: from dopamine’s role in learning to its role in
memory or attention (see ref. 31). In this regard, levodopa has
been shown to enhance cognitive function especially in memory
and learning (51–53), but also in other domains, such as semantic
activation and priming (54–56), and even feedback-based grammar
learning (57). On the contrary, the blockade of D2 receptors may
lead to cognitive impairments (58), especially in executive functions
and memory (59, 60). Importantly, drug intake only influenced
reward-related ratings such as real-time ratings of pleasure,
physiological response to pleasure, and participants’ willingness
to buy our music selection, but it did not distort other functions
important for music perception. Drug intake did not alter their
ability to recognize familiar melodies—indicating that the drugs
did not interfere with the recall and recognition of previous
music experiences—and it did not modulate perceived emotional
valence or general arousal, which may be related to concrete
acoustic attributes such as pitch, mode, tempo, or loudness (49,
50). Thus, one potential interpretation of our results, together
with previous evidence in a task involving implicit reward
through successful learning (37), is that dopamine-dependent
cognitive processes such as learning and memory—modulated
up and down by levodopa and risperidone, respectively—may sub-
stantially influence the pleasure generated by abstract activities.
This view does not necessarily imply that dopaminergic

transmission generates the hedonic experience per se. It could
be generated by other neurotransmitter circuitries that interact
with the dopamine system. Previous animal studies with primary
rewards have shown the existence of so-called “hedonic hotspots”
in the brain that are responsible for the generation of pleasure
(61). These hedonic hotspots, found along the reward circuitry in
the NAcc, insula, orbitofrontal cortex, and ventral pallidum, are
modulated by opioid transmission (62). Both opioid and dopa-
mine systems are colocalized and they interact in complex ways.
While opioid modulation of dopamine neurons has been exten-
sively studied due to its relevance in addiction (63–66), a few
studies have explored dopamine modulation of endogenous opi-
oid peptide releases (67–69). Interestingly, dopamine-stimulating
drugs, acting via D2 dopamine receptors, can cause the release of
endogenous opioid peptides within the NAcc (69). Thus, while

dopaminergic function may be important and an indispensable step
for musical pleasure, the ultimate system responsible might be the
opioid circuit, as occurs in primary rewards. However, the exact
mechanisms and consequences of this interaction are still unknown
and it is unclear to what extent dopaminergic modulation of opioid
release may affect hedonic hotspots in particular [representing
around 10% of the NAcc neurons (62)]. In this regard, Mallik et al.
(70), have recently shown that pharmacological reduction of opioid
transmission via naltrexone led to a general reduction of pleasur-
able responses to both pleasant and nonpleasant music. However,
the fact that the manipulation also affected pleasure responses in
nonpleasant music—in which no opioid release would have been
consequently expected—does not allow the ruling out of unspecific
drug effects. Further pharmacological interventions and PET
studies targeting opioid and dopamine transmission are warranted
to better understand the complex interplay between these two
neurotransmitter systems in musical pleasure.
Conversely, an alternative explanation of our results is that the

feelings of pleasure evoked by abstract rewards, and music in
particular, may differ from those evoked by primary rewards and
thus driven by different psychological and neurobiological sub-
strates (refs. 25–27, but see ref. 28). Indeed, the existence of diverse
types of pleasurable experiences in humans remains currently an
open debate (25–27). As previously mentioned, music-evoked
pleasure is driven, among other things, by its intrinsic ability to
induce feelings such as anticipation and euphoria. Remarkably,
previous studies have shown that dopamine-stimulating drugs such
as cocaine or amphetamine elicit similar positive affective states in
humans (71). Direct electrical brain stimulation of the NAcc has
been shown to elicit smiles and euphoria (72). Similarly, microin-
jections of psychostimulants into the NAcc elicit 50-kHz ultrasonic
vocalizations in rats, proposed to reflect a positive appetitive af-
fective state (73). Although these behaviors have been related to
the motivational aspects of reward, one may wonder if these feel-
ings may be interpreted as pleasurable. In this regard, dopamine
releases driven by music might increase the attractiveness of the
surrounding environment and the motivation to pursue and desire
similar experiences leading to positive feelings that are attributed
to “pleasurable” (12, 21). Thus, subjective experience of musical
pleasure, similar to emotions (74), may arise from motivational
signals and cognitive appraisal rather than through the engagement
of the hedonic hotspots previously identified with primary rewards.
In conclusion, the present findings show a causal role of do-

pamine in musical pleasure and shed light on the role of the
human dopaminergic system in abstract rewards. More broadly,
these results indicate that dopaminergic transmission might play
different or additive roles than the ones postulated in affective
processing so far, particularly in abstract cognitive activities.

Material and Methods
Participants. The study was carried out in accordance with the Declaration of
Helsinki and the International Conference on Harmonization’s Good Clinical
Practice Guidelines. All volunteers gave their written informed consent for
participation before any procedure. Twenty-nine volunteers (see ref. 37 and SI
Appendix for prescreening and selection criteria) were randomized and
completed the study (19 females, mean age = 22.83 ± 4.39) in exchange for
monetary compensation according to Spanish legislation. The original sample
size was chosen to be 30 participants, but 1 participant dropped out early in
the study and only 29 finished it. Selected participants were also tested with
the extended version of the Barcelona music reward questionnaire (BMRQ)
(ref. 19, see also ref. 75). No participants presented signs of amusia. Two
participants scored within the ranges considered to indicate musical anhedo-
nia (BMRQ = 61 and 64) and general anhedonia (physical anhedonia scale = 19
and 24), and were therefore excluded from the analysis here reported (total
n = 27, 18 females, mean age = 23 ± 4.48, mean BMRQ = 77.07 ± 9.89).

Procedure. This double-blind, crossover, treatment sequence-randomized study
(SI Appendix, Table S3) was performed at the Neuropsychopharmacology Unit
and Center for Drug Research of the Santa Creu i Sant Pau Hospital of
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Barcelona. Experimental testing took place over three sessions. The study was
approved by the ethics committee of the Hospital de la Santa Creu i Sant Pau
and the Spanish Medicines and Medical Devices Agency (EudraCT 2016–
000801-35). For each session, participants arrived at the hospital under fasting
conditions and were given a light breakfast. Subsequently, they received in a
double-blind masked fashion a capsule containing the treatment (see SI Ap-
pendix for more detailed information about drug doses): a dopaminergic
precursor with an inhibitor of peripheral dopamine metabolism (levodopa,
100 mg + carbidopa, 25 mg), a dopamine receptor antagonist (risperidone,
2 mg), or a placebo (lactose). One hour after drug administration, the exper-
imental session started. After 3 min of baseline (silence, relaxed, open eyes),
the music reward task took place. The session then continued with other tasks
(musical memory and language learning, not reported in this article) and
ended with the control task, the MID. The total duration of the music reward
task was about 15 min. The total duration of the MID task was about 20 min.
The total duration of the experimental session was about 2.5 h. Next, partic-
ipants spent their time in a resting room and were allowed to leave the
hospital after 6 h from the treatment administration. At least 1 wk passed
between one session and the next.

Music Task. Participants were requested to listen to the 10 pop songs and to
their five favoritemusical excerpts following a similar procedure to that in ref.
24. The order of presentation of musical excerpts within each group of songs
was randomized across participants. Before starting with each session, a trial
pop song (“Sin saber por qué” by Vanessa Martín; neither the song nor the
performer was part of the music selected for the experiment) was played to
make sure that each participant understood the task and the subjective
ratings to provide. Participants were seated in a comfortable chair in front of
a screen. Each excerpt (see SI Appendix for details about musical stimuli) was
presented via headphones while a musical note (white symbol on black
background) appeared on the screen. During each excerpt, participants were
asked to indicate in real time the degree of pleasure they were experiencing
while listening to the music. Participants were instructed to press one of four
available buttons on a keyboard (1 = no pleasure, 2 = low pleasure, 3 = high
pleasure, 4 = chills) depending on the pleasure they were experiencing. They
were instructed to change the rating by pressing another button as soon as
they felt that their experienced pleasure was changing. The same procedure
has been extensively used in previous studies on musical reward processing
(11, 17, 19, 24, 33). Similarly, after each excerpt, participants provided ad-
ditional ratings on that song by answering questions appearing on the
screen. In particular, they were asked to rate the general pleasantness (from
1 = no general pleasantness to 5 = intense general pleasantness), arousal
(from 1 = very relaxing to 5 = very arousing), and emotional valence (from
1 = very sad to 5 = very happy) they felt in response to each excerpt. For pop
music, participants were additionally asked to rate the familiarity of each
song (from 1 = completely unfamiliar to 5 = I have the song in my PC, mp3,
Spotify playlist, etc). Reward ratings (i.e., real-time and pleasantness ratings)
may be considered measures of “liking” processes. To have a “wanting”
motivational rating, we introduced an auction paradigm in which partici-
pants could purchase the pop music with their own money, as an indication

that they wanted to hear it again (adapted from refs. 12 and 24). For each
experimenter-selected song, participants could indicate whether they were
willing to pay V0, V0.29, V0.99, or V1.29 (see refs. 12 and 24 and SI Ap-
pendix for more detailed information about the auction paradigm).

MID Task. The MID task consisted of 35 trials. At the beginning of a trial,
participants saw one of five cue shapes (2 s), signaling whether participants
were playing to win potential rewards (14 trials; denoted by circles) or to
avoid losing potential losses (14 trials; denoted by squares). Themagnitude of
the possible outcomes was indicated using horizontal lines in the cue, and
could be large (1V, three horizontal lines, seven trials for each valence) or
small (0.1V, one horizontal line, seven trials for each valence). Six seconds
after cue offset, participants had to respond, as fast as possible, with a
button press to a white target square that appeared for a variable length of
time (target, 160–260 ms). In win trials, if participants responded on time
they obtained the corresponding amount of money. In contrast, in loss trials,
if participants responded on time they avoided losing the corresponding
amount of money. Six seconds after participants’ response, a visual feedback
on the screen notified whether they had won or lost money during that trial.
Eight seconds later, another cue was presented. Additionally, a neutral
condition (seven trials; denoted by a triangle) in which participants were not
playing for money was also included. Task difficulty, based on reaction times
collected during the practice session, was set such that each participant
could succeed on 66% of his/her target responses. Trial types were randomly
ordered within each session.

Analysis of Behavioral Ratings and EDA. The percentage of change under
risperidone and levodopa with respect to placebo was computed for each
measure. Placebo-corrected values of subjective ratings (i.e., real time and
ratings provided after each song) between pharmacological sessions, and
gender differences in general drug effects (SI Appendix, Figs. S4 and S5) were
compared using nonparametric tests (i.e., Wilcoxon signed-rank and Kruskal–
Wallis H tests, as fully described in SI Appendix). EDA was recorded following
the procedures described in ref. 17 and analyzed by computing the proportion
of amplitude changes corresponding to high- and low-pleasure responses, for
both music and MID tasks. Placebo-corrected normalized values were com-
pared between pharmacological sessions using paired-sample t tests (all de-
tailed information reported in SI Appendix).
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