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A single dose of escitalopram blunts the
neural response in the thalamus and caudate
during monetary loss

Carolin A. Lewis, MSc; Karsten Mueller, PhD; Rachel G. Zsido, BA; Janis Reinelt, MD;
Ralf Regenthal, MD, PhD; Hadas Okon-Singer, PhD; Erika E. Forbes, PhD;
Arno Villringer, MD, PhD; Julia Sacher, MD, PhD

Background: Selective serotonin reuptake inhibitors (SSRIs) show acute effects on the neural processes associated with negative
affective bias in healthy people and people with depression. However, whether and how SSRIs also affect reward and punishment pro-
cessing on a similarly rapid time scale remains unclear. Methods: We investigated the effects of an acute and clinically relevant dose
(20 mg) of the SSRI escitalopram on brain response during reward and punishment processing in 19 healthy participants. In a double-
blind, placebo-controlled study using functional MRI, participants performed a well-established monetary reward task at 3 time points: at
baseline; after receiving placebo or escitalopram; and after receiving placebo or escitalopram following an 8-week washout period.
Results: Acute escitalopram administration reduced blood-oxygen-level-dependent (BOLD) response during punishment feedback in
the right thalamus (family-wise error corrected [FWE] p = 0.013 at peak level) and the right caudate head (p.. = 0.011 at peak level)
compared to placebo. We did not detect any significant BOLD changes during reward feedback. Limitations: We included only healthy
participants, so interpretation of findings are limited to the healthy human brain and require future testing in patient populations. The par-
adigm we used was based on monetary stimuli, and results may not be generalizable to other forms of reward. Conclusion: Our find-
ings extend theories of rapid SSRI action on the neural processing of rewarding and aversive stimuli and suggest a specific and acute

effect of escitalopram in the punishment neurocircuitry.

Introduction

How our brain responds to reward and loss is a critical
aspect of mood regulation. A blunted hedonic response to
rewards or an enhanced sensitivity to loss can underlie neg-
ative bias in reward processing, which has been shown in
patients with major depressive disorder (MDD)' and anxiety
disorders.? Evidence from human and animal studies that
manipulate serotonin levels provides robust support for the
role of serotonin in modulating the neural circuit that under-
lies rewarding and aversive processing.? This association be-
tween serotonin and neural processing of reward and loss
may explain why selective serotonin reuptake inhibitors
(SSRIs), which manipulate serotonergic activity, can help im-
prove the processing capabilities of patients with MDD and
anxiety disorders in the context of reward and/or punish-
ment. However, the direction of association and specificity
of this neural signal during positive and negative feedback
remains to be clarified.

We know that SSRIs modulate serotonergic activity* by
blocking the serotonin transporter within a single dose of
oral administration,® and this leads to increased levels of
extracellular serotonin. It has long been recognized that
the acute administration of SSRIs reduces raphe neuron
firing rates mediated by serotonin-1A autoreceptors,
which become activated by increased extracellular sero-
tonin levels, particularly in regions such as the dorsal
raphe nucleus.® This decrease in firing rates seems to be
dose-dependent” and region-specific;® some studies have
reported no change in serotonin levels at low SSRI doses.’
Although this negative feedback mechanism effectively
controls serotonergic neuron firing rates and (partly) sero-
tonin release, evidence from microdialysis studies!® indi-
cates that the acute administration of SSRIs can increase
extracellular serotonin levels in several projection regions,
such as certain regions of the forebrain, with noteworthy
variability likely based on region-specific differences in
serotonin-1A receptors.51112
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Two main models have been put forward for the role of
serotonin in modulating the neural circuitry that underlies
reward and punishment. The first centres on serotonin in an
opponent role to dopamine, suggesting that while dopa-
mine modulates reward processing, serotonin modulates
aversive signals such as punishment and loss."*'* Daw and
colleagues® proposed that phasic serotonin firing underlies
prediction error for future punishment but not future
reward. This theoretical framework'!® is supported by
empirical evidence from interventional studies that demon-
strate potentiated responsiveness to loss or punishment but
not to reward after a reduction in central serotonin levels.
By using a novel fast-scan cyclic voltammetry procedure to
identify serotonin signals in vivo while participants com-
pleted an investment task, Moran and colleagues'” provided
further direct evidence that serotonin encodes loss-related
prediction errors.

A second main theoretical approach suggests that sero-
tonin has an overall inhibitory role in the reward system.!8%
Neuronal activity in the raphe nuclei in single-unit record-
ings correlates with both expected and received reward val-
ues (see Nakamura® for a review). Raising extracellular sero-
tonin levels reduces neural responses in the reward
system.?’? The inhibitory role of serotonin may arise from
interactions with the dopamine system, given that parts of
the mesolimbic dopamine system receive extensive seroton-
ergic innervation.??* By using optogenetic stimulation of
dorsal raphe nucleus serotonin input to the ventral tegmental
area combined with the administration of an SSRI, Browne
and colleagues® found reduced reward-related response in
rats. Thus, several lines of evidence suggest that enhanced
serotonergic signalling may exert an overall inhibitory influ-
ence on the neural reward system.

By assessing the brain responses to reward and punish-
ment stimuli following a serotonergic intervention, pharma-
cological functional MRI (fMRI) studies have begun to pro-
vide evidence for the role of serotonin in reward and loss
processing in humans in vivo. Lowering serotonin levels via
acute tryptophan depletion increases the blood-oxygen-
level-dependent (BOLD) response to errors during negative
feedback in fMRI in the prefrontal cortex (PFC).** A single
dose of citalopram decreased the neural response to nega-
tive outcomes in the dorsomedial PFC and increased the
neural response to negative outcomes in the left amygdala
during a card gambling task.” Using a loss/no-loss para-
digm, Del-Ben and colleagues® reported increased BOLD
signals in the insula and decreased BOLD signals in the
orbitofrontal cortex during loss avoidance after citalopram
intake. The suggestion that serotonin mediates overall
reward processing has also received empirical support.
Marutani and colleagues® found decreased BOLD signals in
the insula, putamen and dorsolateral PFC in anticipation of
rewards during a monetary incentive delay task after a sin-
gle dose of the SSRI paroxetine.

Acute serotonergic modulation affects reward and pun-
ishment processing, but the net effect of an impairment or a
facilitation is not entirely consistent across studies. Underly-
ing reasons for this include the fact that not all of the studies

investigated the influence of serotonergic manipulation on
responses to reward and punishment in the same experi-
ment. We lack a clear understanding of whether acutely
enhanced serotonergic transmission specifically attenuates
the brain response to loss or punishment in healthy hu-
mans, or if this attenuation centres on reward processing.
Taking this next step is important not only for a better
understanding of how serotonergic agents generate their
antidepressant effect, but also to increase our knowledge of
the role of serotonin for processing reward and punishment
or loss in the human brain.

In this pharmacological fMRI study, we used a vali-
dated and simple monetary reward task in a double-blind,
placebo-controlled, crossover design in healthy participants.
We administered a single dose of 20 mg escitalopram, a
clinically relevant dose of one of the most widely pre-
scribed SSRIs.* The goal of the present study was to investi-
gate whether an acute serotonergic challenge modulated
BOLD responses in the main areas of the neural circuit im-
plicated in monetary reward (ventral striatum and medial
PFC®") and monetary loss (anterior insula, caudate, putamen,
thalamus, anterior cingulate cortex®?) and whether any
changes in the neural response would be specific to the loss
or punishment contrast, or extend to reward-specific feed-
back. Given the putative specificity of acute serotonergic
depletion effects on the loss or punishment condition, we
hypothesized that we would find decreased brain respon-
siveness to monetary loss or punishment but not to reward
during acutely increased serotonergic transmission.

Methods
Study design

We used a double-blind, placebo-controlled, crossover de-
sign to investigate neural responses to a single oral dose of
20 mg escitalopram (to reliably block 80% of serotonin
transporters®) and placebo (mannitol and aerosol) in identi-
cal capsules provided by the pharmacy of Leipzig Univer-
sity Clinic in 19 healthy participants (9 women, 10 men),
with a washout period between sessions of 8 weeks (see
Figure 1A for an overview of the study design). On the first
test day, participants underwent a baseline fMRI scan be-
fore initial drug administration. For the drug fMRI scans,
we measured participants 3 to 4 hours after drug adminis-
tration, during peak blood concentration of escitalopram.®
The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the institutional ethics
committee of the University of Leipzig. All participants pro-
vided written informed consent before participating, and
were compensated for participation at €8 per hour.

Participants

Twenty-four healthy participants (12 men, 12 women; age
25+2 years [mean + standard deviation], range 21-29 years;
body mass index 23 + 2 kg/m?) were recruited from the
Max Planck Institute of Human Cognitive and Brain Sciences
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Fig. 1: (A) Study design. Nineteen participants underwent 3 fMRI scanning sessions. After a baseline fMRI scan (grey square), participants
received a single oral dose of the SSRI escitalopram (20 mg; red circle) or placebo (blue triangle) in a randomized design. We determined
serum levels of escitalopram after 3 hours (T,.,) and then conducted a second fMRI scan. After a washout period of 8 weeks, the protocol
was repeated with the alternate study drug (escitalopram or placebo) to adhere to a double-blind intraindividual design. (B) Monetary reward
task. The task consisted of 3 different block types (win, loss and neutral), with 45 trials in total. In win and loss trials, participants had 3 s to
guess via button press whether the hidden number (between 1 and 9) on a visually presented card would be higher or lower than 5. Then,
the actual number was displayed for 500 ms and participants received outcome feedback for 500 ms (a green up-arrow for win outcomes or
a red down-arrow for loss outcomes). Each trial ended with a crosshair symbol presented in the middle of the screen for 1 s (intertrial inter-
val). In neutral trials, participants were asked to press a button when an X was displayed (3 s), followed by an asterisk (500 ms) and a yellow
circle for neutral outcomes (500 ms). fMRI = functional MRI; ITI = intertrial interval; SSRI = selective serotonin reuptake inhibitor; T, = time

to peak concentration.

and the University of Leipzig. Exclusion criteria were preg-
nancy (urine pregnancy test at screening and before each
test session); current or previous major psychiatric disor-
ders (assessed using the Semi-structured Clinical Interview
for Diagnostic and Statistical Manual of Mental Disorders,
4th edition, Axis I disorders,* by a trained psychiatrist); the
use of medications that might interfere with the study
medication (e.g., antidepressants, antipsychotics, sedatives);
chronic or acute physical illness (abnormal physical exam-
ination, electrocardiogram, or hematological and chemical
blood analyses); tobacco smoking; lifetime illicit drug use
more than 10 times (except for A’-tetrahydrocannabinol);
illicit drug use within the last 2 months; and illicit drug use
during the study (determined by urine drug tests). Subclin-
ical depressive, hypomanic or anxiety symptoms were
assessed using the 17-item Hamilton Depression Rating
Scale® by a trained psychiatrist, the self-report version of
the Structured Clinical Interview for Mood Spectrum
(MOODS-SR)* and the State-Trait Anxiety Inventory.” All
participants were naive to antidepressants and free of medi-
cations except for the contraceptive pill.

Of the 24 enrolled participants, 1 was excluded because
of a preanalytical error in acquisition of the serum sample,
and 4 were excluded because of missing or corrupted log
files from the presentation software. We analyzed the data
from 19 right-handed participants with a normal weight
(10 men, 9 women; age 24 + 2 years, range 21-29 years;
body mass index 23 + 2 kg/m?). Serum values of escitalo-
pram (ng/mL) were acquired at peak concentration (T,,,,)*
in blood and determined using liquid chromatography
with UV detection. The quantification limit for escitalo-
pram was 1 ng/mL.

fMRI paradigm

We used a well-established monetary reward task, which
elicits reliable activation in the neural reward circuitry and
was designed to index the neural response to feedback about
wins (rewards) and losses (punishment).*®** The task con-
sisted of 3 block types (win, loss and neutral), with 45 trials in
total. Participants were told that their performance would
determine a post-scan monetary reward: €1 for each win and
€0.50 deducted for each loss. The blocks were presented in
fixed pseudorandomized order with identical predetermined
outcomes across participants (Figure 1B). Participants were
unaware of the fixed outcome probabilities (80/20; i.e., 80%
win outcomes and 20% loss outcomes in a win block and vice
versa in a loss block).

In win and loss trials, participants had 3 s to guess via
button press whether a hidden number (between 1 and 9)
on a visually presented card would be higher or lower than
5. Then, the actual number was displayed for 500 ms and
participants received outcome feedback for 500 ms. For win
outcomes, feedback was a green up-arrow, and for loss out-
comes, feedback was a red down-arrow. A trial ended with
a crosshair symbol presented in the middle of the screen for
1 s (intertrial interval). In neutral trials, participants were
asked to press a button when an “X” was displayed (3 s),
followed by an asterisk (500 ms) and a yellow circle for neu-
tral outcomes (500 ms). The total length of a trial was 5 s.
Before each block started, participants viewed instructions
for the win, loss or neutral condition for 3 s; this was not
analyzed further.

Based on our hypotheses, the contrasts of interest de-
rived from the task were win-neutral and loss—neutral.
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The feedback phase was defined as the intervals that
included the number presentation and the feedback ar-
row. Similarly, the feedback phase in the control condi-
tion was defined as the interval between the display of an
asterisk and a yellow circle. If the durations of the events
of interest are the same and are less than 2 s, it is com-
mon practice to model those events with a length of 2 s in
further analyses.*

Neuroimaging data collection and preprocessing

We acquired MRI data using a 3 T Verio 3 scanner (Siemens),
equipped with a 32-channel head coil, at the Day Clinic for
Cognitive Neurology, University of Leipzig Medical Center.
We acquired functional T,*-weighted images using a gradient
echo echo-planar imaging sequence with the following par-
ameters: repetition time 2000 ms; echo time 30 ms; flip angle
90°; field of view 256 x 256; 30 axial slices; slice acquisition
matrix 64 x 64; slice thickness 4 mm; voxel resolution 3 x 3 x
4 mm?. Functional images were coregistered to T,-weighted
images, obtained using a magnetization-prepared rapid
gradient echo sequence with the following parameters: repe-
tition time 2300 ms; inversion time 90 ms; echo time 2.98 ms;
flip angle 9°; voxels 1 x 1 x 1 mm?®. We scanned every partici-
pant 3 times: at baseline (without medication), with placebo
and with escitalopram (randomized treatment order; for
study design overview, see Figure 1A).

We preprocessed and analyzed data sets using SPM12
(Wellcome Trust Centre for Neuroimaging) and Matlab
(The MathWorks Inc.). Preprocessing comprised head mo-
tion correction using realignment, including unwarping to
correct for echo-planar imaging distortions using voxel dis-
placement maps from the Fieldmap toolbox in SPM. We
also checked if the degree of motion varied between scan-
ning sessions by computing frame-wise displacement
(FD).*! As an input, we used the translational and rota-
tional motion parameters obtained by motion correction in
SPM. For the full series of 150 functional images, motion
between volumes was characterized using 149 FD values
for each participant and both sessions. Finally, all FD time
courses were characterized by the mean FD, the maximum
FD, the maximum FD after eliminating the largest 5% of
the FD values and the number of FD values that exceeded
0.5 mm. We then analyzed mean and maximum FD to de-
tect systematic motion differences between the SSRI and
placebo scans across participants using paired-sample
t tests (2-tailed). For all participants and both sessions, the
mean FD was less than 0.5 mm, and we found no signifi-
cant differences in FD parameters between the SSRI and
placebo sessions. No participants were excluded for exces-
sive motion. Further preprocessing steps included slice-
time correction, coregistration with the mean anatomic
image, and normalization to the Montreal Neurological
Institute (MNI) space based on the unified segmentation
approach.* We resampled functional images in the MNI
space with a resolution of 2 x 2 x 2 mm?®. Finally, we per-
formed spatial filtering using a Gaussian kernel with 8 mm
full width at half maximum.

Neuroimaging data analysis

We analyzed preprocessed functional images using an event-
related design in a general linear model to analyze the hemo-
dynamic response to reward and punishment feedback at
peak escitalopram plasma concentration. For each participant
and scan, we performed parameter estimation and generated
contrast images for the contrasts of interest (win—neutral and
loss—neutral, trial by trial). We then included these first-level
contrast images in a second-level analysis using a paired
design. Thereafter, we computed statistical analyses using
each contrast of interest (win—neutral and loss—neutral) to
investigate potential differences between SSRI and placebo
administration. After using an initial voxel threshold of p <
0.001, we obtained significant results with family-wise error
(FWE) correction at peak level at p < 0.05, given previous
work® showing that the cluster inference is prone to pro-
ducing false-positive results but the voxel inference shows
FWE rates in the expected order of magnitude. We per-
formed all analyses at the whole-brain level.

Results
Sample characteristics, mood questionnaires and drug levels

Table 1 summarizes the demographic characteristics of the
19 healthy participants who completed the study protocol. We
found no significant changes in depression and mood scores
after the single dose of escitalopram compared to placebo.

Mean (+ standard deviation) plasma levels of escitalopram
were in the expected range (23 + 6 ng/mL) when fMRI scans
took place (3—4 hours after drug administration).

Neuroimaging results

Investigating the loss—neutral contrast, we found a dimin-
ished BOLD response after a single 20 mg dose of escitalo-
pram in the right posterior thalamus (cluster-size k =
197 voxels; T,... = 7.7; prz = 0.013 at peak level; pp,:= 0.086 at
cluster level; MNI coordinates x, y, z = 10, —26, 4) and the
right caudate head (k = 424 voxels; T,... = 7.9; prye= 0.011 at
peak level; pry: = 0.005 at cluster level; MNI coordinates

Table 1. Sample demographics and depression and mood scores

Characteristic Finding* t value; p value
Demographics
Age, yr 24 +2 —
Body mass index, kg/m? 283+2 —
State-Trait Anxiety 33+8 —
Inventory, trait anxiety
Rating scales
Hamilton Depression Rating SSRl:2+2 t,=0,p=1

Scale Placebo: 2 + 1

Mood Spectrum Self-Report SSRI: 42 + 25
Placebo: 37 + 22

tn=12p=025

SSRI = selective serotonin reuptake inhibitor.
*Values are mean =+ standard deviation; n = 19, within-subjects.

E322 J Psychiatry Neurosci 2021;46(3)



Escitalopram blunts neural response during monetary loss

Caudate

Thalamus

Fig. 2: Brain response to punishment feedback. Orthogonal brain sections showed reduced blood-oxygen-level-dependent signal difference
between the monetary loss and neutral conditions after a single oral dose of escitalopram (20 mg) compared with placebo. Significant effects
were obtained in the right posterior thalamus (x, y, z = 10, =26, 4) and the right caudate head (x, y, z = 12, 22, 0) using family-wise error cor-
rection at peak level with p < 0.05. Cluster-defining threshold p < 0.001 (uncorrected). SSRI = selective serotonin reuptake inhibitor.

x, Y, z=12,22,0) compared with placebo at the whole-brain
level (Figure 2). We found no significant voxels that showed
a BOLD increase with escitalopram, even without correction
for multiple comparisons.

Investigating the win-neutral contrast revealed no signifi-
cant medication effects, even without correction for multiple
comparisons.

Discussion

In this placebo-controlled, crossover, double-blind pharmaco-
fMRI study, we report the effects of an acute single dose of
the SSRI escitalopram on neural response to reward and
punishment feedback in healthy human participants. The
main findings of this study were that acutely administered
escitalopram reduced BOLD response in the right caudate
nucleus and the right thalamus during monetary loss, and it
did not induce changes in BOLD response to feedback on
monetary wins. These results were consistent with previous
work on the effects of SSRIs on the emotional processing of
aversive stimuli,* and they provide additional support for
the neuropsychological theory that acute administration of
SSRI reduces negativity bias.

Furthermore, our data extend this theory by suggesting a
specific role for acute serotonin transporter occupancy in the
modulation of healthy neural response to punishment feed-
back. Given that SSRIs are used as a first line of treatment for
depression and anxiety disorders, a clinical response is typ-
ically expected after several weeks.* This delayed onset of
symptom relief in response to SSRI treatment is in contrast to
the time it takes for the majority of SSRI target sites (the sero-
tonin transporters) to be blocked to up to approximately
80%. This percentage is within the occupancy range estab-
lished to be required for a therapeutic effect* and can al-
ready occur 3 hours after intake of the first clinical dose.® The

discrepancy in time of onset between the acute occupancy of
the serotonin transporter and a clinical response has been
explained by the time required for presynaptic serotonin 1A
autoreceptors to desensitize: it is postulated that the acute
blockage of serotonin reuptake triggers a negative feedback
mechanism via attenuated serotonergic firing, mediated by
presynaptic serotonin 1A autoreceptors.”” The resulting sero-
tonin 1A receptor-desensitization theory is supported by in-
direct evidence demonstrating decreases in the functional
sensitivity of serotonin 1A autoreceptors following chronic
SSRI treatment in rodents.* It is also supported by prelim-
inary findings from positron emission tomography studies in
people with MDD demonstrating a decrease in serotonin 1A
receptor binding in the dorsal raphe nuclei (albeit unrelated
to the antidepressant response)* and decreased serotonin 1A
receptor binding limited to a significant effect in the hippo-
campus in people with anxiety disorders.™

However, at a cognitive psychological level it has been
argued™ that acute effects can be detected after a single SSRI
dose. Pioneering work by Harmer and colleagues®® has
shown that acute SSRI administration modulates implicit nega-
tive attention bias. Additional work in humans has shown that
acute tryptophan depletion (i.e., acute decreases in serotonin
levels) results in enhanced brain responses to threat-related
stimuli, punishment predictive learning and interference from
sad distractors (reviewed in Cools and colleagues™). Further
evidence for this specific effect on negative bias is provided by
a study in rats,” which demonstrated that acute citalopram
administration influenced negative feedback sensitivity, and
subchronic administration influenced reward sensitivity.
Moreover, the authors observed that dose level was an essen-
tial factor for sensitivity to negative feedback; a low single
dose was associated with increased negative feedback sensi-
tivity, and a high single dose was associated with decreased
negative feedback sensitivity.® This body of work, combined
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with our findings, suggests that acute SSRI administration
may be specifically related to negative bias modulation, and
that a single high SSRI dose (as used in our study) may
already cause phasic increases in serotonergic signalling.

Our findings demonstrate additional support for this acute
timeline and show that a single oral dose of escitalopram
modulates the functional response to negative feedback in
brain areas typically implicated in processing loss, a cogni-
tive process highly relevant to implicit negative bias. In an
exploratory fashion, we performed a loss > reward follow-up
analysis to the significant loss > neutral findings, because this
may provide further insight into whether escitalopram-
induced dampening to loss is greater than to reward, com-
pared with placebo. We did not find a significant result, al-
though this could have been influenced by our sample size.
As well, because we had observed a right lateralization in our
original results, we re-ran this analysis using a less conserva-
tive statistical threshold. We observed a bilateral response in
the thalamus and the caudate at p < 0.001 (uncorrected), with
the caudate clusters extending to the ventral striatum. How-
ever, given that this was not within our a priori criteria, these
findings must be discussed with caution, and future studies
with larger samples may be required for further clarification.
Regardless, our current findings extend the observation that
a single oral SSRI dose can affect emotional processing and
may reduce implicit negative bias,**>* showing that this acute
intervention has a localized effect in the neural reward cir-
cuit, namely during punishment feedback.

Serotonergic neurotransmission has long been considered
a crucial substrate for aversive processing and negative moti-
vation, based on evidence from pharmacological depletion
and challenge paradigms in humans.'®*>” A blunted hedonic
response to rewards, as well as enhanced sensitivity to pun-
ishment, describes a negative bias in reward processing that
is common in depression.! Recent models in computational
psychiatry propose that negative mood reflects the cumula-
tive effect of differences between reward outcomes and
expectations.®®” These models suggest a bidirectional inter-
action between mood and reward processing that may play
an important adaptive role in healthy behaviour, and whose
dysfunction might contribute to depressive disorders.* How-
ever, the effect of SSRIs on the negative bias in processing re-
wards is less well understood than for processing emotions.
By specifically investigating the modulation of the hemody-
namic response to reward and punishment feedback, we
found that an acute dose of SSRI attenuated the BOLD re-
sponse to punishment feedback in the caudate head (which is
part of the striatum) and the thalamus. This was in line with
previous findings, which demonstrated blunted BOLD re-
sponses to both positive and negative feedback in the medial
caudate® and the caudate and nucleus accumbens® in (un-
medicated) patients with MDD compared to healthy controls.
A recent meta-analysis summarized these findings by report-
ing the caudate as the only significant region that differed be-
tween people with MDD and healthy controls during feed-
back processing, with decreased caudate activity in people
with MDD.® These findings are interpreted as evidence for
reduced reinforcement of actions in people with MDD. More

specifically, McCabe and colleagues® found enhanced re-
sponses in the caudate and blunted responses in the lateral
orbitofrontal cortex to primary aversive stimuli (e.g., mouldy
strawberries) in patients with remitted MDD. The authors
suggested that the caudate might play a role in automatic
negative bias, and that blunted cortical responses represented
the inability to integrate potential aversive information into
appropriate actions. Although studies investigating unmedi-
cated or remitted patients with MDD provide examples of
how serotonergic neurotransmission may affect feedback
processing in patient populations, we still lack a comprehen-
sive basic understanding of how changes in acute serotoner-
gic signalling affect reward and punishment feedback pro-
cessing in healthy individuals.

Kumar and colleagues® administered SSRIs to healthy par-
ticipants for 3 consecutive days and found blunted responses
related to reward prediction error in a similar network to that
observed in medicated patients with MDD. In response to the
SSRI, healthy participants showed a neural BOLD pattern that
seemed to display an intermediate state between drug-naive
healthy participants and patients with MDD taking SSRIs.
This suggests that a “normal” processing of feedback might
require a narrow window of serotonergic tone, and any im-
balance would cause potential disruptions in feedback pro-
cessing. Dayan and colleagues® proposed that people with
normal serotonin levels should reflexively inhibit (“prune”)
choices with poor expected outcomes. Any rapid drop in sero-
tonin levels would compromise this adaptive mechanism of
underexploring negative environments and would lead in-
stead to the subjective experience of more negative events.
Our results support this hypothesis by demonstrating that
acute serotonergic manipulation alters the neural response to
negative feedback. These data complement a recent study re-
porting that a single dose of escitalopram increased lose-shift
behaviour after negative feedback, while win-shift behaviour
remained unchanged in healthy participants.” At a more gen-
eral level, our results were in accordance with the role of sero-
tonin in aversive processing, more specifically in inhibiting
behaviours associated with adverse consequences’!* and pos-
sibly linked to promoting patience.®

Limitations

One limitation of the study was that the BOLD signal is a
nonquantitative measure that integrates both blood volume
and oxygen extraction, and it does not allow distinction be-
tween the 2 measures. We acknowledge that part of the sig-
nal we observed may have been due to SSRI effects on global
cerebral blood flow (e.g., via a change in blood-vessel tone).”
However, it is unlikely that the signal change we observed
during punishment feedback was entirely driven by a global
change in cerebral blood flow, given the previous work of
our group and others demonstrating differentiated re-
gional effects’”! and no evidence that the same pharmaco-
logical challenge altered resting-state measures, such as the
amplitude of low-frequency fluctuations,” which would
have been highly sensitive to such effects. Finally, even if part
of the signal were driven by underlying early changes in
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neurovascular coupling in the thalamus and caudate, this
was still a finding worth describing and reporting, because it
may still be relevant for understanding the initial brain re-
sponse to the first dose of escitalopram.

Second, we chose to study healthy young participants, and
acknowledge that any interpretation of our results is limited
to a healthy population and may not apply to middle-aged or
older populations, or to patients. Several groups have dem-
onstrated that acute or short-term treatment reduces negative
biases in information processing, paralleled by changes of the
brain response in the amygdala, thalamus, cingulate and in-
sula in healthy participants.?>”>”> As well, similar acute BOLD
response patterns in the amygdala, thalamus, cingulate and
insula during affective processing were predictive of a clin-
ical response to escitalopram after 6 weeks of treatment in
patients with MDD. Still, the effects of SSRIs on serotonergic
neurotransmission might differ between healthy individuals
and clinical populations.®

Third, we chose a task that allowed assessment of the brain
response but did not include a behavioural assessment or
measures of potential arousing or sedating effects of SSRI intake.
Consequently, our results are limited to the interpretation of
the healthy brain response to punishment feedback during
maximum SSRI levels in the periphery and a 75% to 80% block
of the central serotonin transporter state. Changes at a neural
level can occur without concurrent behavioural change, specif-
ically when assessed on an acute timescale. Given the multi-
layered concepts of reward and punishment learning, the
wide variety of relatively complex paradigms currently ap-
plied to tease those layers apart, and the subsequent hetero-
geneous findings,” we opted for a well-established, simple
and straightforward task.*®* The task, combined with a lon-
gitudinal within-subject design, allowed for a robust assess-
ment of the acute effects of a single dose of escitalopram dur-
ing punishment feedback in a neural circuit relevant to
punishment processing and at a considerable effect size and a
relatively conservative statistical threshold at the whole-brain
level. However, we acknowledge that the thalamus finding
did not survive FWE correction at the cluster level. We chose
to focus on FWE correction at the voxel level, but as previous
work® has shown, cluster inference is prone to producing
false-positive results, and the voxel inference shows FWE
rates in the expected order of magnitude.

Finally, we acknowledge that the activity of SSRIs on the
regulation of neural excitation and inhibition is multifactorial
and complex, and that serotonin transporter blockade can af-
fect several neurotransmitter systems beyond serotonin, such
as dopamine and noradrenaline. Future studies implement-
ing multiple and specific tracer applications for quantitative
neuroimaging tools (such as positron emission tomography
or magnetic resonance spectroscopy) are needed to shed light
on the complex interplay of synergistic neurotransmitters in
different aspects of reward and punishment interaction.

Conclusion

Our study provides an important and novel contribution to
the understanding of how acute SSRI administration affects

the human brain, and specifically the reward system, by dem-
onstrating that a single dose of escitalopram alters the brain
response to punishment but not reward feedback in healthy
individuals. Our results complement recent theories of anti-
depressant action by showing an acute blunting effect of SSRI
administration on negative feedback processing and demon-
strate a role for a single dose of escitalopram in affecting the
neural response to punishment. These findings are in accord-
ance with the role of serotonin in aversive processing, and
more specifically provide support for the hypothesis of the
protective action of serotonin for the healthy brain in the face
of negative events. Furthermore, they provide a crucial next
step toward testing clinical translation for such paradigms
of punishment feedback, particularly in patients with in-
creased punishment sensitivity, such as those with obsessive—
compulsive disorder,” eating disorders” or depression.'
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