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The processing of affective material is known to be modulated by serotonin (5-HT), but few studies have used neurophysiological

measures to characterize the effect of changes in 5-HT on neural responses to emotional stimuli. We used functional magnetic resonance

imaging to investigate the effect of acute tryptophan depletion, which reduces central 5-HT synthesis, on neural responses to emotionally

valenced verbal stimuli. Though no participants experienced significant mood change, emotional information processing was substantially

modified following 5-HT depletion. A behavioral bias toward positive stimuli was attenuated following depletion, which was accompanied

by increased hemodynamic responses during the processing of emotional words in several subcortical structures. Inter-individual

differences in tryptophan depletion-elicited anxiety correlated positively with the caudate bias toward negative stimuli. These data

suggest that 5-HT may play an important role in mediating automatic negative attentional biases in major depression, as well as resilience

against negative distracting stimuli in never-depressed individuals.
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INTRODUCTION

The central serotonergic system plays a major role in the
regulation of emotional behavior, and is strongly implicated
in the pathophysiology of major depression (Schatzberg
et al, 2002). However, the neurobiological mechanisms by
which serotonin (5-HT) affects emotional processing
remain poorly understood. Here, we used acute tryptophan
depletion (ATD) in order to study the effects of a temporary
reduction in 5-HT synthesis on behavioral and neural
responses to emotional stimuli in healthy volunteers, using
functional magnetic resonance imaging (fMRI).

ATD has proved an instructive paradigm in studying how
5-HT modulates mood, emotional processing, and cognition
in both patient populations and healthy volunteers (Bell
et al, 2005). ATD has been used for over two decades as an
experimental tool to cause a temporary and reversible
reduction in 5-HT synthesis in humans and experimental
animals. This reduction is achieved by selectively excluding
the essential amino acid tryptophan, the precursor to 5-HT,

from the diet (Young et al, 1985). The most well-known
effect of ATD is to produce a temporary recurrence of some
depressive symptoms in a proportion of patients who have
previously experienced a major depressive episode but who
are euthymic at the time of testing (Booij et al, 2002). This
effect appears to be most marked in patients maintained on
selective serotonin reuptake inhibitors (SSRIs), though
mood change in unmedicated remitted major depressive
disorder patients has also been reported (Neumeister et al,
2004).

Typically, ATD does not result in mood change in
volunteers without a history of affective illness. Never-
theless, many studies have reported that ATD impairs
performance on neuropsychological tasks that have an
emotional component in healthy humans. For example, it
has been reported that ATD impaired decision-making on
gambling games (Rogers et al, 1999, 2003), attenuated
motivation on a reinforced speeded reaction-time task
(Cools et al, 2005a; Roiser et al, 2006), impaired recognition
of emotional expressions (Harmer et al, 2003), and resulted
in a negative bias on an emotional inhibitory control
paradigm, the affective go/no-go test (AGNG) (Murphy
et al, 2002). Interestingly, such a negative bias on the AGNG
has also been found in depressed patients studied under
basal conditions (ie without manipulation of serotonergic
function: Erickson et al, 2005; Murphy et al, 1999). A follow-
up study using fMRI suggested that in depressed individuals
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this bias was mediated by altered activity in the ventral
anterior cingulate cortex (ACC) and other ventromedial
prefrontal and subcortical structures (Elliott et al, 2002).
These medial prefrontal cortical areas form part of a
‘visceromotor’ network, which participates in modulating
the behavioral and visceral responses to emotional stimuli
(Ongur and Price, 2000); notably, the same areas have
consistently been implicated in the pathophysiology of
depression (Drevets, 2000).

Emerging evidence suggests that even in individuals who
do not experience mood change following perturbation of
the 5-HT system, changes to the neural processing of
emotional information still occur, particularly in the
visceromotor network and connected subcortical structures.
In one recent study, healthy volunteers administered the
SSRI citalopram (to acutely elevate intrasynaptic 5-HT
concentrations) showed reduced hemodynamic responses
in the amygdala to threat-related facial expressions (Harmer
et al, 2006). Complementing this finding, other studies
demonstrated that decreasing serotonergic function via
ATD increased hemodynamic responses in the amygdala to
threat-related facial expressions in vulnerable individuals
(Cools et al, 2005b; van der Veen et al, 2007).

However, no published study to date has investigated the
effect of ATD on emotionally valenced verbal stimuli.
Understanding how dysfunctional 5-HT transmission might
alter the neural processing of emotional stimuli is an
important step in integrating neurochemical and neuro-
anatomical explanations of MDD. Furthermore, since healthy
volunteers show a bias toward positive words in attentional
tasks (Erickson et al, 2005), such an understanding may shed
light on the neural mechanisms underlying resilience to
negative stimuli in never-depressed healthy individuals.

Therefore, in the present study we aimed to characterize
the effect of a temporary reduction in 5-HT availability on
neural and behavioral responses to emotionally valenced
verbal stimuli, using the AGNG, in healthy volunteers. We
predicted that ATD would lead to a negative emotional bias
on the AGNG, and hypothesized that this bias would be
mediated by altered activity in the orbital and medial
prefrontal cortex (PFC) regions implicated in processing the
emotional salience of sensory stimuli and in organizing
behavioral and visceromotor responses to such stimuli,
together with anatomically related areas of the ventral
striatum, thalamus, cingulate gyrus, and temporal lobe
(amygdala, hippocampus, parahippocampal cortex, and
superior and middle temporal gyri) (Kondo et al, 2005;
Ongur et al, 2003; Ongur and Price, 2000).

MATERIALS AND METHODS

Participants

Right-handed healthy volunteers between 18 and 50 years of
age were recruited by newspaper advertisement in the
Washington, DC metropolitan area. Volunteers were
screened for medical and psychiatric disorders by medical
history, physical examination, laboratory testing (including
drug screening), neuromorphological magnetic resonance
imaging (MRI) scanning, electrocardiogram, the Structured
Clinical Interview for DSM-IV (SCID; Spitzer et al, 2002),
and a semi-structured interview with a psychiatrist. The

Family Interview for Genetic Studies (Maxwell, 1992) was
used to screen for family history of psychiatric disorders.
Volunteers were excluded from participation if they had:
(1) current or past psychiatric disorders (DSM-IV criteria);
(2) first-degree relatives with mood or anxiety disorders; (3)
major medical or neurological disorders; (4) exposure to
psychotropic drugs or other medications likely to affect
cerebral physiology, vascular function or anatomy within 3
weeks, or illicit drugs within 1 year; (5) alcohol abuse within
1 year or lifetime history of alcohol or drug dependence
(DSM-IV criteria); (6) tobacco use within 3 months; (7)
current pregnancy or breast feeding; (8) general MRI
exclusions. For female participants, the menstrual phase
was determined by home urine ovulation kits to detect the
mid-cycle lutenizing hormone surge (Clear Plan Easy;
Whitehall Laboratories; Madison, NJ, USA), and testing in
the week prior to menstruation or during the first 4 days of
menses was avoided. All participants provided informed
consent following a full explanation of the procedures and
purpose of the study, as approved by the National Institute
of Mental Health Institutional Review Board.

Experimental Procedure

Participants attended two amino acid challenge sessions,
separated by at least 1 week, in a double-blind placebo-
controlled, crossover design. Participants fasted for at least
8 h prior to the challenge. On the tryptophan depletion day
(TRP�) participants were administered 70 white capsules
containing L-isoleucine (4.2 g), L-leucine (6.6 g), L-lysine
(4.8 g), L-methionine (1.5 g), L-phenylalanine (6.6 g), L-
threonine (3.0 g), and L-valine (4.8 g), and 4 pink capsules
containing lactose (1.2 g) (total amino acid load: 31.5 g). On
the sham depletion day (TRP + ) the amino acid mixture in
the 70 white capsules was the same, but the pink capsules
contained L-tryptophan (1.2 g) (total amino acid load 32.7 g,
3.67% L-tryptophan). Both researchers and participants
were blind as to the identity of the pink capsules, which
were prepared by a pharmacist who was not involved in any
other experimental procedure.

A 15 ml blood sample was obtained via an indwelling
intravenous cannula immediately preceding amino acid
ingestion to determine baseline (T0) plasma tryptophan and
other large neutral amino acid (LNAA) concentrations.
Baseline mood ratings (Hamilton Depression Rating Scale
(HAM-D: Hamilton, 1960), Hamilton Anxiety Rating Scale
(HAM-A: Hamilton, 1959), State-Trait Anxiety Inventory
(STAI: Spielberger et al, 1970), Profile of Mood States
(POMS: McNair et al, 1971) and Automatic Thoughts
Questionnaire (ATQ: Hollon and Kendall, 1980)), and vital
signs (pulse and blood pressure) were also obtained.

For the next 5 h, participants rested on the ward,
and either watched television, read or slept. Participants
continued to fast, but were allowed to drink water.
Between 4.5 and 5 h following amino acid ingestion (T5), a
second blood sample was obtained and vital signs and
mood measures were repeated. Participants then underwent
an MRI scan lasting 60–90 min, including a high-resolution
T1-weighted structural sequence and three echo-planar
imaging (EPI) sequences, during which participants per-
formed the AGNG. Details of all scanning procedures
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and the cognitive activation paradigm are provided
below.

Following the MRI scan, participants returned to the ward
for a final (T7) blood sample and mood assessment.
Participants were then provided with a protein-rich meal
of their choice and returned home. Participants were
contacted the day after each challenge to inquire whether
they had experienced any persistent mood change.

Cognitive Activation Paradigm (Affective Go/No-Go
Test)

Participants performed the AGNG during fMRI on each
study day. The AGNG used the same conditions, stimuli,
and stimulus timings as described for the task of Elliott et al
(2000, 2002), but was modified slightly by splitting the task
into three separate runs. Briefly, in each block words of two
different emotional valences (either positive, negative or
neutral) were presented quickly in the middle of the screen,
one after the other, in a random sequence. A total of 10
words of each valence were presented, each remaining on
the screen for 300 ms, with a 900 ms gap between each word.
Immediately before each block, participants read instruc-
tions on-screen for 6 s, which informed them that should
respond to each word of a particular valence (the target
valence) and not respond to each word of the other valence
(the distractor valence). Participants responded using a
button-box in the scanner, and each button press was
recorded. A 1200 ms gap was inserted immediately after the
offset of the instructions, prior to the onset of the first word
in each block to ensure that participants were able to read
the first word. Each block therefore lasted 25.2 s, with a rest
period (18 s fixation cross followed by 6 s of instructions)
preceding each block.

Words of each emotional valence could either be the
targets or the distractors, creating six conditions: (1) happy
targets, sad distractors; (2) happy targets, neutral distrac-
tors; (3) sad targets, happy distractors; (4) sad targets,
neutral distractors; (5) neutral targets, happy distractors;
(6) neutral targets, sad distractors. Two control conditions
were also included, which contained only neutral words,
where the target and distractor words were presented in
different fonts (italic or normal): (7) neutral words in
normal font targets, neutral words in italic font distractors;
(8) neutral words in italic font targets, neutral words in
normal font distractors. Participants performed three runs
of the test, each lasting just under 7 min, in which all eight
conditions were presented once, in a pseudo-random order.
A different order was used for each participant on each
challenge day. Between each run participants rested for
approximately 3 min.

MRI Scanning

Participants were scanned during task performance using
a 3T scanner (GE Signa, Milwaukee, WI). A total of
208 functional blood oxygenation-level dependent (BOLD)
MRI images were acquired using an EPI pulse sequence
(38 contiguous slices, TE¼ 23 ms; TR¼ 2000 ms; flip
angle¼ 901; field of view¼ 22 cm; 64� 64 matrix;
voxel dimensions¼ 3.5� 3.44� 3.44 mm3). The first four
images from each run were discarded to account for T1

equilibration. A high-resolution anatomical scan (spoiled
gradient recalledFSPGR) was also acquired for every
participant.

Biochemical Measures

Plasma was separated by centrifugation and stored at
�201C. Plasma total amino acid concentrations (tyrosine,
valine, phenylalanine, isoleucine, leucine, and tryptophan)
were measured by means of HPLC with fluorescence end-
point detection and pre-column sample derivatization
adapted from the methods of Furst et al (1990). Norvaline
was used as an internal standard. The limit of detection was
5 nmol/ml using a 10 ml sample volume, and inter- and
intra-assay coefficients of variation were o15% and o10%,
respectively.

Data Analysis

Mood, behavioral, and biochemical data were analyzed
using SPSS 14 (SPSS Inc, Chicago, IL, USA). This study
employed a within-subjects placebo-controlled crossover
design. Therefore, repeated-measures analysis of variance
(ANOVA) was employed where test assumptions were met
(ie if data were normally distributed and variances were
homogenous). For all measures, treatment (TRP + /TRP�)
was entered as a within-subjects factor. For biochemical,
mood, and vital signs measures, time (T0/T5/T7) was entered
as an additional within-subjects factor. For data from the
AGNG, valence (happy/sad/neutral) was entered as an
additional within-subjects factor. On blocks where it was
clear that participants had failed to attend to the task (ie
30% hit rate or lower), or had confused the targets and
distractors (ie 30% hit rate or lower and 70% false alarm
rate or higher), behavioral and BOLD data for that block
were excluded from analysis.

Treatment order (TRP + /TRP� or TRP�/TRP + ) was
fully counterbalanced across subjects, but was initially
entered as a between-subjects factor. If the main effect of
treatment order and interaction of treatment order with
treatment were found to be non-significant, data were
collapsed across treatment order for subsequent analyses.
Post hoc analyses were carried out by constructing
appropriate ANOVAs for each comparison of interest. In
cases where there was a departure from the assumption of
homogeneity of covariance in the repeated-measures
ANOVA, an epsilon (e) factor was calculated and used to
adjust degrees of freedom accordingly, using the Huynh–
Felt procedure (Howell, 2002). As practice effects can
confound crossover designs, between-subjects comparisons
were conducted for first session only data if an interaction
of drink order by treatment was found. Where appropriate,
data were transformed prior to analysis as appropriate to
reduce skew and stabilize variances, though data presented
in tables and figures are untransformed values for clarity.

Analysis of BOLD fMRI data was performed using the
general linear model within SPM5 (Wellcome Trust Centre
for Neuroimaging, London, England; http://www.fil.ion.
ucl.ac.uk/spm). Whole brain fMRI volumes were realigned
to the fifth volume, co-registered with each participant’s
own SPGR scan, normalized to fit the Montreal Neurological
Institute (MNI) standard brain template and smoothed
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using an 8 mm full-width half-maximum Gaussian kernel.
Low-frequency artifacts were removed using a high-pass
filter at 1/128 Hz and global confounds were removed using
global normalization. Temporal autocorrelation intrinsic to
the fMRI time-series was corrected by pre-whitening using
an AR(1) process. Single-subject main effect contrast maps
were created by contrasting different emotional conditions
(eg happy–sad target words) and different treatment
conditions (ie tryptophan depletion-sham depletion condi-
tions). Single-subject interaction maps were created by
contrasting the difference maps between emotional condi-
tions across the two treatment conditions (eg (happy–sad
target words following sham depletion)�(happy–sad target
words following tryptophan depletion)). To correct for
motion artifacts, the realignment parameters were modeled
as regressors of no interest. We excluded from the fMRI
analysis any runs on which participants exhibited move-
ment of more than one voxel (3 mm) translation or 2.51
rotation. We excluded from the fMRI analysis any
participants for whom we were unable to include data from
at least two runs on each treatment day. Visual inspection of
the single-subject interaction maps confirmed an absence of
obvious motion artifacts in all data analyzed at the group
level.

At the second level (group analysis), regions showing
significant main effects or interactions were identified
through random effects analysis of the b images from the
single-subject contrast maps. We confined the Discussion to
regional changes that either remained significant (at
po0.05) after applying family-wise error correction for
multiple comparisons, or consisted of clusters of X20
voxels for which the voxel-level t-values corresponded to
po0.001 (uncorrected) located in regions included in our
a priori hypotheses. However, to reduce the likelihood of
type II error, we additionally report in the tables maxima
reaching the po0.001 (uncorrected) threshold and a
minimum cluster size of 20 contained in any region.
Coordinates were transformed from the MNI spatial array
to the stereotaxic array of Talairach and Tournoux (1988)
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).
Anatomical localization was performed with reference to the
atlases of Talairach and Tournoux (1988) and Mai et al
(2003), and subregions of the ventral PFC were identified as
described in Ongur et al (2003).

Post hoc analyses of interactions with treatment were
conducted in SPSS 14. The b values at the peak voxel in each
significant cluster (representing a significant 2-way valen-
ce� treatment interaction) were extracted for each of the
relevant within-subjects simple effects (eg happy–sad target
words following sham depletion, happy–sad target words
following tryptophan depletion) for each participant. T-tests
were conducted on the b values to assess the nature of the
interaction.

To analyze how regional BOLD response to positive and
negative words co-varied with inter-individual variability in
the effect of ATD on mood and behavior at the time of
scanning, we calculated change scores on the mood rating
scales (ie tryptophan depletionFsham depletion) at T5 (ie
just prior to scanning), and included these as regressors
when calculating the valence� treatment interaction maps
for happy relative to sad targets and distractors. Similar
analyses were performed for emotional bias scores (ie

happy–sad stimuli) for latency and commission errors on
the AGNG.

RESULTS

A total of 20 participants (7 male) completed both study
days. The mean age was 30.5 (±7.3) years, and the mean IQ
was 122.9 (±10.5). Analyses of biochemical, mood,
cardiovascular, and behavioral data included all 20 partici-
pants unless otherwise stated.

Plasma Amino Acids

Due to occlusion of the venous cannulae, plasma samples
could not be obtained from one participant at T5 and T7 on
both days and three participants at T7 on both days. The
following analyses are based on data from 19 participants.
Administration of the TRP� mixture resulted in a decrease
of 67% in the concentration of plasma tryptophan from T0

to T5, relative to an increase of 85% following TRP +
(treatment� time interaction: F1, 18 ¼ 58.7, po0.001), and a
decrease of 87% in the ratio of tryptophan to the other
LNAAs (TRP:SLNAA) from T0 to T5, relative to a decrease
of 37% following TRP + (treatment� time interaction:
F1, 18¼ 17.1, po0.001). Analysis of the data at T7 confirmed
that tryptophan availability to the brain remained low until
after the scan following TRP� (Table 1).

Mood-Rating Scales

The mean ATQ score decreased over the course of each
study day, while the mean HAM-A and HAM-D scores
increased from T0 to T5 on each study day, remaining
elevated until T7. These increases were small but statistically
significant (main effect of time: ATQFF2, 38 ¼ 9.6,
p¼ 0.002, e¼ 0.72; HAM-AFF2, 38 ¼ 4.8, p¼ 0.023,
e¼ 0.77; HAM-DFF2, 38¼ 6.1, p¼ 0.05). However, no effect
of time was apparent on any subscale of the POMS or the
STAI, and the treatment� time interaction was non-
significant for all mood measures (Table 1), suggesting that
the subjective emotional state of the participants was not
differentially affected by TRP� relative to TRP + . No
participant experienced mood or anxiety changes that
persisted beyond the day of testing.

Cardiovascular Measures

Blood pressure and pulse data were available for 11
participants at T0 and T5, but only for eight participants
at T0, T5, and T7. Blood pressure and pulse remained stable
from T0 to T5, and were unaffected by treatment (Fo1 for
both main effect of time and treatment� time interaction
for all measures). A similar pattern of results was apparent
at T7 (Table 1).

Behavior on the Affective Go/No-Go Task

Behavioral data are presented in Table 2. Analysis of
reaction-time data revealed that participants responded
significantly more quickly to emotional targets than to
neutral targets (conditions (1 + 3)�(5 + 6): F1, 19¼ 69.8,
po0.001). This effect was apparent for both the contrast
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of happy vs neutral targets (conditions 1–6: F1, 19 ¼ 47.9,
po0.001) and sad vs neutral targets (conditions 3–5:
F1, 19 ¼ 45.3, po0.001). However, participants responded
with similar speed to happy and sad targets (conditions 2–4:
Fo1). In none of the analyses of latency data was an
interaction with treatment apparent (p40.2 for all inter-
actions).

Analysis of commission error rates revealed no main
effect of emotional vs neutral distractors on inappropriate
responding (conditions (1 + 3)–(2 + 4): Fo1). Participants
made significantly more inappropriate responses to happy
distractors than to sad distractors (conditions 5–6:
F1, 19 ¼ 5.9, p¼ 0.025). Planned comparisons revealed that
this positive emotional bias was only apparent following
TRP + (t19 ¼ 3.1, p¼ 0.005), and was non-significant
following TRP� (t19o1). However, the interaction between
treatment and valence fell short of significance (F1, 19 ¼ 2.5,
p¼ 0.13).

The pattern of omission errors mirrored that of the
reaction-time data. Participants missed significantly more
neutral targets than emotional targets (conditions (1 + 3)–(5
+ 6): F1, 19¼ 24.5, po0.001), an effect that was apparent
for both the contrast of happy vs neutral targets (conditions
1–6: F1, 19 ¼ 11.3, po0.001) and sad vs neutral targets
(conditions 3–5: F1, 19 ¼ 9.79, po0.001). However, partici-
pants responded with similar accuracy to happy and sad
targets (conditions 2–4: F1, 19 ¼ 2.2, p¼ 0.16). In none of
analyses of omission error data was an interaction with
treatment apparent (p40.2 for all interactions).

fMRI Data

Three participants’ data were excluded due to excessive
head movement. Therefore, the following analyses are based

Table 1 Plasma Amino Acid, Cardiovascular and Mood Data at Baseline, Immediately Prior to Scanning and Immediately Following
Scanning

TRP+ TRP�

T0 T5 T7 T0 T5 T7

Plasma tryptophan (uM/l)a 49.2 (15.5) 91.7 (44.2) 59.5 (23.0) 51.0 (14.0) 16.7 (11.5) 21.8 (15.2)

Plasma tryptophan: SLNAA ratioa 0.11 (0.062) 0.070 (0.054) 0.061 (0.062) 0.12 (0.055) 0.015 (0.013) 0.025 (0.025)

Pulse (b.p.m.) 73.0 (11.2) 71.1 (14.8) 77.2 (10.5) 74.8 (12.8) 67.6 (10.7) 72.0 (10.7)

Systolic blood pressure (mmHg) 113.9 (11.7) 114.9 (10.3) 119.2 (7.7) 115.0 (11.7) 114.9 (12.6) 123.4 (14.6)

Diastolic blood pressure (mmHg) 67.2 (6.7) 69.9 (9.6) 74.3 (9.0) 67.7 (8.1) 66.6 (8.5) 71.5 (9.0)

Hamilton anxiety 0.55 (0.94) 1.5 (2.3) 1.1 (1.3) 0.65 (1.1) 1.3 (1.8) 1.3 (1.4)

Hamilton depression 0.60 (1.4) 1.5 (2.0) 0.95 (1.0) 0.30 (0.66) 1.5 (1.9) 1.1 (1.5)

ATQ 2.1 (2.7) 1.2 (1.9) 0.40 (0.82) 1.7 (2.3) 0.55 (1.2) 0.30 (0.66)

POMS tension 2.2 (2.3) 2.5 (2.0) 1.6 (1.8) 1.8 (1.6) 1.5 (1.2) 1.9 (1.3)

POMS depression 0.75 (2.2) 0.25 (0.72) 0.15 (0.49) 1.1 (2.6) 0.35 (1.2) 0.50 (1.3)

POMS anger 0.55 (1.1) 0.45 (1.0) 0.45 (1.1) 0.80 (1.9) 0.10 (0.31) 0.25 (0.79)

POMS vigor 19.6 (6.0) 17.8 (6.0) 17.5 (6.6) 19.6 (5.8) 16.9 (5.3) 17.1 (5.9)

POMS fatigue 2.1 (2.7) 3.3 (4.4) 3.4 (3.8) 1.3 (1.8) 2.6 (3.1) 2.7 (3.1)

POMS confusion 1.9 (1.9) 2.4 (1.4) 2.1 (1.5) 2.1 (2.2) 2.4 (1.7) 2.4 (1.8)

STAI 7.7 (8.8) 8.2 (6.7) 7.3 (6.2) 6.8 (6.2) 7.7 (4.9) 7.4 (6.1)

Abbreviations: ATQ, Automatic Thoughts Questionnaire; POMS, Profile of Mood States; TRP+, sham depletion condition; TRP�, tryptophan depletion condition.
aTreatment� time interaction significant at po0.05.

Table 2 Behavior on the Affective Go/No-Go Test

Measure Condition TRP+ TRP�

Reaction time (msec)

Happy targets, sad distractors 601.8 (59.4) 613.6 (58.7)

Happy targets, neutral distractors 611.0 (69.7) 633.5 (62.7)

Sad targets, happy distractors 611.8 (75.0) 610.7 (67.6)

Sad targets, neutral distractors 615.1 (63.4) 632.8 (66.0)

Neutral targets, happy distractors 684.2 (67.0) 695.1 (59.9)

Neutral targets, sad distractors 673.7 (90.3) 685.1 (63.2)

Commission errors per block

Happy targets, sad distractors 0.47 (0.65) 0.41 (0.53)

Happy targets, neutral distractors 0.60 (0.71) 0.63 (0.88)

Sad targets, happy distractors 0.93 (1.3) 0.49 (0.62)

Sad targets, neutral distractors 0.55 (0.64) 0.71 (0.86)

Neutral targets, happy distractorsa 1.7 (1.2) 1.5 (0.83)

Neutral targets, sad distractorsa 1.0 (0.88) 1.4 (1.5)

Omission errors per block

Happy targets, sad distractors 0.83 (1.2) 0.74 (0.96)

Happy targets, neutral distractors 1.1 (1.5) 1.3 (1.2)

Sad targets, happy distractors 0.68 (1.3) 0.68 (1.1)

Sad targets, neutral distractors 0.87 (0.97) 0.96 (1.2)

Neutral targets, happy distractors 1.1 (1.3) 1.1 (1.2)

Neutral targets, sad distractors 1.3 (1.7) 1.2 (1.3)

Abbreviation: TRP+, sham depletion condition; TRP�, tryptophan depletion
condition.
aFollowing sham depletion, participants made significantly more commission
errors to happy distractors than sad distractors. Following tryptophan depletion
this affect was attenuated and non-significant.
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on data from 17 participants. Participants showed a trend
toward greater translational head movement per run in
the sham depletion than the tryptophan depletion
condition (sham depletion: x¼ 0.23±0.10 mm; y¼ 0.52±
0.20 mm; z¼ 0.67±0.30 mm; tryptophan depletion:
x¼ 0.23±0.09 mm; y¼ 0.48±0.14 mm; z¼ 0.55±0.36 mm;
F(1, 16)¼ 3.3, p¼ 0.088). There was no difference between
the treatment conditions for rotational head movement per
run (sham depletion: roll¼ 0.69±0.431; pitch¼ 0.34±0.161;
yaw¼ 0.28±0.121; tryptophan depletion: roll¼ 0.63±0.421;
pitch¼ 0.37±0.131; yaw¼ 0.27±0.111; Fo1).

Tables 3 and 4 list regions showing task-related
differences averaging across treatment condition (ie main
effects), while Tables 5 and 6 list regions where the task-

related regional response was modulated by treatment
(ie interactions).

Emotional relative to neutral targets. Regions showing
increased BOLD response to emotional relative to neutral
targets (conditions (1 + 3)–(5 + 6)), included posterior
cingulate and ventromedial PFC (BA 10PFOngur et al,
2003), both of which reached significance at po0.05
(corrected). Additionally, areas of the pregenual ACC (BA
32acFOngur et al, 2003), mid-cingulate cortex and super-
ior temporal gyrus (STG) also showed increased BOLD
response to emotional relative to neutral targets. Perform-
ing the reverse contrast revealed increased BOLD response
to neutral relative to emotional targets in the left

Table 3 Regions Showing a Main Effect (ie Independent of Depletion Condition) of Emotional Content on Regional BOLD Response
to Target Stimuli

Stereotaxic coordinates

Region Laterality X Y Z Cluster size Z-value

Emotional4neutral targets

Posterior cingulate C M 0 �51 25 1483w 5.00*, a

Ventromedial frontal polar C M �4 58 �1 270w 4.98*, a

Mid-cingulate G M 2 �16 21 85 4.17b

Pregenual anterior cingulate C M �4 45 16 123 3.78a

Superior temporal G R 48 �63 27 47 3.62a

Neutral4emotional targets

Dorsal anterior cingulate C R 6 12 44 521w 5.41*, b

Dorsolateral PFC L �42 3 26 1318w 4.99*, b

Lateral orbitofrontal C R 42 27 �5 372w 4.73b

Inferior temporal G L �44 �59 �14 131 4.54b

Dorsolateral prefrontal C R 50 36 20 1343w 4.52b

Fusiform G R 38 �51 �19 56 4.30b

Medial cerebellum L �8 �79 �28 116 4.06b

Superior parietal C R 40 �41 41 106 4.06b

Occipital C R 44 �69 �12 79 3.86b

Superior parietal C L �22 �66 44 206w 3.84b

Dorsolateral prefrontal C R 38 3 53 21 3.78b

Parietal C R 28 �58 47 99 3.67b

Occipital C R 28 �70 29 41 3.60b

Happy4sad targets

Occipital C R 8 �80 �4 23 3.92a

Ventrolateral prefrontal C R 51 19 25 42 3.92b

Medial cerebellum L �12 �79 �28 20 3.82b

Ventrolateral prefrontal C L �44 35 �2 75 3.61b

Medial cerebellum R 10 �77 �16 27 3.45b

Abbreviations: BA 10P, Brodmann Area 10 polar (see Ongur et al, 2003); BOLD, blood oxygenation-level dependent; C, cortex; FWE, family-wise error; G, gyrus;
L, left; M, midline; R, right.
Coordinates correspond to the stereotaxic array of Talairach and Tournoux (1988) and denote the distance in mm from the anterior commissure, with positive
X¼ right of midline, positive, Y¼ anterior to the anterior commissure, and positive, Z¼ dorsal to a plane containing both the anterior and the posterior commissures.
Italic font denotes that the maximum was contained within an a priori specified region of interest.
*Peak voxel significant at po0.05 (FWE corrected for multiple comparisons); wcluster significant at po0.05 (corrected in terms of spatial extent).
aParameter estimates negative relative to rest.
bParameter estimates positive relative to rest.
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dorsolateral PFC (DLPFC) and right dorsal anterior
cingulate cortex (dACC), both of which achieved signifi-
cance at po0.05 (corrected), as well as right DLPFC, right
parietal cortex, right lateral orbitofrontal cortex (OFC), and
left inferior temporal gyrus (Table 3).

BOLD response to emotional relative to neutral targets
was modulated by ATD in the left ventral putamen, left
thalamus, left amygdala, right parahippocampal gyrus,
bilateral parietal operculum, and right anterior insula/
putamen (Table 5). Post hoc analysis of the parameter
estimates for these interactions revealed a greater BOLD
response to emotional relative to neutral targets following
TRP�, with either the opposite pattern of response or no
difference between emotional and neutral targets following
TRP + (Figures 1a and b).

BOLD response to emotional relative to neutral targets
was also modulated by ATD in the right DLPFC, though the
interaction was in the opposite direction (Table 5). Post hoc
analysis of the parameter estimates for this interaction
revealed a greater BOLD response to neutral relative to
emotional targets following TRP�, with a difference in the
same direction, but of lesser magnitude, following TRP +
(Figures 1c and d).

Happy relative to sad targets. Increased BOLD response to
happy relative to sad targets was apparent in the right
DLPFC and left ventrolateral PFC (VLPFC) (Table 3). BOLD
response to happy relative to sad targets was modulated by

ATD in the right STG (Table 5). Post hoc analysis of the
parameter estimates revealed a greater BOLD response to
happy relative to sad targets following TRP + , with the
opposite pattern of response following TRP�.

Emotional relative to neutral distractors. Within the
a priori specified regions of interest, only the ventromedial
PFC (BA 10PFOngur et al, 2003) showed increased BOLD
response to emotional relative to neutral distractors
(conditions (1 + 3)–(2 + 4)). However, performing the re-
verse contrast revealed a number of areas that showed
increased BOLD response to neutral relative to emotional
distractors, including bilateral VLPFC, which achieved
significance at po0.05 (corrected), as well as bilateral
parietal cortex and right dACC (Table 4).

BOLD response to emotional relative to neutral distrac-
tors was modulated by ATD in the right STG, left posterior
hippocampus, bilateral caudate, right inferior temporal
gyrus, right VLPFC, and left posterior cingulate (retro-
splenial) cortex (Table 6). Post hoc analysis of the parameter
estimates for these interactions revealed a greater BOLD
response to emotional relative to neutral distractors
following TRP�, with either the opposite pattern of
response or no difference between emotional and neutral
distractors following TRP + (Figures 2a and b).

BOLD response to emotional relative to neutral distrac-
tors was also modulated by ATD in the right dACC, though
the interaction was in the opposite direction. The peak voxel

Table 4 Regions Showing a Main Effect (ie Independent of Depletion Condition) of Emotional Content on Regional BOLD Response
to Distractor Stimuli

Stereotaxic coordinates

Region Laterality X Y Z Cluster size Z-value

Emotional4neutral distractors

Cerebellum L �24 �46 �30 23 3.9a

Occipital C L �10 �53 �7 32 3.68b

Ventromedial frontal polar C R 6 49 �7 40 3.38b

Neutral4emotional distractors

Ventrolateral prefrontal C L �44 33 8 976w 5.38*, a

Ventrolateral prefrontal C R 46 31 8 724w 5.05*, a

Superior parietal C R 28 �50 41 105 4.74a

Anterior cingulate sulcal C M 4 29 35 612w 4.67a

Superior parietal C L �24 �68 40 244w 4.4a

Superior parietal C R 28 �68 29 61 4.01a

Occipital C L �40 �72 �3 60 3.93a

Parieto-occipital transition zone L �30 �81 19 72 3.82b

Medial cerebellum L �12 �77 �25 31 3.78a

Occipital C L �38 �79 4 32 3.69a

Medial cerebellum R 16 �79 �26 102 3.67a

Precentral G L �40 3 26 25 3.61a

Abbreviations and interpretation of stereotaxic coordinates as in Table 3.
Italic font denotes that the maximum was contained within an a priori specified region of interest.
*Peak voxel significant at po0.05 (FWE corrected for multiple comparisons); wCluster significant at po0.05 (corrected in terms of spatial extent).
aParameter estimates positive relative to rest.
bParameter estimates negative relative to rest.
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of this interaction was contained within an area that showed
a greater response to neutral relative to emotional
distractors (see above and Tables 4 and 6). Post hoc analysis
of the parameter estimates for the interaction qualified the
main effect, revealing that the greater BOLD response to
neutral relative to emotional distractors was only present
following TRP�, with no differential response to emotional
relative to neutral distractors following TRP + (Figures 2c
and d).

Happy relative to sad distractors. No areas within the a
priori defined ROIs showed a greater BOLD response to
happy relative to sad distractors, or for the reverse contrast,
at po0.001 (uncorrected). The BOLD response to happy
relative to sad distractors was modulated by ATD in the
posterior cingulate cortex (Table 6). Post hoc analysis of the
parameter estimates revealed a greater BOLD response to
happy distractors compared to sad distractors following
TRP + , with the opposite pattern of response following
TRP�.

Correlation of Mood and Behavioral Data with Bold
Signal Change Following ATD

Change in T5 STAI score correlated significantly with
change in BOLD response to happy relative to sad
distractors following ATD in the right caudate [x¼ 10,

y¼ 18, z¼ 8], z¼ 4.48, cluster size 156; Figures 3a and b);
participants who became more anxious following TRP�
showed a greater response to negative relative to positive
distractors following TRP�. A more spatially restricted
relationship was also present in the left caudate. There were
no regions in which change in anxiety score correlated
significantly with change in BOLD response to happy
relative to sad targets. There were also no areas in which
change in BOLD response to happy relative sad stimuli
following ATD correlated significantly with change in
emotional bias in terms of either latency or commission
errors.

DISCUSSION

This is the first study to examine the effect of 5-HT
depletion on neural and behavioral responses to emotional
words. A highly significant attentional bias toward positive
distractors evident under sham depletion was attenuated
following tryptophan depletion, and this change was
associated with increased neurophysiological responses to
emotionally valenced vs neutral words in the ventral
striatum, hippocampal/parahippocampal cortex, anterior
insula and VLPFC, and to negative vs positive words in the
STG and posterior cingulate cortex. All of these regions
have been implicated in the pathophysiology of major
depression, a condition associated with both deficits in

Table 5 Regions Where the Effect of Emotional Content on BOLD Response to Target Stimuli was Modulated by Tryptophan Depletion
(ie Treatment�Condition Interactions)

Stereotaxic coordinates

Region Laterality X Y Z Cluster size Z-value

Emotional-neutral targets TRP�4TRP+

Parietal operculum L �48 �34 24 88 4.88a

Ventral putamen L �32 �13 3 223w 4.09a

Parahippocampal G R 32 �39 �11 78 4.02b

Anterior insula/putamen R 30 8 5 148w 3.66a

Medial cerebellum L �16 �46 �28 27 3.6a

Thalamus R 16 �23 �2 36 3.55a

Parietal operculum R 36 �28 14 26 3.49b

Putamen L �24 10 5 69 3.46a

Hippocampal formation L �24 �29 �7 22 3.46a

Amygdala/ventral globus pallidus L �20 �8 �3 28 3.4a

Emotional-neutral targets TRP+4TRP�
Dorsolateral prefrontal C R 40 35 31 23 3.86c

Happy-sad targets TRP+4TRP�
Superior temporal G R 57 �27 3 95 4.22d

Abbreviations: TRP+, sham depletion condition; TRP�, tryptophan depletion condition; other abbreviations and interpretation of stereotaxic coordinates as in Table 3.
Italic font denotes that the maximum was contained within an a priori specified region of interest.
wCluster significant at po0.05 (corrected in terms of spatial extent).
aInteraction characterized by increased BOLD response to emotional targets following tryptophan depletion (see Figure 1b).
bInteraction characterized by an attenuation of deactivation to emotional targets following tryptophan depletion.
cInteraction characterized by increased BOLD response to neutral targets following tryptophan depletion (see Figure 1d).
dInteraction characterized by greater BOLD response to happy targets than sad targets following sham depletion, with the opposite pattern of response following
tryptophan depletion.
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serotonergic function and loss of the normal attentional
bias toward positive stimuli on the AGNG.

Most of the areas in which tryptophan depletion
increased neural responses to emotional relative to neutral
stimuli receive moderate-to-high densities of serotonergic
projections from the dorsal and/or median raphe nuclei
(Jacobs and Azmitia, 1992; Varnas et al, 2004). Multiple 5-
HT receptor subtypes are present in each region, some of
which when stimulated exert hyperpolarizing (ie inhibitory)
effects on the neurons where they are expressed, and some
of which exert depolarizing (ie excitatory) effects (Andrade,
1998; Peroutka et al, 1990). Methods were not available that
would allow non-invasive assessment of central 5-HT
transmission or determination of the specific neurochem-
ical mechanisms underlying the increased neurophysiolo-
gical responsiveness to emotional stimuli observed during
tryptophan depletion in these regions. However, it has been
argued (Meeter et al, 2006) that the net effect of tonic 5-HT
transmission is to hyperpolarize glutamatergic neurons (at
least in the hippocampus), primarily via the 5-HT1A

receptor, but also via 5-HT3 and 5-HT6 receptors. It is
therefore conceivable that the cause of increased respon-
siveness of these subcortical structures to emotional stimuli
following 5-HT depletion was a loss of inhibitory tone
provided by these 5-HT receptor subtypes.

Alternatively, it is possible that tryptophan depletion
increased neural responses to emotional words via a
decrease in activity in areas that regulate limbic activity.
Both the DLPFC and dACC showed relatively attenuated
activity to emotional words following tryptophan depletion
(Figures 1d and 2d and Tables 5 and 6). Both of these
regions are thought to be important in regulating activity in
limbic structures such as the amygdala and hippocampus
(reviewed in Drevets and Price, 2005). For example,
individuals with major depression show increased amygdala
activity and decreased DLPFC activity, as well as reduced
effective connectivity between these two structures, in
particular during emotional processing (Siegle et al, 2002).
However, since direct projections from the dorsal PFC to
the amygdala are relatively sparse, this regulation is
presumably mediated by other regions, possibly more
ventral aspects of the PFC, which receives abundant
projections from the dorsolateral and dorsomedial PFC
(Ongur et al, 2003; Ongur and Price, 2000). The pattern of
findings that we observed, specifically increased limbic
responses and decreased dorsal PFC responses to emotional
stimuli following tryptophan depletion, suggests that 5-HT
may modulate the ‘top-down’ regulation of limbic circuits.

The specific anatomical regions where physiological
responses to emotional stimuli increased during tryptophan

Table 6 Regions Where the Effect of Emotional Content on BOLD Response to Distractor Stimuli was Modulated by Tryptophan
Depletion (ie Treatment�Condition Interactions)

Stereotaxic coordinates

Region Laterality X Y Z Cluster size Z-value

Emotional-neutral distractors TRP�4TRP+

Superior temporal G R 38 �55 18 127 4.26a

Posterior cingulate C L �24 �53 19 356w 4.21a

Medial cerebellum L �14 �70 �32 70 4.12a

Posterior hippocampus L �26 �31 0 134 4.07a

Dorsal caudate L �16 �3 24 135 3.98a

Inferior temporal G R 36 �9 �21 51 3.59a

Frontal operculum R 34 1 17 77 3.57a

Precentral gyrus R 32 �23 44 50 3.5b

Ventrolateral prefrontal C R 34 28 12 36 3.5a

Caudate R 14 9 16 26 3.47a

Post central G L �22 �29 46 26 3.43a

Frontal operculum R 34 �14 25 25 3.24a

Emotional-neutral distractors TRP+4TRP�
Anterior cingulate sulcal C M 2 25 36 170w 3.73c

Happy-sad distractors TRP+4TRP�
Posterior cingulate C M 4 �32 16 27 3.39d

Abbreviations: TRP+, sham depletion condition; TRP�, tryptophan depletion condition; other abbreviations and interpretation of stereotaxic coordinates as in Table 3.
Italic font denotes that the maximum was contained within an a priori specified region of interest.
wCluster significant at po0.05 (corrected in terms of spatial extent).
aInteraction characterized by increased BOLD response to emotional distractors following tryptophan depletion (see Figure 2b).
bInteraction characterized by an attenuation of deactivation to emotional distractors following tryptophan depletion.
cInteraction characterized by increased BOLD response to neutral distractors following tryptophan depletion (see Figure 2d).
dInteraction characterized by greater BOLD response to happy targets than sad distractors following sham depletion, with the opposite pattern of response following
tryptophan depletion.
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depletion have been implicated in experimentally induced
sadness (Drevets and Raichle, 1992; Harmer et al, 2003;
Mayberg et al, 1999) and major depression (Drevets et al,
1992). PET studies have demonstrated that glucose meta-
bolism is increased and/or that gray matter volume is
decreased in these structures in unipolar-depressed indivi-
duals (Drevets and Price, 2005). The metabolic activity in
these areas appears to normalize during symptom remis-
sion. For example, physiological activity in the amygdala
and anterior insula decreased following effective treatment
with SSRIs in depressed patients (Drevets et al, 2002;
Drevets and Raichle, 1992; Mayberg et al, 1999), and also
appeared decreased in the anterior insula and VLPFC in
spontaneously remitted MDD individuals and healthy
controls compared with depressed MDD individuals (Dre-
vets et al, 1992). The anterior insula shares extensive
anatomical connectivity with the amygdala, hippocampal/
parahippocampal cortices, ventromedial striatum, and
thalamus. The limbic-cortical-striatal-pallidal-thalamic cir-
cuit formed by these regions also interacts with other
orbitomedial PFC, temporal lobe (eg, STG, parahippocam-
pal cortex), and cingulate regions (mid- and posterior

cingulate cortices) to form the visceromotor network, which
modulates the endocrine, autonomic, and experiential
aspects of emotional behavior (Kondo et al, 2005; Ongur
et al, 2003; Ongur and Price, 2000).

The two regions in which tryptophan depletion increased
BOLD response to negative relative to positive words, the
STG, and posterior cingulate cortex, have also consistently
been implicated in unipolar depression (Drevets et al, 2002;
Nugent et al, 2006). Both areas share extensive, mono-
synaptic anatomical connections with the orbitomedial PFC
regions associated with the visceromotor network (Ongur
et al, 2003), and have been implicated in verbal processing,
particularly the processing of emotionally valenced verbal
stimuli (Cato et al, 2004; Kuchinke et al, 2005; Maddock
et al, 2003).

The most striking behavioral effect in this study was the
highly significant positive bias on the AGNG. Participants
made significantly more inappropriate responses to positive
stimuli than negative stimuli. Within the context of AGNG
tasks, such an increase in this type of error is interpreted as
indicating that the distractor stimulus is capturing atten-
tion, reducing the capability for selectively attending to the

Figure 1 Effect of tryptophan depletion on neural responses to emotional relative to neutral target words. (a) Greater response to emotional relative to
neutral target words following tryptophan depletion in the left putamen ([x¼�24, y¼ 10, z¼ 5], peak Z-score¼ 3.46) and right insula/putamen ([x¼ 30,
y¼ 8, z¼ 5], peak Z-score¼ 3.66). (c) Greater response to neutral relative to emotional target words following tryptophan depletion in the right
dorsolateral prefrontal cortex ([x¼ 40, y¼ 35, z¼ 31], peak Z-score¼ 3.86). Effects in (a) and (c) were significant at po0.001, minimum cluster size 20
voxels. Color bars indicate t-values and images are thresholded at po0.001. (b and d) Plots of parameter estimates relative to rest for emotional and neutral
target words under tryptophan and sham depletion conditions for peak voxels in the left putamen (b) and right dorsolateral prefrontal cortex (d). Error bars
represent 1 SED between emotional and neutral targets.
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relevant stimulus-set. Biases toward positive stimuli in
healthy volunteers have been reported previously, in
particular by Erickson et al (2005), who used a very similar
AGNG task. They suggested that this bias on the AGNG
might represent a normal suppression of attention to
negative stimuli. In contrast, the opposite bias (toward
negative stimuli) was observed in unipolar depressives in
the same study. Thus, the normal attentional bias toward
positive relative to negative stimuli was hypothesized to
confer resilience against depression. In the present study,
this positive bias was attenuated and non-significant
following tryptophan depletion, though the interaction of
attentional bias with depletion condition fell short of
statistical significance. These data therefore tentatively
suggest that serotonergic function may play a role in
mediating resilience to negative stimuli in never-depressed
healthy individuals.

When we included change in subjective anxiety state as a
covariate in the analysis of neural responses to positive
relative to negative distractors, a striking relationship was
observed in the right caudate (and possibly also the left
caudate, although the spatial extent on the left was below
our significance threshold of 20-voxels). Participants who

became more anxious following tryptophan depletion also
showed an increase in neurophysiological response in the
caudate to negative relative to positive distractors. Notably,
BOLD signal response to emotional words was increased
following tryptophan depletion in the same region. Data
from human and animal studies implicate the caudate in
modulating anxiety responses to stress or threat (reviewed
in Charney and Drevets, 2002). For example, studies in
experimental animals suggested that dopamine release and
turnover increased in the mesoaccumbens projections
during mild-to-moderate stress, and in the nigrostriatal
projections during more severe stress (Deutch and Roth,
1990; Inoue et al, 1994). In humans, one study suggested
that during amphetamine challenge the magnitude of DA
release in the ventral striatum correlated inversely with
anxiety ratings in healthy humans (Drevets et al, 2001).
Moreover, the magnitude of dopamine release in the
striatum has been shown to be modulated by 5-HT2A

receptor stimulation (Pehek et al, 2006; Porras et al, 2002;
Yan, 2000), suggesting a mechanism through which the
altered serotonergic function associated with tryptophan
depletion may exert secondary effects on other neurotrans-
mitter systems and thereby influence anxiety symptoms.

Figure 2 Effect of tryptophan depletion on neural responses to emotional relative to neutral distractor words. (a) Greater response to emotional relative
to neutral distractor words following tryptophan depletion in the left hippocampus ([x¼�26, y¼�31, z¼ 0], peak Z-score¼ 4.07). (c) Greater response
to neutral relative to emotional target words following tryptophan depletion in dorsal anterior cingulate cortex ([x¼ 2, y¼ 25, z¼ 36], peak Z-score¼ 3.73).
Effects in (a) and (c) were significant at po0.001, minimum cluster size 20 voxels. Color bars indicate t-values and images are thresholded at po0.001.
(b and d) Plots of parameter estimates relative to rest for emotional and neutral distractor words under tryptophan and sham depletion conditions for peak
voxels in the left hippocampus (b) and dorsal anterior cingulate (d). Error bars represent 1 SED between emotional and neutral distractors.
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Finally, the caudate responds preferentially to salient
stimuli, whether or not such stimuli are associated with
reward (Knutson et al, 2003; Schultz et al, 2003; Zink et al,
2006, 2004). Therefore, it is possible that this relationship
may reflect the increased saliency of negatively valenced
distractors in those participants who became more anxious
following tryptophan depletion.

Our findings replicated the results of Elliott et al (2000),
who reported that responding to emotional relative to
neutral words resulted in increased BOLD response in the
pregenual ACC in healthy humans. In the present study, for
the same contrast using the same task, we found increased
BOLD response in a pregenual ACC region situated close to
that identified by Elliott et al (2000) (Table 3). However, the
parameter estimates in this region were negative relative to
rest for both emotional and neutral targets, suggesting that
the effect Elliott et al reported may be mediated by an
attenuation of deactivation to emotional words. Elliott et al
(2002) also reported that patients with unipolar depression
showed an attenuated hemodynamic response in the
pregenual ACC to emotional targets. Our results suggest
the hypothesis that depressed individuals show equivalent
deactivation to emotional and neutral targets in the
pregenual ACC, which may reflect a difficulty in regulating
subcortical activity in response to emotional stimuli.
However, in the present study this effect in the pregenual
ACC was of similar magnitude in the sham depletion and
tryptophan conditions, suggesting that this finding in
depression did not simply reflect a deficit in 5-HT
transmission, and may instead have resulted from the
depressed mood or the pathophysiology associated with
MDD, since few of our participants reported mood change
following tryptophan depletion.

The lack of effect of tryptophan depletion on subjective
mood state in these never-depressed, healthy humans with
no first-degree relatives with mood or anxiety disorders is
consistent with previous research (Bell et al, 2005). Few
studies that have not specifically selected volunteers with a

personal or family history of mood disorders have reported
emotional changes following tryptophan depletion. How-
ever, despite the lack of subjective effects on mood,
tryptophan depletion attenuated a bias toward positive
distractors and resulted in a bias in the neurophysiological
response toward emotional stimuli in limbic-cortical-
striatal-pallidal-thalamic circuits previously implicated in
normal and pathological emotional processing (Phillips
et al, 2003a, b). These effects of tryptophan depletion on
behavioral and neural responses to other types of emotional
stimuli in the absence of subjective mood effects are
consistent with several other reports in the literature, which
found tryptophan depletion-induced changes in the hemo-
dynamic responses to emotionally expressive face stimuli or
to spurious negative feedback provided during probabilistic
reversal learning (Cools et al, 2005a; Harmer et al, 2003;
Murphy et al, 2002; van der Veen et al, 2007).

Several limitations of our study merit comment. First,
although we used a relatively homogenous sample of
healthy volunteers with no personal history of psychiatric
disease and no first-degree relatives with mood or anxiety
disorders, we included fewer than 20 participants in the
neuroimaging analyses. Therefore, these data should be
treated with caution until independently replicated. Second,
it is possible that vascular effects may have confounded the
neuroimaging results; 5-HT receptors are known to be
involved in vasoconstriction and vasodilation (Saxena and
Villalon, 1990), although different receptors exert distinct
effects on vascular tone. However, the interactions between
depletion condition and emotional valence that we observed
were not simply confined to areas that showed a main effect,
which might be expected if 5-HT depletion had simply
increased or decreased the amplitude of the hemodynamic
response function independent of neural activity.

Third, participants showed a trend toward greater
translational head movement per run in the sham depletion
than the tryptophan depletion condition. However, the
average difference in translational movement per run

Figure 3 Relationship between tryptophan depletion-elicited anxiety and tryptophan depletion-elicited bias toward negative distracting stimuli in the
caudate. (a) Across participants, tryptophan depletion-elicited anxiety covaried strongly with tryptophan depletion-elicited response to negative relative to
positive distractors in the left caudate ((x¼�10, y¼ 18, z¼ 8), peak Z-score¼ 4.48), with a similar, but more spatially restricted relationship, on the right.
Participants who became more anxious following tryptophan depletion showed a greater caudate response to negative relative to positive distracting stimuli.
The effect in the left caudate was significant at po0.001, minimum cluster size 20 voxels. Color bars indicate t-values and the image is thresholded at
po0.005 for display purposes. (b) Correlation between tryptophan depletion-elicited change in parameter estimate at the peak voxel in the left caudate for
the sad–happy distractors contrast and tryptophan depletion-elicited change in subjective anxiety rating (r¼ 0.874, po0.00001).
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between the treatment conditions was approximately
0.15 mm, representing approximately one-twentieth of a
voxel. Furthermore, our statistical model included the
movement parameters for each run at the subject level,
which should have removed most of the variance in the
contrast images that was associated with head movement.
Therefore, we do not believe that the interpretation of our
fMRI data is likely to be confounded by differences in head
movement between the treatment conditions.

Finally, participants in the present study made more
omission errors when responding to neutral words than
when responding to emotional words, suggesting that the
neutral and emotional conditions were imprecisely matched
for difficulty. This effect was unexpected, since the neutral
and emotional words were carefully matched for image-
ability, length, and frequency, and were identical to those
used by Elliott et al (2000), who did not report such an
effect. However, this result may explain the increased
hemodynamic response we observed to neutral relative to
emotional stimuli in the DLPFC and dACC, effects also not
reported by Elliott et al (2000), since these regions have
been implicated in error-likelihood signaling (Brown and
Braver, 2005). To avoid this confound, future studies might
benefit from employing event-related designs so that trials
on which participants responded incorrectly could be
excluded from analysis.

In summary, 5-HT depletion increased BOLD response to
emotional stimuli generally in many structures implicated
in unipolar depression, and increased responses specifically
to negative stimuli in areas implicated in the processing of
emotionally valenced verbal information. Furthermore,
inter-individual variability in the increase in subjective
anxiety following tryptophan depletion was strongly corre-
lated with the increase in hemodynamic activity in the
caudate in response to negative distracting stimuli. These
data suggest that 5-HT depletion subtly influences the
neural processing of emotionally valenced stimuli, in
particular increasing responses to emotional stimuli in
subcortical structures such as the amygdala, caudate, and
parahippocampal gyrus, and biasing activity toward nega-
tive stimuli in the posterior cingulate and temporal cortex.
Notably, these changes occurred even in the absence of
overt effects on participants’ mood state, although trypto-
phan depletion did attenuate a bias toward positive
distracting stimuli. These data suggest a neural mechanism
by which hypofunction of the 5-HT system, such as is
hypothesized to exist in MDD, may result in a maladaptive
bias toward negative stimuli, by increasing responsivity to
emotional stimuli in subcortical limbic structures and
biasing emotional information processing in the temporal
cortex and posterior cingulate cortex toward negative
stimuli, and may also provide insight into the neural
modulation of resilience in never-depressed healthy volun-
teers.
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