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Adaptive decision-making involves interaction between systems regulating Pavlovian and instrumental control of behavior. Here we

investigate in humans the role of serotonin in such Pavlovian-instrumental transfer in both the aversive and the appetitive domain using

acute tryptophan depletion, known to lower central serotonin levels. Acute tryptophan depletion attenuated the inhibiting effect of

aversive Pavlovian cues on instrumental behavior, while leaving unaltered the activating effect of appetitive Pavlovian cues. These data

suggest that serotonin is selectively involved in Pavlovian inhibition due to aversive expectations and have implications for our under-

standing of the mechanisms underlying a range of affective, impulsive, and aggressive neuropsychiatric disorders.
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Introduction
Serotonin is implicated in healthy and disordered functions so
wide ranging that elucidating its function is an important scien-
tific puzzle. Best known are its contributions to aversive process-
ing and behavioral inhibition, with evidence showing that a
reduction in serotonin disinhibits behavior in the face of ex-
pected punishments (Tye et al., 1977; Soubrie, 1986; Graeff et al.,
1996; Crockett et al., 2009, 2012). This work provided the basis
for a recent proposal that serotonin has a specific role in tying
aversive Pavlovian influences to instrumental inhibition (Dayan
and Huys, 2008; Boureau and Dayan, 2011; Cools et al., 2011).

This proposal is grounded in a long history of psychological
theory according to which there is a dichotomy of Pavlovian
versus instrumental control of behavior. Instrumental behavior is
elicited by learned associations of stimulus-action pairs with re-
inforcements, whereas Pavlovian behavior arises as reflexive re-
sponses to learned stimulus-associated outcome expectancies
(Thorndike, 1911; Pavlov, 1927). Pavlovian and instrumen-
tal contingencies may act synergistically or competitively, and

anomalous Pavlovian-instrumental interaction might be core to
several neuropsychiatric disorders (Dayan et al., 2006; Dayan and
Huys, 2008; Boureau and Dayan, 2011). For example, Dayan and
Huys (2008, 2009) argue that serotonin deficiency, as seen in
depression, leads to a failure to inhibit aversive thoughts and
actions. Here we investigate whether and how serotonin regu-
lates the coupling between aversive Pavlovian and instrumental
control.

The paradigmatic example of such coupling is aversive
Pavlovian-instrumental transfer (PIT), in which an aversive Pav-
lovian conditioned stimulus (CS) inhibits instrumental behavior
(i.e., conditioned suppression; Huys et al., 2011; Geurts et al.,
2013). Effects of serotonin on aversive PIT have not been assessed
in humans. We fill this gap, while also investigating the valence-
specificity of serotonin’s PIT effects. Specifically, we examined
how aversive and appetitive PIT are affected by acute tryptophan
depletion (ATD), a dietary procedure to deplete central serotonin
levels in humans (Crockett et al., 2011). The hypothesis that the
effect of ATD is particularly pronounced on aversive rather than
appetitive PIT concurs with an accumulating body of theory and
evidence (Soubrie, 1986; Deakin and Graeff, 1991; Daw et al.,
2002; Dayan and Huys, 2008; Boureau and Dayan, 2011; Cools et
al., 2011). However, there are also several studies suggesting a
potential role in appetitive processing (Cools et al., 2005; Naka-
mura et al., 2008; Seymour et al., 2012). We aimed to resolve this
discrepancy by conducting direct comparison between effects of
ATD on aversive and appetitive PIT.

Finally we asked whether such effects are restricted to appeti-
tive instrumental actions, such as approach, or extend to aversive
actions, such as withdrawal. We have already shown that the
effects of Pavlovian stimuli differ between instrumental approach
and withdrawal (Huys et al., 2011). Serotonergic neurons densely
innervate structures involved in active defensive behaviors (Mc-
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Naughton and Corr, 2004; Saulin et al., 2012), raising the possi-
bility that serotonin alters Pavlovian modulation of withdrawal as
well as approach actions (Dayan and Huys, 2009; Boureau and
Dayan, 2011).

Materials and Methods
Participants. Fifty-seven healthy right-handed volunteers (18 –28 years
old; mean age of 23.8 � 2.8; 22 women) participated in this experiment.
The study was approved by the local ethical committee at the Radboud
University, Nijmegen. Participants were recruited via local advertise-
ments, and screened during a screening session several days before the
experiment for psychiatric and neurological disorders and MRI contra-
indications by means of prescreening questionnaires and a (medical)
interview by a trained physician. All volunteers gave written informed
consent, and were paid for their participation. Exclusion criteria were
any history of cardiac, hepatic, renal, pulmonary, neurological, psychi-
atric, or gastrointestinal disorder, current medication use as well as first-
degree family history of mood disorders.

We report data from 45 participants (18 –28 years old; mean age of
23.8 � 2.8), as 12 participants could not be included for the following
reasons: five participants did not tolerate the amino acid drink; one
participant fainted during venipuncture; one participant did not return
for the second session; data from two participants were lost due to tech-
nical errors; and one participant reported not following the instructions.
Two participants did not meet inclusion criteria for simple query trials
during Pavlovian conditioning (see Results).

General procedure. Participants attended two test sessions at least 6 d
apart (maximum 13), and were administered either a tryptophan deplet-
ing drink (TRP�) or a balanced amino acid drink (BAL) in a double-
blind, placebo-controlled, cross-over design (22 participants received
TRP� and 23 received BAL on the first session). Before the test sessions,
participants fasted overnight and low-protein food was provided on the
test days. Following a resting period of �5.5 h after drink intake (mean
5 h 24 m, SD 12 min in the TRP� condition and mean 5 h 26 m, SD 14
min in the balanced condition) to ensure stable and low TRP levels,
participants performed a series of tasks. The task presented here was
administered after another experiment involving fMRI scanning (re-
ported previously). The current experiment started �7 h after the amino
acid drink intake (6 h 49 m, SD 14 min in the TRP� condition and 6 h 55
m, SD 20 min in the balanced condition).

Participants were seated comfortably in front of a personal computer
with headphones. They used a mouse with their right hand to indicate
their choices. Earnings were paid by bank transfer after the second
session.

Amino-acid mixtures. Central TRP was depleted by ingesting an
amino-acid load that did not contain TRP but did include other large
neutral amino acids (LNAAs; Reilly et al., 1997). The quantities of amino
acids in each drink were based on those used by Young et al. (1985),
although a 78.2 g mixture was used to minimize nausea. Both amino-
acid mixtures (prepared by Nutricia) had the following ingredients:
L-alanine, 4.1 g; L-arginine, 3.7 g; L-cystine, 2.0 g; glycine, 2.4 g; L-histidine,
2.4 g; L-isoleucine, 6 g; L-leucine, 10.1 g; L-lysine, 6.7 g; L-methionine, 2.3 g;
L-proline, 9.2 g; L-phenylalanine, 4.3 g; L-serine, 5.2 g; L-threonine, 4.9 g;
L-tyrosine, 5.2 g; and L-valine, 6.7 g. The balanced amino drink contained
additionally L-tryptophan, 3.0 g and the TRP� mixture 3.0 g of micro-
crystalline cellulose filler. Female participants received a 20% reduction in
quantity to account for lower average body weight. The drinks were prepared
by stirring the mixture into �200 ml of tap water with a choice of lemon-
lime or grapefruit flavoring to compensate for the unpleasant taste. Except
for five of the excluded participants, participants reported no side effects
apart from transient nausea following ingestion of the drink.

Blood sample analyses. Blood samples were taken twice, once before
amino acid intake, and once before testing (9 min �5 m), to establish the
efficacy of the ATD procedure. Venous samples were taken in EDTA
tubes, centrifuged at 2650 gmax during 20 min, and then pipetted into
heparin aliquots. These were stored for a maximum of 3 weeks at �20°C
before moving them to an �80°C environment. From there, they were
sent to an external laboratory. Quantitative amino acid analysis was per-

formed by high-performance liquid chromatography as described previ-
ously (Fekkes et al., 1995). The ratio total TRP/LNAA was calculated as
100 times the concentration of TRP divided by the summed concentra-
tions of the LNAAs (TRP/�LNAA; Fernstrom and Wurtman, 1972).

Task description. We used the task as previously described by Huys et
al., (2011). In short, the task was divided into two blocks (approach and
withdrawal), each consisting of an instrumental training, a Pavlovian
training and a PIT stage (Fig. 1).

Instrumental training. The instrumental task (Fig. 1A) was an ap-
proach or withdrawal go/nogo task, framed in terms of collecting or
discarding mushrooms. In the approach block, participants chose
whether to collect the mushroom by moving the mouse toward and
clicking on the stimulus (approach-go) within a response-window of
1.5 s, or not collect the mushroom by abstaining from a response for 1.5 s
(approach-nogo). In the withdrawal block, participants chose whether to
discard mushrooms by clicking in a blue frame located on the opposite
side of the stimulus (withdrawal-go) or do nothing (withdrawal-nogo).
The outcome (�20 Euro cents) was then presented in the middle of the
screen. Reinforcements were probabilistic, with the “correct” response
for each mushroom leading to gain or avoidance of loss on 75% of the
trials. Correct trials were those on which participants discarded a “bad”
or kept a “good” mushroom, and those on which they collected a good or
refrained from collecting a bad mushroom. Participants had to learn the
better response for each stimulus from the noisy reinforcement feedback.
There were 3 good and 3 bad mushrooms in each context, meaning that all
actions (i.e., approach-go, approach-nogo, withdrawal-go, and withdrawal-
nogo) could be followed by both rewards and punishments (Table 1). Thus,
the expected value of correct approach and withdrawal actions were equal
and positive on average.

Pavlovian training. The second part of the task consisted of a separate
classical conditioning procedure. Five compound Pavlovian stimuli
(CS), consisting of a fractal visual stimulus (Fig. 1B) and a tone were
deterministically paired with outcomes. The best (S��

P ) and worst (S�
P )

CS predicted a gain/loss of 100 cents, whereas the intermediate CSs
(S�

P ,S0
P,S�

P ) were followed, respectively, by �10 0 –10 cents. To ensure
that participants paid attention, a query trial was presented on every fifth
trial. Participants then had to choose between two different Pavlovian
stimuli (Fig. 1C) in extinction.

PIT. This was the main part of interest. Subjects chose whether to
collect or discard mushrooms while the Pavlovian stimuli tiled the entire
background (Fig. 1D). Critically, no outcomes were presented. Partici-
pants were instructed to continue performing the instrumental task; that
choices were still earning them the same outcomes and were being count-
ed; but that they would not be told about the outcomes.

Psychometric measurements. Participants completed the following
questionnaires during the screening session: Barratt Impulsiveness Scale
(Patton et al., 1995), Behavioral Inhibition/Behavioral Activation Scale
(Carver and White, 1994), Beck Depression Inventory (Beck et al., 1996),
Eysenck Personality Questionnaire (Eysenck and Eysenck, 1975), Ham-
ilton Rating Scale for Depression (Hamilton, 1960), Spielberger Trait
Anxiety Inventory (Spielberger et al., 1983), Kirby Questionnaire (Kirby
and Maraković, 1996), Sensitivity to Punishment and Sensitivity to Re-
ward Questionnaire (Torrubia et al., 2001), and the Dutch reading test
(Schmand et al., 1991). Scores are reported in Table 2. In addition, par-
ticipants completed the Positive Affect Negative Affect Schedule
(PANAS; Watson et al., 1988) and the Bond and Lader Visual Analog
Scales (BLV; Bond and Lader, 1974) just before the PIT experiment.
Finally, a neuropsychological test battery was administered at the end
of each testing day (�15 min after the end of the PIT experiment)
consisting of a number cancellation task, a box completion test, and a
digit span (Table 2).

Data analysis. Data were analyzed using the statistic software SPSS
16.0. Where appropriate, we performed repeated-measures (rm)
ANOVA. Factors included drink (two levels: BAL/TRP�, within-
subject), order (two levels: TRP� first or BAL first, between-subjects)
and other factors defined below.

Serum levels. The TRP/ �LNAA ratio was used as the dependent vari-
able in an rmANOVA with time (two levels: before/after, within-sub-
ject) � drink � order. This was followed by simple effects analyses: an
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rmANOVA with factor Time for each drink separately, and an
rmANOVA with factor Drink only to comparing TRP/�LNAA after
ATD and BAL.

Pavlovian conditioning. The threshold for performing above chance at
the query trials (Fig. 1C) was set to at least 14 (of 18) correct (based on a
sign test). Proportion correct choices were also submitted to a drink �
order rmANOVA.

Instrumental training. There were four trial types, consisting of stim-
ulus for which the correct response was as follows: (1) go-approach, (2)
nogo-approach, (3) go-withdrawal, and (4) nogo-withdrawal. We calcu-
lated the proportion of correct responses [p(correct)] for the first and last
10 trials of each trial type, both for the instrumental training and for the
PIT stage. To assess whether participants learned to make the correct
choice during instrumental training, we used a rmANOVA with time
(two levels: first/last trial bin), action context (two levels: approach/with-
drawal), correct choice (two levels: go/nogo), and drink and order.

To assess whether the learned behavior generalized to the PIT stage,
the two level factor Time was changed to include three levels (henceforth
“extended time factor”): the last instrumental, the first PIT, and the last
PIT trial bin. Adequate generalization to the PIT stage implies an absence
of any effect of, or interaction with, the factor time.

A

B

C

D

Figure 1. A, Instrumental training. To center the cursor, participants clicked in a central square. The experiment consisted of a block with exclusively instrumental approach trials (n �
120) and a block with exclusively withdrawal trials (n � 120). In approach trials (top), participants chose whether to move the cursor toward the mushroom and click inside the blue frame

onto the mushroom (go), or do nothing (nogo). In withdrawal trials, they instead moved the cursor away from the mushroom and clicked in the empty blue frame (go) or did nothing

(nogo). Outcomes were presented immediately after go actions, or after 1.5 s. Per block, there were three “good” and three “bad” instrumental stimuli. Participants played each block

ones per testing day. Instrumental stimuli were different for both blocks, but the same for both days. B, Pavlovian conditioning. Participants passively viewed stimuli and heard auditory

tones, followed by wins and losses. There were five fractal/tone combinations. Each combination was displayed 12 times in the first block and another six times in the second block. C,

On Pavlovian query trials, participants chose between two Pavlovian stimuli. No outcomes were presented, but they were counted and added to the total presented at the end of the

experiment. Query trials were administered after every five Pavlovian conditioning trials. D, PIT participants responded to the instrumental stimuli trained during the instrumental

training stage, with Pavlovian stimuli tiling the background. No outcomes were presented, but participants were instructed that their choices counted toward the final total. No explicit

instructions about the contribution of Pavlovian stimuli towards the final total were given.

Table 1. Action outcome contingencies for the different instrumental stimuli

Block
Type of instrumental
stimulus (mushroom) If the following action:

Then the following
outcome (75%/25%):

Approach Go (good) Go (collect) �20/�20

Nogo (avoid) �20/�20

Nogo (bad) Go (collect) �20/�20

Nogo (avoid) �20/�20

Withdrawal Go (bad) Go (throw away) �20/�20

Nogo (collect) �20/�20

Nogo (good) Go (throw away) �20/�20

Nogo (collect) �20/�20

Table 2. Trait characteristics and data from neuropsychological background tests

as a function of order (BAL1st/TRP�1st; SEM)

Questionnaire BAL1st TRP�1st

Barratt-total 59.4 (3.1) 54.3 (4.1)

Barratt-attention 16.1 (1.0) 14.4 (1.1)

Barratt-motor 18.9 (1.1) 17.6 (1.5)

Barratt-nonplanning 24.4 (1.3) 22.2 (1.7)

BIS 18.3 (0.8) 17.0 (0.9)

BAS-total 24.7 (1.1) 28.1 (3.1)

BAS-reward 8.9 (0.5) 9.1 (0.5)

BAS-drive 7.6 (0.5) 7.5 (0.5)

BAS-fun 8.2 (0.3) 8.4 (0.5)

BDI 1.1 (0.35) 1.4 (0.36)

EPQ-psychoticism 2.1 (0.4) 1.2 (0.2)

EPQ-extraversion 10.0 (0.4) 9.3 (0.6)

EPQ-neuroticism 2.2 (0.4) 1.9 (0.3)

EPQ-lie 6.2 (0.6) 6.6 (0.7)

HRSD 0.9 (0.2) 0.9 (0.3)

STAI 30.2 (1.3) 30.5 (1.2)

Kirby-small 0.04 (0.01) 0.05 (0.02)

Kirby-medium 0.03 (0.01) 0.03 (0.02)

Kirby-large 0.02 (0.01) 0.03 (0.02)

SPSRQ-punishment 4.9 (0.7) 4.4 (0.6)

SPSRQ-reward 11.7 (0.8) 10.8 (0.9)

NLV 85.8 (1.4) 85.6 (1.8)

Number cancelation 227.7 (6.2) 207.5 (5.7)

Box completion 79.7 (3.0) 73.5 (3.6)

Digit span 16.2 (0.6) 18.1 (0.6)

Barratt, Barratt Impulsivity Scale; BAS, behavioral activation system score; BDI, Beck Depression Inventory;
BIS, behavioral inhibition system score from the BIS/BAS scale; EPQ, Eysenck Personality Questionnaire; Kirby,
Kirby Questionnaire; NLV, Dutch reading test; SPSRQ, Sensitivity to Punishment and Sensitivity to Reward
Questionnaire; STAI, Spielberger Trait Anxiety Inventory; HRSD, Hamilton Rating Scale for Depression.
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PIT stage. The primary effect of interest was that of the Pavlovian CSs
on instrumental responding. This was assessed in terms of choice [pro-
portion of go responses; p(go)] as a function of CS valence and action
context. We analyzed this using an rmANOVA with drink, action
context, and CS valence (five levels: S��

P /S�
P /Sn

P /S��
P /S�

P ,
within-subject). We modeled CS Valence as a linear contrast
(�2/�1/0/�1/�2).

Planned contrasts were targeted at the most aversive and most appet-
itive Pavlovian stimuli (i.e., S P

�� and S�
P ). For this analysis, the five-level

factor Pavlovian valence in the omnibus rmANOVA was replaced by a
Pavlovian valence factor with 2 levels: S��

P and S P
�.

To account for variability of no interest introduced by the cross-
sectional design (2 d) and the blocked design of the PIT task (two blocks)
we added the following between-subject factors to the rmANOVAs de-
scribed above. First, to capture variance due to test-retest effects from day
1 to day 2 we added a between-subject factor order [started with BAL on
day 1 (BAL1st)/started with TRP� on day 1 (TRP� first)]. Note that the
interaction between order and the within-subject factor drink (BAL/
TRP�) is statistically similar to a main effect of day (day1/day2). Like-
wise, to capture variability of no interest in PIT task performance that
might be caused by block order (i.e., better performance on the second
compared with the first block) we added a between-subject factor first
block [approach as first block (appr1st)/withdrawal as first block
(wthd1st)]. An interaction between block order and the within-subject
factor action context (approach/withdrawal) represents a main effect of
block (block1/block2).

Results
Blood plasma analysis
ATD resulted in decreased TRP/�LNAA ratio as evidenced by a
significant drink � time interaction (F(1,41) � 492.9, p 	 0.001;
Table 3). This was due to a 92.8% decrease in the TRP/�LNAA
ratio following TRP� . The TRP/�LNAA ratio was lower for the
TRP� than the BAL condition at the start of the PIT experiment
(F(1,41) � 866.4, p 	 0.001).

Pavlovian conditioning
Participants performed highly accurately on the query trials dur-
ing the Pavlovian stage evidencing successful Pavlovian condi-
tioning [mean p(correct) � 0.97 correct, SD � 0.04]. Two
participants performed at chance level and were removed from
further analysis. There was no significant effect of ATD on accu-
racy on the query trials [mean p(correct)BAL � 0.97, mean p(cor-
rect)TRP� � 0.97, F(1,41) � 0.54, p � 0.82].

Instrumental responding
Participants showed robust acquisition of the instrumental con-
tingencies (Fig. 2; main effect of time, F(1,41) � 242.4, p 	 0.001)
and this effect was maintained throughout the PIT stage (no main
effect of, or interaction with, the extended time factor; all
(F(1,40) /(2,80) 	 3.0, p 
 0.091). ATD impaired instrumental learning
[drink� time interaction F(1,41) �4.9, p�0.033; mean p(correct) at
the end of the instrumental training: TRP�, 0.77; BAL, 0.82; mean
improvement in p(correct) between first and last stage of instrumen-
tal learning: TRP�, 0.22; BAL, 0.28]. This effect was maintained in
the PIT stage (main effect of drink: F(1,40) � 6.7, p � 0.014; no
interaction with extended time factor).

ATD also specifically impaired nogo-approach actions (Fig.
2); there was a significant three-way drink � action context �
correct choice interaction (F(1,41) � 5.7, p � 0.022) which was
driven by a main effect of drink on nogo-approach stimuli (F(1,41) �
10.7, p � 0.002) with the effect of ATD on all other actions
failing to reach significance (F(1,41) 	 1.2). Thus, ATD im-
paired the ability to make nogo responses to passively avoid
bad mushrooms.

PIT
Consistent with our primary hypothesis, ATD altered the effects
of Pavlovian stimuli on instrumental behavior. Specifically, the
inhibitory effect of aversive Pavlovian CSs on instrumental re-
sponding seen at baseline was reversed by ATD [drink � CS
valence (five levels, S��

P /S�
P /Sn

P /S��
P /S�

P ) linear contrast,
F(1,41) � 4.3, p � 0.045; planned contrast drink � CS valence
(two levels, S��

P /S��
P ), F(1,41) � 5.5, p � 0.023]. This effect was

driven by an effect of ATD on the aversive CS. For the aversive
CSs, the proportion of go choices was larger after TRP� than
after BAL (main effect of drink for S�

P only, F(1,41) � 6.8, p �
0.013). Responding to the appetitive CSs was unaltered by ATD
(F(1,41) � 0.1, p � 0.74). Thus, ATD abolished the inhibitory
effect of aversive Pavlovian CS on instrumental responding.

The order of drink sessions was counterbalanced, so that 22
participants received TRP� on the first session, and 23 received
TRP� on the second session. Moreover, the analyses reported
above were conducted with testing order as a between-subjects
factor to account for variability of no interest. Contrary to our
expectation, this factor interacted with the effect of interest.
There was a significant three-way interaction between drink �
CS valence (S��

P /S��
P ) � order (F(1,41) � 11.7, p � 0.001; Fig. 3).

Breakdown of this three-way interaction effect by group (BAL1st
vs TRP� first) revealed that our effect of interest, i.e., aversive
disinhibition after ATD, was present in participants who received
BAL, but not in those who received TRP� on day 1 (drink � CS
valence for BAL1st, F(1,21) � 18.8, p 	 0.001; for TRP� first,
F(1,20) � 0.5, p � 0.49; Fig. 3). Furthermore, alternative break
down of the interaction effect by day (day 1 vs day 2) revealed
that it was present on the first, but not the second day (day 1,
drink � CS valence, F(1,41) � 5.9, p � 0.02; day 2, F(1,41) 	0.1,
p � 0.88).

As in the overall group, these effects in the BAL first group
were also driven by the aversive CS rather than the appetitive CS.
Thus, in this BAL first group, for the aversive CS, the proportion
of go choices was larger after TRP� than after BAL (main effect of
drink for S�

P only, F(1,21) � 13.9, p � 0.001), whereas responding
to the appetitive CSs was unaltered by ATD (F(1,21) � 1.7, p �
0.21). Moreover, there was also a significant interaction between
drink, CS valence in this BAL first group when comparing the
aversive with the neutral CS, (F(1,21) � 6.7, p � 0.017), but not
when comparing the appetitive with the neutral CS (F(1,21) � 2.1,
p � 0.16). This interaction is depicted in Figure 3 and confirms a
specific effect of ATD on aversive PIT.

In supplemental analyses, we assessed whether this aversive
disinhibition in the BAL first group was due to increased propor-
tion of go choices when go was correct, when go was an error, or
some combination of both. To this end we assessed the probabil-
ity of correct responses in the PIT stage during the aversive trials
only using an ANOVA with an additional within-subject factor
type of stimulus. There were two types of stimuli, one that re-
quired a go and one that required a nogo response to be correct.
This analysis revealed a significant drink � type of stimulus in-
teraction for the aversive CS (F(1,20) � 8.4, p � 0.009), which was

Table 3. Values present TRP/�LNAA ratio before and after drink ingestion on days

1 and 2 (SEM)

TRP� BAL

Before After Before After

Day 1 9.44 (0.33) 0.63 (0.08) 9.04 (0.27) 5.80 (0.18)
Day 2 9.53 (0.31) 0.73 (0.08) 9.42 (0.28) 6.83 (0.37)
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due to increased proportion of correct
go responses after TRP� versus BAL
(F(1,21) � 9.2, p � 0.007). There was no
effect of ATD on the proportion of cor-
rect nogo responses (F(1,21) � 0.9, p �
0.773). Thus, the aversive disinhibition
induced by serotonin depletion was
driven by increased proportion of go
choices when go was correct and not
when go was an error.

With respect to the proportion of go
choices, we did not find a significant in-
teraction between action context (ap-
proach versus withdrawal) and CS valence
(cf. Huys et al., 2011) across sessions
(F(1,41) � 0.6, p � 0.43) or after BAL only
(F(1,41) 	 0.1, p � 0.95) and no modula-
tion of this interaction by drink (F(1,41) �
1.3, p � 0.27; Table 4).

Order effects
The order effect might raise the concern
that random assignment of participants to
groups failed, resulting in differences be-
tween groups (BAL1st vs TRP� first) in
vulnerability to ATD. Therefore we inves-
tigated whether there was evidence for any
differences between the groups with re-
spect to screening questionnaires and
background neuropsychological tests
(Table 2). The only measure that differed
between the groups and was not affected by
drink or day was the digit span test: partici-
pants who received BAL on day 1 performed
more poorly on the digit span task across
both sessions than participants who re-
ceived TRP� on day 1 (main effect of order,
F(1,41) � 6.4, p � 0.015). However, adding
this measure as a covariate in the omnibus
rmANOVA did not reduce significance of
the interaction between order, drink, and
CS valence [order � drink � CS valence
(S��

P /S��
P ), F(1,40) � 7.7, p � 0.008], and it

also did not interact with our main finding
of aversive disinhibition (digit span �
drink � CS valence, F(1,40) � 0.4, p �
0.511).

Mood ratings
Positive affect as measured with the
PANAS immediately before the PIT ex-
periment was significantly affected by
ATD (F(1,37) � 9.7, p � 0.004; Table 5).
Critically, this effect was not related to our main finding, i.e., no
correlation existed between the effects of ATD on positive affect
and the effects of ATD on the inhibiting effect of the aversive
Pavlovian cue (Pearson r(41) � �0.11, p � 0.51). In addition, we
did not find any other main effect of or interaction with ATD on
the other mood ratings (BLV subscales, F(1,43) 	 1, p 
 0.52,
PANAS negative affect: F(1,37) � 0.3, p � 0.58). Thus, the
finding that ATD modulates the inhibitory impact of an aver-
sive Pavlovian stimulus is unlikely to be mediated by ATD-
related changes in mood.

Discussion
Results show that serotonin depletion attenuates aversive PIT

without affecting appetitive PIT, thus providing evidence for a
selective role of serotonin in tying aversive expectations to behav-
ioral inhibition. This concurs with current theories according to
which serotonin serves as a motivational opponent to dopamine
(Daw et al., 2002; Boureau and Dayan, 2011; Cools et al., 2011).
According to these theories, both serotonin and dopamine have
coordinated effects that serve to couple a motivational axis (ap-
petitive versus aversive processing), and an activational axis (en-

Figure 2. Instrumental learning and generalization to the PIT stage after tryptophan depletion (right graph, TRP�) and after

the balanced amino acid drink (left graph, BAL). The proportion of correct choices [p(correct)] are divided over the four different

types of instrumental stimuli: go-approach, nogo-approach, go-withdrawal, and nogo-withdrawal. Time is represented by bins of

10 trials for each type of stimulus at the beginning (I1) and the end (I2) of the instrumental training and at the beginning (PIT1) and

the end (PIT2) of the PIT stage. Error bars represent SEM.

A B

Figure 3. Behavioral data from the PIT stage as a function of group. Shown are choice data as a function of CS Valence (SP��

/ SP� / SPn / SP�/ SP��) after acute tryptophan depletion (TRP�, red line) and after the balanced amino acid drink (BAL, green

line). A, Participants who started with BAL on day 1. B, Participants who started with TRP� on day 1. Error bars represent SEM.
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ergizing vs inhibiting behavior). In contrast to dopamine, which
is well established to promote behavioral activation to seek re-
wards, serotonin was hypothesized to inhibit actions when pun-
ishment may occur. Data from the PIT phase of the current study
concur with this hypothesis. The supplemental finding that with-
holding an action in the approach context is compromised by
ATD also fits with this framework. Moreover it generally concurs
with rodent work showing that performance on passive avoid-
ance tasks is particularly vulnerable to manipulations that lower
serotonin transmission, while leaving active avoidance unaltered
(Soubrie, 1986).

To appreciate the relevance of PIT it is important to recognize
that instrumental learning always involves both instrumental as
well as Pavlovian contingencies (Yin et al., 2008). Therefore, PIT
might influence the majority of instrumental responses, and
these influences might be core to a wide range of adaptive and
maladaptive behaviors (Dayan et al., 2006; Guitart-Masip et al.,
2012; Huys et al., 2012). Consider the specific cases of depression
and impulse control disorders. Both implicate low serotonin, an
observation that appears paradoxical given that depression has
been primarily associated with aversive abnormalities, whereas
impulsivity has been associated primarily with behavioral disin-
hibition (Cools et al., 2008a). The present data strengthen the
hypothesis that serotonin does not control aversive processing
per se or behavioral inhibition per se, but rather facilitates the
coupling between aversive processing and behavioral inhibition.
Accordingly, serotonin deficiency, as seen in depression and im-
pulsivity, is accompanied not by enhanced impact of aversive
stimuli per se or by reduced inhibition per se, but rather by re-
duced impact of aversive stimuli on the inhibition of behavior (as
well as thoughts; Dayan and Huys, 2008; Crockett et al., 2009;
Boureau and Dayan, 2011; Cools et al., 2011; Huys et al., 2012;
Robinson et al., 2012).

The first empirical evidence in humans for this hypothesis
came from work by Crockett et al. (2012) who used a reinforced
categorization task rather than a PIT task to show that ATD abol-
ishes slowing of responding in the presence of punishment-
predicting stimuli. The present study extends this work, not least
by enabling direct comparison of aversive with appetitive Pavlovian
influences. We show that the effects of ATD are valence-specific, and
are restricted to the aversive domain. This observation concurs with

some classic accounts of serotonin, according to which it is involved
in aversive rather than appetitive processing (Deakin, 1983; Deakin
and Graeff, 1991; but see Kranz et al., 2010). Moreover, it fits with
formal theories, according to which serotonin is involved in the aver-
sive side of model-free learning (Daw et al., 2002). Third, it is con-
sistent with our previous findings, showing that ATD altered
performance on a punishment, but not reward prediction learning
task (Cools et al., 2008b; Robinson et al., 2012). Specifically, we have
shown that ATD enhanced the ability to predict punishment while
leaving reward prediction unaffected (Cools et al., 2008b). Initially,
we interpreted this effect to reflect enhanced punishment prediction
learning (Cools et al., 2008b). However, the present finding suggests
that these prior observations might reflect disinhibition of respond-
ing in anticipation of punishment rather than enhanced punishment
learning (cf. Dayan and Huys, 2009; Robinson et al., 2012).

The observation that our effects were restricted to the aversive
domain might not seem consistent with electrophysiological
data, revealing reward-responsive neurons in the dorsal raphe
nucleus, the primary source of serotonergic input into the brain
(Nakamura et al., 2008; Bromberg-Martin et al., 2010; Okada et
al., 2011). However, it should be recognized that the dorsal raphe
nucleus contains a number of different types of nonserotonergic
units that are also likely to be recorded. Thus, the serotonergic
identity of these neurons is not known. In addition, there are also
serotonin depletion studies in marmosets and humans empha-
sizing effects in the reward domain (Rogers et al., 2003; Cools et
al., 2005; Man et al., 2011; may be reflecting interactions with
dopamine). For example, we have shown that ATD abolished
speeding of responding with increasing feedback likelihood in a
monetary incentive delay like task (Cools et al., 2005). The find-
ings of the latter study may be reconciled with the present obser-
vation by recognizing that the ATD-induced abolition of
speeding in that study might have resulted not just from reduced
sensitivity to reward, but also from enhanced sensitivity to pun-
ishment. Of course, we acknowledge that our findings do not
exclude effects of serotonin on reward processing outside the
domain of PIT, for example in the domain of delayed discounting
(Miyazaki et al., 2012).

The effects on aversive PIT are unlikely to reflect attenuation
by ATD of Pavlovian conditioning per se or instrumental condi-
tioning per se. First, we did not observe any effects on the query
trials during the Pavlovian stage, although we acknowledge that
this might not be the most sensitive measure. Second, the pattern
of performance on the PIT stage is not consistent with an atten-
uation of Pavlovian conditioning. Attenuation of Pavlovian con-
ditioning would have led to a flattening rather than a reversal of
PIT effects. Third, effects on the PIT stage are also not con-
founded by effects during the instrumental learning stage. We did
find effects of ATD during instrumental learning, with general
declines of learning as well as a specific passive avoidance deficit

Table 4. Values represent proportion of go actions as a function of order (BAL1st/TRP�1st), drink (BAL/TRP�), action context (approach/withdrawal), and CS valence �very

appetitive (S��
P ) to very aversive (S��

P )� during the Pavlovian-instrumental transfer stage (SEM)

BAL1st TRP�1st

BAL TRP� BAL TRP�

Appr Wthd Appr Wthd Appr Wthd Appr Wthd

S��
P 0.581 (0.162) 0.572 (0.163) 0.590 (0.124) 0.521 (0.157) 0.453 (0.151) 0.525 (0.141) 0.538 (0.175) 0.477 (0.175)

S�
P 0.550 (0.156) 0.528 (0.157) 0.576 (0.116) 0.530 (0.168) 0.515 (0.139) 0.518 (0.141) 0.537 (0.170) 0.516 (0.160)

Sn
P 0.560 (0.126) 0.491 (0.204) 0.609 (0.141) 0.473 (0.139) 0.435 (0.130) 0.573 (0.116) 0.553 (0.172) 0.561 (0.165)

S�
P 0.543 (0.172) 0.485 (0.161) 0.559 (0.151) 0.549 (0.170) 0.482 (0.164) 0.548 (0.108) 0.513 (0.115) 0.546 (0.151)

S��
P 0.492 (0.164) 0.459 (0.179) 0.606 (0.159) 0.579 (0.146) 0.490 (0.152) 0.570 (0.119) 0.511 (0.159) 0.528 (0.194)

Table 5. Mood ratings as a function of Drink (BAL/TRP�; SEM)

Rating BAL TRP�

PANAS-positive 25.4 (0.8) 27.7 (1.1)

PANAS-negative 12.4 (0.9) 11.8 (0.4)

BLV-alertness 45.1 (1.0) 44.8 (1.0)

BLV-contentedness 48.1 (1.8) 47.0 (1.2)

BLV-calmness 55.2 (0.7) 54.5 (1.0)

BLV, Bond and Lader visual analogue scale; PANAS, Positive Affect Negative Affect Schedule.
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after the depleting drink. However, these effects cannot account
for the PIT effect, because the latter was restricted to the aversive
domain, not extending to the appetitive domain.

One caveat of the present study is that the effect of interest was
present only in the group of participants that received the bal-
anced drink (BAL) on day 1 (Fig. 3; although it was significant
when both groups were collapsed). Those who received the tryp-
tophan depleting drink on day 1 did not show an effect of ATD. In
fact, these participants, who also exhibited greater working mem-
ory capacity, did not show any PIT effect at all, even when tested
after BAL. Thus an unexpected result was the absence of PIT after
BAL in half of our participants, who incidentally also had greater
working memory capacity (as measured with the digit span). We
consider two possibilities. First participants with greater working
memory capacity might be less vulnerable to Pavlovian response
biases. This account is less plausible given the lack of a continuous
association between working memory capacity and our effect of
interest. Alternatively, the combined administration of the ATD
and an affective manipulation that induces a certain cognitive/
affective state (e.g., a PIT task) might lead to transfer or reinstate-
ment of that state from a first testing session to subsequent testing
sessions, even though the subsequent testing sessions were not
done under ATD. According to this account, the abolition of PIT
after BAL on day 2 may reflect formation of an association be-
tween abolished PIT and reduced serotonin states during the first
visit. This alternative account concurs generally with the associa-
tive hypothesis of recurrence in depression (Robinson and Saha-
kian, 2008) and with empirical data from Robinson and Sahakian
(2009). They showed that negative mood induction under ATD
led to negative mood after ATD on a second day. Critically on this
second day, there was no mood induction and the effect was not
found for participants who received BAL on the first day.

A final point is that we had expected, based on Huys et al.
(2011) that the aversive Pavlovian stimuli would influence in-
strumental responses in an action-specific manner, inhibiting
approach-go actions and promoting withdrawal-go actions. We
did not replicate these effects and consider the following ac-
counts: the key difference with the paradigm of Huys et al. (2011)
is that we explicitly modulated monoamines in our participants
and that food intake was restricted during several hours before
the experiment. This resulted in a drop in the TRP/�LNAA ratio
even after the balanced amino acid drink (30%). It might well be
that this relatively small drop in TRP/�LNAA might have been
sufficient to disrupt action-specificity of PIT. This speculation
concurs with the abolition of action-specificity in pathologies
associated with serotonergic dysfunction, such as depression
(Q.J.M.H. et al., unpublished data).

In conclusion, these data suggest that serotonin is selectively
involved in Pavlovian inhibition due to aversive expectations.
These findings might have implications for our understanding of
the mechanisms underlying a range of affective, impulsive, and
aggressive neuropsychiatric disorders, which have been associ-
ated with abnormal serotonin transmission. An obvious next step
would be to assess the putatively aberrant Pavlovian biases on
instrumental behavior in these patient groups, to advance our
understanding of the neurochemical and cognitive mechanisms
underlying these disorders.
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