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Abstract

Risk avoidance is an important determinant of human behavior. The neurotransmitter serotonin
has long been implicated in processing aversive outcomes caused by risky decisions. However, it
is unclear whether serotonin provides a neurobiological link between making a risk aversive
decision and the response to an aversive outcome. Using pharmacological fMRI, we manipulated
the availability of serotonin in healthy volunteers while performing a gambling task. The same
group of participants was studied in three fMRI sessions: (i) during intravenous administration of
the SSRI citalopram to increase the serotonergic tone, (ii) after acute tryptophan depletion (ATD)
to reduce central serotonin levels, or (iii) without interventions. ATD and citalopran had opposite
effects on outcome related activity in dorsomedial prefrontal cortex (dmPFC) and amygdala.
Relative to the control condition, ATD increased and citalopram decreased the neural response to
aversive outcomes in dmPFC. Conversely, ATD decreased and citalopram increased the neural
response to aversive outcomes in left amygdala. Critically, these pharmacological effects were
restricted to aversive outcomes that were caused by low-risk decision and led to a high missed
reward. ATD and citalopram did not alter the neural response to positive outcomes in dmPFC, but
relative to ATD, citalopram produced a bilateral increase in the amygdala response to large wins
caused by high-risk choices. The results show a selective involvement of the serotonergic system
in neocortical processing of aversive outcomes resulting from risk-averse decisions, thereby
linking risk aversion and processing of aversive outcomes in goal-directed behaviors.
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Introduction

When confronted with choices involving a potential for undesirable outcomes, people show
a strong tendency towards risk avoidance even when the utility of these choices is less
favorable than the utility of more risky alternatives. For instance, people reject 50/50 offers
unless the potential gain is twice in size as the potential loss (Tom et al., 2007). On the other
hand, when making risky decisions, people generally overweight unlikely events and
underweight likely events (Hsu et al., 2009). These deviations from simple utility estimates
have been described in behavioral economics by e.g. prospect theory (Kahneman and
Tversky, 1979; Tversky and Kahneman, 1992; Glimcher et al., 2008). The proposed models
introduce the idea of non-linear “decision weights” which bias objective probabilities.
Recent studies have started to unveil neural systems that code the utility of “unchosen”
options, i.e. alternative choices that were not selected (Boorman et al., 2009, 2011). These
findings highlight an additional component in risky decision making which contributes to
the “decision weights”.

The neural substrate of risk aversion has recently started to be explored (Huettel et al., 2006;
Tobler et al., 2007; Christopoulos et al., 2009). Several lines of research have implicated the
monoamine neurotransmitter serotonin (5-HT) in processing and avoiding aversive
outcomes (Rogers et al., 2003; Tanaka et al., 2007), predicting future punishment (Daw et
al., 2002; Cools et al., 2008b), loss aversion (Deakin, 1983; Deakin and Graeff, 1991; Cools
et al., 2008a), and forming retrospective associations between punishments and past actions
(Tanaka et al., 2007). Animal studies have shown that 5-HT neurons in the raphe nucleus are
activated (Grahn et al., 1999; Takase et al., 2004, 2005) and 5-HT is released (Bland et al.,
2003) in response to aversive events. The role of 5-HT in processing and avoiding aversive
outcomes is clinically important because excessive aversive processing has been identified
as a key feature of mood and anxiety disorders which are associated with dysfunctional 5-
HT signaling (Elliott et al., 1997; Mathews and Mackintosh, 2000; Murphy et al., 2003).

Manipulations of 5-HT in humans have provided somewhat inconsistent results. Rogers et
al. (1999) showed that acute tryptophan depletion (ATD) in healthy volunteers significantly
reduced the propensity to choose the more likely outcome. The group observed the same
pattern in patients with focal lesions of the ventromedial and orbital regions of prefrontal
cortex. On the other hand, using the same paradigm Talbot et al. (2006) found the reverse
effect with increased choice of the more likely outcome. In monkeys, ATD reduced the
preference for safe options and also reduce the premium required to make the monkey
switch from choosing the safe towards the risky option (Long et al., 2009). 5-HT
manipulations also modulated the sensitivity to negative feedback in a probabilistic reversal
learning task performed by rats (Bari et al., 2010), with acute 5-HT depletion increasing the
sensitivity to negative feedback, whereas increasing 5-HT levels with citalopram had the
opposite effect.
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Despite the clear evidence for a significant contribution of 5-HT in risk aversion, it remains
unclear whether and how 5-HT provides a neurobiological link between making a risk
aversive decision and the resulting aversive outcome. In this study, we assessed changes in
regional brain activity with blood oxygen level dependent (BOLD) functional magnetic
resonance imaging (fMRI) to elucidate the role of 5-HT in processing aversive outcomes.
During fMRI, participants performed a newly designed gambling task in which wining
probabilities and associated outcomes were parametrically modulated from trial to trial
while matching the expected values and loss magnitudes of the different risk options. The
same group of subjects performed four fMRI sessions in a counter-balanced fashion that
differed only in 5-HT manipulation: (a) increased 5-HT neurotransmission by intravenous
administration of the selective serotonin reuptake inhibitor (SSRI) citalopram; (b) reduced
brain 5-HT synthesis via acute dietary depletion of the 5-HT precursor tryptophan (acute
tryptophan depletion, ATD) (Williams et al., 1999); (c) selective blockade of 5-HToa
receptors with ketanserin or (d) without any intervention, to act as control condition.
Compared with the effects of ATD and citalopram, ketanserin has a receptor-specific effect
and these results will be reported separately. The control condition did not include a placebo
drink or intravenous placebo infusion and was primarily used to estimate normal brain
function in the absence of any manipulation. The main focus here was to contrast increased
5-HT transmission following citalopram with decreased 5-HT transmission following ATD.

Given the role of 5-HT in processing aversive outcomes we hypothesized that acute
manipulations of 5-HT levels would preferentially modulate the neural response to aversive
events when the subject failed to receive the reward and lost the bet. We further predicted
that the 5-HT manipulations would have the highest impact on aversive outcomes that
resulted from low-risk choices because the value of the “missed reward” (the reward of the
alternative unselected option) would be highest (Boorman et al., 2009, 2011). We expected
that the 5-HT manipulations to affect the BOLD signal in frontopolar and dorsomedial
frontal cortex (dmPFC) (Boorman et al., 2009, 2011) and amygdala which has previously
been found sensitive to serotonergic manipulations (McKie et al., 2005; Bigos et al., 2008)

Experimental procedures

Participants

24 right-handed healthy adults (8 females) were recruited for the fMRI study. None reported
a history of stimulant abuse, neurological or psychiatric disorders. All subjects were naive
for antipsychotics and antidepressants according to self-report. Written informed consent
was obtained prior to the MRI scanning sessions. The study was approved by the
Copenhagen Ethics Committee (KF 01-2006-20). One subject was excluded because he
showed extreme risk avoiding behavior while performing the gambling task in the MR
scanner. A second participant was excluded because he did not complete all three sessions of
the study. 22 participants (8 females) with a mean age + SD of 31.5 + 6.2 years were
included in the final analysis.
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The gambling task

During fMRI participants performed a novel gambling task (Figure 1) that required subjects
to make a choice between two sets of playing cards displayed face down. One of the sets
included the “ace of hearts” and subjects were required to choose in which set it was hidden.
If the subject chose correctly they won the associated reward. If not, they lost the bet. The
objective was to maximize the profit, which was subsequently paid to them in Danish
Kroner (DKK). Each gamble had a stable trial structure consisting of an information,
decision and outcome phase (Figure 1 A). In the information phase, participants saw the
accumulated sum, starting with 50 DKK (Approx. 10 USD) and a variable bet (scaled to the
accumulated sum: 3-5 DKK). In the decision phase, two sets of cards were presented
facedown together with the associated reward and subjects made their choice. The outcome
phase revealed the “ace of hearts”, giving the subjects feedback about whether they had won
or lost.

In each gambling trial, seven cards were divided in two sets (Figure 1 B), resulting in six
possible risk scenarios with a parametric variation of the odds, ranging from 1/7 (low
probability to win) to 6/7 (high probability to win). Choosing the set with the lower number
of cards was associated with a higher risk but also with a correspondingly higher reward
when the subjects had chosen correctly. For choices with winning probability of more than
50% (i.e., odds of 6/7, 5/7 or 4/7), the reward was matched to the amount of the bet. For
choices with a winning probability of less than 50%, the possible reward exceeded the bet
by the factor 11 for a winning probability of 1/7, 4 for bets with a winning probability of
2/7, or 1.66 for a winning probability of 3/7, respectively. The magnitude of losses was
matched to the bet independent of the chosen risk.

The task was tuned to stimulate an even distribution of choices across all risk levels by
varying the reward value with the size of the assumed risk so that the expected value (i.e.,
the sum of probabilistically weighted wins and losses) would match across all possible
choices. The experimental design enabled us to associate neural activity related to aversive
outcomes to the riskiness of choice behavior. In particular, we were able to assess
differential responses to aversive outcomes depending on whether the decision preceding it
was risk-averse (i.e., playing it safe but being punished for it) or risk-taking (i.e., taking a
risk and being punished for it).

Serotonergic challenges

Subjects took part in multiple fMRI sessions that only differed in terms of pharmacological
manipulation: a “no drug” condition, referred to as control, ATD, acute administration of
citalopram and acute blockage of 5-HT,x receptors with ketanserin Because the protocol for
drug administration differed substantially between ATD, citalopram,. and ketanserin
treatment, we decided against giving placebo during the control session. fMRI sessions were
performed at least one week apart in a fully counterbalanced order with subjects being
assigned a specific 5-HT challenge order e.g. control, ATD, citalopram, ketanserin. As there
were 16 possible combinations and 24 subjects, eight of the sequences were used twice. This
design allowed us to control for task and scan repetition effects. In contrast to the global
effects on the serotonergic tone induced by ATD and SSRI, ketanserin has a receptor-
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specific effect. These results will be reported in a separate paper. For the citalopram session,
citalopram was administrated intravenously at a rate of 20 mg/h starting two hours before
scanning, with maintenance dose during the fMRI session at 8 mg/h (~50 mg in total). The
ATD session was performed based on the description of Young et al. (1985). The day before
scanning participants followed a low protein diet. Upon arrival on the scanning day,
participants ingested 75 g tryptophan-free powdered mixture of essential and non-essential
amino acids dissolved in water (XLYS, TRY Glutaridon, SHS International Ltd.) and
performed the fMRI session five hours later.

In the citalopram session, blood samples were taken before citalopram was administrated,
right before the start of the scanning session, and after the scanning session to assess serum
prolactin levels as a proxy for cerebral 5-HT level changes. In the ATD session, blood
samples were taken before the ingestion of the amino acid drink, before and after the
scanning session. A second blood sample was taken at the same time points to measure
changes in plasma levels of tryptophan and the other large neutral amino acids (Williams et
al., 1999).

Mood assessment

Participants completed a modified Danish version of the Profile of Mood States (POMS)
questionnaire (McNair PM, Lorr M, 1971) to assess current mood based in six domains:
tension/anxiety, depression/dejection, anger/hostility, vigor/activity, fatigue/inertia and
confusion/bewilderment. For the control session, participants completed the mood
questionnaire twice, prior to the start of the fMRI scan and immediately after the fMRI scan.
For the ATD and SSRI sessions the participants were requested to report mood on three
occasions, upon arrival, right before and right after the fMRI scan.

Behavioral data analysis

The frequency of risk choices and reaction times were entered into repeated measures
analyses of variance (ANOVA) models (PASW-SPSS17 statistics software, Chicago) with
the factors of type of intervention (3 levels, ATD, citalopram and control) and “risk level” (3
levels, odds of 4/7, 5/7 and 6/7) as within subject factors. We examine the frequencies of
low-risk choices because each high-risk option was paired to a corresponding low-risk
option in a forced-choice design (Figure 1 B). Significance threshold was set at p<0.05 using
the Greenhouse-Geisser correction for non-sphericity when appropriate. Conditional on
significant F-values, pair-wise post-hoc t-tests were performed to further explore significant
main effects and interactions.

Magnetic resonance imaging

All MRI measurements were performed on a 3 Tesla MR scanner (Siemens Trio, Erlangen,
Germany) using an eight-channel head array coil. The same MRI protocol was performed
during the control, ATD and citalopram sessions. BOLD-sensitive fMRI used a T2*-
weighted gradient echo spiral echo-planar imaging (EPI) sequence with a repetition time
(TR) of 2.5 s, echo time (TE) of 26 ms, and flip angle of 90 degrees. The fMRI
measurements were obtained in two fMRI runs, each run lasting 11 minutes. A total of 128
brain volumes were acquired in a single fMRI session. Each brain volume consisted of 41
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slices with a slice thickness of 3 mm, between-slice gap of 25%, and a field of view (FOV)
of 256 x 256 mm using a 64 x 64 grid. The EPI sequence was optimized for signal recovery
of frontal cortex close to the base of the skull by tilting slice orientation from a transverse
toward a coronal orientation by about 30° and the use of a preparation gradient pulse
(Deichmann et al., 2003). In addition, high-resolution 3D structural T1-weighted spin echo
images were obtained after the first session of BOLD fMRI (T1 =800, TE= 3.93, TR = 1540
ms, flip angle 9°; 256 x 256 FOV; 192 slices). After the BOLD fMRI measurements, we
assessed regional blood perfusion at rest using arterial spin labeling (ASL). The ASL
measurements were performed to test whether any differences in the regional BOLD signal
between ATD, SSRI and control sessions resulted from a real difference in regional neural
activity induced by 5-HT challenge rather than a mere difference in baseline blood perfusion
levels. ASL-based perfusion measurements used FAIR Q2TIPS (Luh et al., 1999) sequences
with 3D GRASE (Gunther et al., 2005) single-shot readout with background suppression
(TR =3.4s, TE =19.3 ms, Tl = 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000,
2200, 2400, 2600, 2800, 3000 ms, 2 averages per Tl, Q2TIPS saturation duration = 150 ms,
26 slices, voxel size = 5.0 x 5.0 x 4.0 mm, FOV = 320 x 160 x 104 mm, vessel suppression
with bipolar gradients, b = 6 s/mm2). The duration of the ASL measurements was 4 minutes
and the sequence was run right after the fMRI session.

Functional MRI data analysis

The preprocessing and statistical analysis of the acquired images used SPM5

(www fil.ion.ucl.ac.uk/spm/software/spmb5). The structural images were segmented and the
resulting parameters were used during the normalization of the functional images. The
functional images were realigned to the first image, normalized and smoothed using a
symmetric 8-mm Gaussian kernel.

The statistical analyses focused on the outcome phase of the trials. For the first level subject
models we implemented an event related design with six different regressors for aversive
outcomes separating different type of events by the size of the risk the subject took (odds)
during the decision making phase (from the lowest odds 1/7, to the highest odds 6/7). The
different choices are illustrated in Figure 1 B. The model also included six regressors for the
positive outcomes according to the risk level, one regressor for the decision making, one for
the information phase, and 40 additional nuisance regressors to correct for physiological
noise related to pulse (10) respiration (6) and movement (24) (Glover et al., 2000; Lund et
al., 2006).

The impact of risk level and challenge on neural activity related to aversive outcomes was
modeled at the group level (second level) using a flexible-factorial design with the factors
“subject” (22 levels), “type of pharmacological challenge” (3 levels; ATD, SSRI, and
control) and “risk level”. Two complementary models were specified which differed in the
number of risk levels. In a first model, the parametric change in odds was modeled
separately, resulting in six risk levels (odds of 1/7, 2/7, 3/7, 4/7, 5/7 and 6/7). This model
was used to identify brain regions showing a linear increase or decrease in aversive outcome
related activity depending on the riskiness of the choice that caused the aversive outcome,
independent of the pharmacological challenge. We performed a one-sample t-test to assess
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the main effect of aversive outcomes by collapsing the estimates across pharmacological
challenges and risk levels. In the second model, the aversive events were grouped: choices
with odds of 1/7 and 2/7 were modeled together as high-risk choices, choices with odds of
3/7 and 4/7 as medium-risk choices and choices with odds of 5/7 and 6/7 as low-risk
choices. This model was used to test for an interaction between the riskiness of choice
behavior and pharmacological challenge to identify brain regions where ATD and SSRI had
opposite effects on aversive outcome related activity depending on the risk level of the
decision causing the aversive outcome. We also constructed an analogous model to assess
increases in BOLD signal in response to rewarding outcomes. The model consisted of
separate regressors modeling the BOLD response to positive outcomes following low-risk,
medium-risk and high-risk decisions. This enabled us to identify brain regions where the 5-
HT challenges modified the functional response to both, aversive and rewarding outcomes.

Using a voxel-wise extent threshold of p<0.01, all clusters were considered to be significant
at p<0.05 after Family-Wise Error (FWE) correction for multiple non-independent
comparisons. Voxels showing a change in BOLD response at an uncorrected p<0.001 but
without surviving FWE correction are reported as trend changes.

We expected that 5-HT would influence the regional neural response to aversive outcomes
in the amygdala and dmPFC for two reasons. First, the amygdala (Kahn et al., 2002;
Yacubian et al., 2006) and dmPFC (Taylor et al., 2006; Liu et al., 2007) have been shown to
be involved in processing aversive outcomes. Secondly, pharmacological manipulations of
5-HT levels during fMRI have been successfully used to modulate the processing of
aversive stimuli in both amygdala and dmPFC. In healthy volunteers, the amygdala showed
an increased BOLD response to aversive emotional stimuli after acute administration of the
SSRI citalopram (McKie et al., 2005; Bigos et al., 2008). An acute decrease in brain 5-HT
synthesis with ATD increased the neural response to negative outcomes during a
probabilistic reversal learning task in dmPFC (Evers et al., 2005) and to fearful faces in the
amygdala (Cools et al., 2005; van der Veen et al., 2007). We therefore defined spherical
regions of interest (ROI) for left and right amygdala with a radius of 8 mm (the smoothing
kernel size) centered in [-27, -3, —18] and [30, -3, —12] the peak activity voxels in
amygdala found by Yacubian et al. (2006) for loss related expected value. For the dmPFC
region, we choose an ROI with a radius of 8 mm centered in the peak dmPFC voxel from the
main effect of aversive outcomes contrast [14, 54, 36]. We performed FWE correction for
the voxels within the spherical ROIs using small volume correction. All imaging results are
reported by the Z-score and stereotactic MNI coordinates of the regional maxima.

Blood perfusion analysis

The ASL-based brain perfusion measurements were analyzed using FABBER with spatial
priors (www.fmrib.ox.ac.uk/fsl/fabber). Perfusion differences between control, ATD and
citalopram sessions were evaluated using permutation-based statistics. We performed a
small volume correction of the perfusion contrasts using regions of interest calculated from
the fMRI contrasts that showed significant differences between the 5-HT challenges.
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Results

Choice behavior

Subjects distributed their choices evenly across the six different risk levels and none of the
serotonergic challenges influenced the distribution of choices (Figure 2 A). ANOVA
showed no significant main effects or interactions between the factors challenge and risk
level (p=0.6). There were no differences in reaction times between the risk choices, and the
reaction times were not influenced by the serotonergic challenges (Figure 2 B). Using
reaction time as the dependent variable, the ANOVA yielded neither significant main effects
nor interactions between the factors challenge and risk level (p=0.8).

Mood assessment

We analyzed POMS scores collected before and after the pharmacological interventions
during all fMRI scan days. The POMS scores allowed us to identify mood changes caused
by the scanning session by itself as well as changes potentially induced by the ATD and
citalopram challenges. An ANOVA analyses with two factors, 5-HT intervention (ATD,
citalopram and control) and time (before and after fMRI session) yielded an effect of time
for anger/hostility with lower scores at the end of the scanning session as compared to pre-
scanning baseline (F1 11=5.98, p=0.033). Importantly, there was no significant effect of the
intervention x time interaction in any of the reported mood states. Because the fMRI
analyses focused on the differential effects of ATD and citalopram, we also set up a second
ANOVA model with two factors, 5-HT intervention (ATD and citalopram) and time (arrival
time, before and after the fMRI session). Again, we found a main effect of time, with a
decrease in vigor/activity scores after both pharmacological interventions (F3 19=6.61,
p=0.009), but neither a main effect of the type of intervention nor an intervention x time
interaction for any of the mood states.

Biochemical results

Interindividual baseline prolactin levels across sessions were highly correlated (r=0.80,
n=19, p<0.001). ANOVA including the factor challenge (citalopram vs. ATD) and time
(baseline vs. pre-scanning) yielded no main effect of drug (F<1) or time (Fq 17=2.86, ns), but
a significant interaction (F1 17=3.0, p<0.1) with increased prolactin levels after intravenous
application of citalopram. The ATD protocol reduced the plasma ratio of tryptophan to the
sum of competing large neutral amino acids (found to determine the uptake of tryptophan in
the brain) by 90% (paired t-test, tp1=11.2, p<0.001).

Neuroimaging results

Regional brain activity related to aversive outcomes—Independent of serotonergic
challenge or riskiness of choice (main effect of aversive outcomes), an extensive bilateral
fronto-parietal network showed an increased BOLD response for aversive outcomes (Figure
3 A). This network included inferior frontal gyrus, (regional peak in right inferior frontal
gyrus at MNI coordinates x, y, z =46, 36, —10; Z>7.8; prywe<0.001 and left inferior frontal
gyrus x, y, z =42, 36, —10; Z>7.8; ppwe<0.001), lateral frontopolar cortex (regional peak in
right frontopolar cortex at MNI coordinates X, y, z =34, 56, —4; Z>7.8; ppwg<0.001 and left
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frontopolar cortex at MNI coordinates x, y, z =-42, 44, -10; Z>7.8; ppwge<0.001), anterior
cingulate cortex, (regional peak in anterior cingulate cortex at MNI coordinates X, Yy, z =6,
46, 16; Z>7.8; ppywe<0.001), dmPFC (regional peak in dmPFC at MNI coordinates X, y, z
=14, 54, 36; Z>7.8; ppwe<0.001), inferior parietal cortex (regional peak in right inferior
parietal cortex at MNI coordinates X, y, z =58, —44, 40; Z>7.8; ppwe<0.001 and left inferior
parietal cortex x, y, z =—60, 52, 36; Z>7.8; prwe<0.001) and caudate (regional peak in right
caudate at MNI coordinates X, y, z =8, 0, 6; Z>7.8; prwge<0.001)

Since we parametrically manipulated the risk level from trial to trial, we were able to test for
brain regions where aversive outcome related activity showed a linear relationship with the
riskiness of the choice made during the decision phase. The putamen showed a linear
increase in aversive outcome related activity with the risk choices (Figure 3 B). The
strongest increase in correlation was found in the ventral portion of the anterior putamen.
This linear increase was expressed bilaterally in the putamen, but only reached significance
on the right side (regional peak in right putamen at MNI coordinates X, y, z =24, 4, -10;
Z=4.66; peywe=0.048), whereas the positive relationship between aversive outcome related
activity and the riskiness of choice only reached trend significance in left putamen (regional
peak in left putamen at MNI coordinates x, y, z = -26, 0, —=10; Z=4.13; ppwe = 0.323).
When testing for a linear decrease in loss related activity with the riskiness of choice, the left
anterior insula showed a trend correlation (regional peak in left insula at MNI coordinates X,
y, z=-30, 22 -2; Z=3.10). Of note, the relationship between activity related to aversive
outcomes in putamen and insula and the riskiness of the choices was not modulated by
citalopram or ATD (Figure 3 B).

Impact of changes in 5-HT transmission on regional brain activity related to
aversive outcomes—The two pharmacological interventions had opposite effects on
aversive outcome related activity in the dmPFC and amygdala (Figure 4). In the dmPFC,
ATD increased and citalopram decreased aversive outcome related activity relative to the
baseline condition (peak difference at MNI coordinate X, y, z = 10,52,40; Z=3.18; ppwg =
0.025 corrected within the dmPFC ROI). This region was part of a larger medial PFC cluster
that showed increased activity with aversive outcomes. The opposite pattern emerged in left
amygdala. Here citalopram increased and ATD decreased the BOLD response to aversive
outcomes (peak difference at MNI coordinate X, y, z = -22,-6,—-20; Z = 3.80; ppwe = 0.004
corrected within the amygdala ROI). We also observed trend differences in right amygdala
but below the significance threshold. Critically, the changes in aversive outcome related
activity in both regions were significant only when the aversive event was caused by a low-
risk but not by a medium or high-risk choice (Figure 4 A and C).

Regional brain activity related to positive outcomes—We did not find any effects
of the serotonergic challenges in dmPFC during positive outcomes (Figure 4 B). However,
the amygdala showed a bilateral increase in activity in the citalopram session compared to
the ATD session when subjects made large wins following high-risk choices (peak
difference at MNI coordinate X, y, z = —28,2,-14; Z = 3.49; ppwe = 0.011 and 26,2,-16;
Z=3.40; pewe = 0.014 corrected within the amygdala ROI, for left and right amygdala

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2015 October 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Macoveanu et al.

Page 10

respectively - Figure 4 D). These amygdala regions overlapped with regions showing a
general increase in activity for positive outcomes.

Regional brain perfusion at rest—Whole-brain analysis of the ASL data revealed no
significant differences in regional cerebral perfusion when perfusion levels during the
citalopram or ATD sessions were contrasted with brain perfusion measured in the control
session. Additionally, there was no difference in regional brain perfusion when contrasting
the ASL data of the citalopram and ATD sessions. Critically, we found no
pharmacologically induced changes in regional brain perfusion in the amygdala and dmPFC
after correcting for multiple comparisons within respective predefined ROIs.

Discussion

The present study discloses two main findings: Analysis of BOLD signal changes revealed
that the two pharmacological manipulations had opposite effects on activity related to
aversive outcomes in two brain regions. In the dmPFC, ATD increased and citalopram
decreased activity to the control condition. The inverse activation pattern was found in left
amygdala with citalopram increasing and ATD decreasing the BOLD response to aversive
outcomes. This differential effect of the pharmacological challenges was only observed
when the aversive outcome was caused by a low-risk decision.

Our new gambling task parametrically varied winning probabilities and associated outcomes
and matched expected values and loss magnitudes. This has two implications. First, the
selective 5-HT effect on processing aversive outcomes in dmPFC and amygdala following
low-risk choices was not caused by differences in the magnitude of losses, because the loss
values for all risk choices were matched. Second, matching the expected values prompted
participants to distribute their choices in a balanced manner across all different levels of risk.
We argue that the observed changes in BOLD response to low-risk aversive outcomes
cannot be explained by a 5-HT mediated change in behavioral inhibition, as subjects always
had to make a choice and neither of the pharmacological interventions resulted in a shift in
choice behavior.

A cluster in the dmPFC showed an increase in neural response to aversive outcomes
following unsuccessful low-risk choices for ATD, while citalopram had the opposite effect.
This cluster formed a subset of the larger medial PFC region that was activated during
aversive outcomes. This finding is in line with previous studies that have implicated the
dmPFC in processing monetary losses (Taylor et al., 2006; Kim et al., 2006; Liu et al.,
2007). Of particular interest, ATD has been shown to increase the neural response in dmPFC
to negative feedback during probabilistic reversal learning, irrespective of whether the errors
were followed by behavioral reversal (Evers et al., 2005). The present study confirms a
modulatory role of 5-HT on performance monitoring in dmPFC by suppressing the neuronal
response to aversive outcomes. Extending previous work, we show that the suppressive
effect of 5-HT is also present in a gambling task with stable reward-punishment rules and
without any need to learn or adjust reward or punishment contingencies. The critical new
finding is that the suppressive effect of 5-HT on the processing of aversive outcomes in
dmPFC is restricted to events caused by risk-averse decisions.
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Our design did not allow to directly test whether the sensitivity to 5-HT transmission in
dmPFC and amygdala relates to the magnitude of missed reward (i.e. the reward of the
alternative unselected choice) or to the aversiveness of unsuccessful low-risk choices.
However, previous neuroimaging studies have found that activity of dmPFC and frontopolar
cortex codes for the missed rewards of the best unselected choice (Boorman et al., 2009,
2011). Another possibility is that the 5-HT challenges exerted a general modulatory effect
on the processing of surprising events. However, a general surprise effect is unlikely
because the acute manipulations of cerebral 5-HT levels did not modulate the neural
response of dmPFC to equally surprising high positive outcomes following high-risk
choices. Instead, we propose that in the present gambling task, the dmPFC processed the
magnitude of the missed reward of unselected choices, when subjects “played it safe” but
still lost and that a higher availability of 5-HT “dampens” the sensitivity of dmPFC to
missed reward.

The lateral frontopolar cortex responded during both aversive and positive outcomes. This
suggests that the lateral frontopolar cortex processed both the outcomes of the selected
option and the alternative unselected option. However, contrary to our hypothesis, the
frontopolar cortex was not sensitive to the global changes in serotonergic transmission. This
negative finding does not imply that the processing of low risk aversive outcomes in the
frontopolar cortex is not influenced by 5-HT. It is worth to keep in mind that ATD and
citalopram alter 5-HT transmission through many types of receptors which can have
competing actions in specific cortical regions and thus may not result in a change in the
overall neural response as captured by the BOLD signal.

The left amygdala also showed a selective change in BOLD response to aversive outcomes
following low-risk decisions: reduction in cerebral 5-HT with ATD decreased the BOLD
response to aversive outcomes in the left amygdala, whereas increasing 5-HT levels with
citalopram had the opposite effect. ATD and citalopram also had a selective effect on
amygdala’s response to positive outcomes. ATD bilaterally decreased, but citalopram
increased the regional response of the amygdala to positive outcomes caused by high-risk
decisions. Of note, amygdala displayed a general response to positive, but not negative
outcomes. These findings shed new light on the neuromodulatory effects of 5-HT on reward
processing in amygdala (Yacubian et al., 2006). The observed pharmacological effects in the
amygdala are compatible with the hypothesis that in the context of aversive outcomes,
amygdala labels these events as unfair when a low-risk choice is punished (Crockett et al.,
2008, 2010). Conversely, in the context of positive outcomes, amygdala enhances a positive
surprise effect. In this regard, our data point to a possible functional lateralization with the
left amygdala showing stronger 5-HT modulation during aversive outcomes and the right
amygdala during positive outcomes. An alternative explanation might be that 5-HT related
processes in amygdala involve categorizing the salience of the events regardless of whether
outcomes are positive or aversive.

The effects of ATD and citalopram on the neural response to low-risk aversive outcomes in

dmPFC and amygdala were opposite in sign. During aversive outcomes, higher 5-HT levels

increased the amygdala neural response while reducing the response in dmPFC. This finding
points to complementary or even antagonistic roles of dmPFC and amygdala in processing
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aversive outcomes. In accordance with our findings, an inverse response pattern of medial
prefrontal cortex and amygdala has been repeatedly demonstrated with invasive methods in
animals (Grace and Rosenkranz, 2002; Quirk et al., 2003) and functional neuroimaging in
humans (Ochsner et al., 2002; Kim et al., 2003; Urry et al., 2006; Passamonti et al., 2008).
For instance, Ochsner et al. (2002) found increased activation of lateral and medial frontal
regions paralleled by decreased orbitofrontal and amygdala activations during cognitive
control of negatively valenced stimuli.

The ventral putamen showed a positive correlation between neural activity related to
aversive outcomes and risk taken during the decision phase with highest activity for the
most risky choice. This linear relationship between response to aversive outcomes and
riskiness of the gamble was expressed bilaterally in the putamen, but only reached
significance in the right putamen. An opposite trend was found in the left anterior insula
where aversive outcome related activity decreased linearly with increased riskiness of the
choice. These findings extend previous work on the processing of positive and aversive
outcome information (Liu et al., 2007), pointing to a differential role of putamen and insula
in the evaluation of unsuccessful choices. The ventral putamen seems to process primarily
aversive outcomes caused by highly risky choices motivated by a potentially high reward,
while the anterior insula seems to preferentially process aversive outcomes caused by highly
risk-avoiding choices resulting in a high missed reward. Interestingly, the activation profile
of aversive outcomes in ventral putamen and anterior insula were not modulated by the
serotonergic challenges in the present study. Our results show that aversive outcome activity
in ventral putamen and anterior insula do not rely on serotonergic signaling. Rather, our
findings are compatible with the notion that 5-HT seem to be more involved in emotional
aspects of loss processing (Bechara et al., 1999) by modulating structures such as amygdala
and dmPFC.

A potential limitation of the study design was that the pharmacological challenges were not
blinded. The main goal of the study was to compare two serotonergic challenges with
opposite effects and to use the session without pharmacological challenges as reference. All
volunteers handled waiting times, scanning and drug infusions without any complaint or
difficulty. In particular, no subject reported any discomfort due to the infusion line. They
were not informed about any expected effects of 5-HT manipulation and we could not find
any measurable effects of the 5-HT challenges on reaction times, choice behavior or self
reported mood states. The only exception was the scores related to vigor/activity that
showed a similar decrease in both the citalopram and ATD sessions. Given these factors, the
regionally specific drug-by-task interactions are unlikely to be due to simple placebo effects
or a lack of blinding. The results support our predictions of context-specificity (affecting
only aversive outcomes after low-risk choices, or positive outcome after high-risk choices)
and region-specificity (amygdala, dmPFC). We also verified using a subsequent ASL
analysis that there were no challenge-induced changes in cerebral perfusion in these regions,
suggesting that in dmPFC and amygdala the observed modulation of BOLD response is
most likely to reflect altered serotonergic neurotransmission induced by the challenges, in
the specific context of the gambling task.
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Conclusions

We show that 5-HT transmission preferentially modulates the neural response in dmPFC
and amygdala to the specific events when people play it safe but are punished anyway. The
effect of 5-HT level on the regional response to aversive outcomes following low-risk
choices was opposite in sign for dmPFC and amygdala, pointing to a reciprocal inhibitory
interaction between the two regions. Further, only in the dmPFC, the 5-HT induced change
in response to low-risk losses was not paralleled by a change in responsiveness to positive
outcomes, suggesting a unique role of the dmPFC in the selective processing of aversive
outcomes in the context of risk avoidance. Together, these findings have important
implications for understanding the role of 5-HT in mood and anxiety disorders. For instance,
dysfunctional 5-HT signaling may bias cognitive and emotional processes towards risk-
averse decisions, result in excessive behavioral inhibition or render patients more
susceptible to uncontrollable stress.
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Figure 1. Gambling task

(A) Temporal structure of a single gambling trial. Each trial was divided into 3 phases: an
INFORMATION, DECISION and OUTCOME phase. Subjects first received
INFORMATION about the sum of money they had accumulated and the bet size, which
could be lost. In the DECISION phase, two sets of cards facedown were presented together
with the associated monetary reward. Participants chose the set of cards where they believed
the “ace of hearts” would be hidden. In the OUTCOME phase, the “ace of hearts” was
revealed, providing the subjects a feedback whether they had chosen the right set and won
the associated reward or lost the bet. (B) Possible choices with associated risk levels.
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Figure 2. Choice behavior
(A) Distribution of choices across the six risk levels (odds). We found no significant change

in risk distribution due to pharmacological challenges. (B) Distribution of reaction times
across the six risk levels. There were no significant differences in reaction times between the
risk choices, or the serotonergic challenges. The columns represent the group mean and error
bars give the standard deviation from the mean (n = 22).
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Figure 3. Changesin regional brain activity related to aver sive outcomes
(A) Main effect of aversive outcomes. The panels show representative slices of the statistical

parametric map thresholded at p<0.01 FWE corrected. (B) Putamen showed a linear increase
in aversive outcome activity with the risk choice (odds). The left panel show map
thresholded at p<0.01 uncorrected. Note that only the cluster in the right putamen was
significant after correction for multiple comparisons. The right panel gives the parameter
estimates of the regional peak in right putamen for the six risk choices (odds) and the three
fMRI sessions. Error bars represent the 90% confidence intervals of the mean.
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Figure4. 5-HT induced changesin outcomerelated activity
The figure illustrates changes in regional BOLD response to aversive and positive outcomes

depending on the risk choice and the type of serotonergic challenge. Choices with odds of
1/7 and 2/7 were pooled together as high-risk, choices with odds of 3/7 and 4/7 as medium-
risk and choices with odds of 5/7 and 6/7 as low-risk choices. (A) For unsuccessful low-risk
choices, ATD increased and citalopram decreased dmPFC activity compared to the control
condition. (B) Serotonergic challenges have no significant influence on dmPFC during
positive outcomes. (C) For unsuccessful low-risk choices amygdala’s response decreased
with ATD and increased with citalopram. (D) For high-risk positive outcomes amygdala’s
response showed a bilateral decrease with ATD and increase with citalopram. The maps are
thresholded at p<0.01 (uncorrected) for illustrative purposes. The right panels give the
parameter estimates of the regional peaks for the low, medium and high-risk choices and the
three pharmacological challenges. Error bars represent 90% confidence interval of the mean.
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