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Abstract
Background—Major depressive disorder (MDD) has been associated with both dysfunction of the
central serotonergic system and abnormal responses to emotional stimuli. We used acute tryptophan
depletion (ATD) to investigate the effect of temporarily reducing brain serotonin synthesis on neural
and behavioural responses to emotional stimuli in remitted MDD subjects (rMDD) and healthy
controls.

Methods—Twenty controls and 23 rMDD subjects who had been unmedicated and in remission
for ≥3 months completed the study. Following tryptophan or sham depletion, participants performed
an emotional-processing task during functional magnetic resonance imaging. In addition, resting-
state regional blood-flow was measured using arterial spin labelling.

Results—Neither group exhibited significant mood-change following ATD. However, tryptophan
depletion differentially affected the groups in terms of hemodynamic responses to emotional words
in a number of structures implicated in the pathophysiology of MDD, including medial thalamus and
caudate. These interactions were driven by increased responses to emotional words in the controls,
with little effect in the patients under the ATD condition. Following ATD, habenula blood-flow
increased significantly in the rMDD subjects relative to the controls, and increasing amygdala blood-
flow was associated with more negative emotional bias score across both groups.

Conclusions—These data provide evidence for elevated habenula blood-flow and alterations in
the neural processing of emotional stimuli following ATD in rMDD subjects, even in the absence of
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overt mood-change. However, further studies are required to determine whether these findings
represent mechanisms of resilience or vulnerability to MDD.
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Introduction
It has long been hypothesised that dysfunction of the central serotonergic system plays a role
in the pathogenesis of major depressive disorder (MDD). Aside from the efficacy of selective
serotonin reuptake inhibitors (SSRIs) in treating depression, numerous studies have
demonstrated that serotonin (5-HT) manipulations affect subjective emotional state(1). In
particular, many medicated subjects with a history of MDD currently in remission (rMDD)
experience a temporary return of depressive symptoms when administered an amino acid
mixture selectively lacking in the precursor to 5-HT, tryptophan (acute tryptophan depletion:
ATD)(2), though this effect does not occur commonly in unmedicated rMDD subjects who
have been well for some months(3).

ATD has been utilized to investigate the role of 5-HT in a variety of cognitive processes(4). A
consistent finding is that ATD impairs performance on tasks requiring the processing of
affective stimuli in healthy volunteers. It has been reported that ATD impaired decision-making
on gambling tasks(5,6), attenuated motivation on a reaction-time task(7), impaired recognition
of emotional expressions(8) and resulted in slower responses to positive words on an emotional
inhibitory control paradigm, the Affective Go/No-go test (AGNG)(9).

A small number of studies used ATD in rMDD subjects while simultaneously acquiring
neurophysiological measures, such as resting state regional cerebral blood-flow (rCBF) or
glucose metabolism. These studies reported altered metabolism in a network of structures
implicated in MDD, including orbitofrontal cortex (OFC), ventromedial prefrontal cortex
(VMPFC), caudate, thalamus and habenula, in rMDD subjects following ATD(10-13). More
recently, we reported changes in hemodynamic responses to emotional stimuli during the
AGNG in this network following ATD in the healthy controls included in the present study
(14). However, no study to date has investigated how neural responses to emotional stimuli
differ between rMDD subjects and controls under conditions of 5-HT depletion. Such
information is critically important in synthesizing cognitive, neurochemical and functional
neuroanatomical accounts of MDD.

Therefore we used fMRI to investigate the effects of ATD on the neural correlates of emotional
processing in unmedicated rMDD subjects and healthy controls. We included patients who
were unmedicated and remitted to avoid the potential confounding effects of anti-depressant
medication and depressive symptoms on neuronal and hemodynamic responses. We
additionally used arterial spin labelling (ASL) to obtain measures of resting-state blood-flow
in the same scanning session in order to exclude the possibility that any differences between
the groups in the fMRI data might be related to altered neurovascular coupling following ATD.
As an assessment of emotional processing we used the AGNG, on which currently depressed
MDD subjects typically exhibit a bias towards negative information, termed the “mood-
congruent processing bias”(15,16). Previous studies suggested this bias was mediated by
altered activity in the anterior cingulate cortex (ACC) and other prefrontal and subcortical
structures(15), which form part of a “visceromotor” network(17). This network is thought to
subserve the assessment of the emotional salience of sensory stimuli, and the organization of
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behavioral, autonomic and endocrine responses to such stimuli, and has been consistently
implicated in the pathophysiology of MDD(18,19).

Our analysis strategy for the task-related and resting-state analyses differed, though both
focused on the visceromotor network. For the task-related analysis we employed a voxel-wise
mapping approach, restricting our search for interactions to regions of interest (ROIs) based
on a probabilistic atlas, and applied stringent correction for multiple comparisons. For the
resting-state analysis we had less data, reducing the power of a voxel-wise analysis. Therefore,
we calculated average blood-flow measurements across ROIs defined for each individual based
on their own anatomical MRI scan.

We predicted that ATD would lead to a negative emotional bias on the AGNG in rMDD
subjects, and hypothesised that this bias would be mediated by altered activity in the
visceromotor network, i.e. OFC/VMPFC, together with anatomically-related areas of the
striatum, thalamus and temporal lobe (amygdala; hippocampus; parahippocampal cortex;
habenula; middle and superior temporal gyri (STG)). We additionally predicted that ATD
would result in increased resting-state blood-flow in this network in rMDD subjects relative
to controls, in particular in the habenula(13).

Methods and Materials
Full experimental methods are detailed in the Supplementary Online Materials (SOM).
Twenty-three rMDD subjects and 20 healthy controls completed the study. The fMRI and
behavioral data from the healthy controls were the subject of a previous report(14). Participants
were right handed, aged 18-50 years, and in good physical health, as assessed by medical
history, physical examination, laboratory testing and neuromorphological MRI scanning.
Participants were psychiatrically evaluated using the structured clinical interview for DSM-IV
(20) and a separate semi-structured interview with a psychiatrist. Inclusion criteria for the
rMDD subjects required: meeting DSM-IV criteria for MDD in full remission(20) while
unmedicated for at least 3 months; manifesting depression-onset prior to age 40 years; either
having had at least two major depressive episodes (MDEs) or one MDE plus a history of MDD
in at least one first-degree relative. Exclusion criteria for all subjects included: psychotropic
drug exposure (including nicotine) within 3 months; major medical or neurological illness;
illicit drug use or alcohol abuse within 1 year; lifetime history of alcohol or drug dependence;
psychiatric disorders other than MDD (excepting a remote history of substance or alcohol
abuse, as described above); current pregnancy or breast feeding; structural brain abnormalities
on MRI; general MRI exclusions. Additional exclusion criteria for controls were: history of
any psychiatric disorder (excepting a remote history of substance or alcohol abuse); history of
mood or anxiety disorders in a first-degree relative. For females, testing in the week prior to
menstruation or during the first 4 days of menses was avoided. Participants provided informed
consent as approved by the NIMH IRB.

Participants attended two amino-acid challenge sessions separated by at least 1 week, in a
randomized, double-blind, placebo-controlled, counterbalanced crossover design. On one
occasion participants were orally administered a 31.5g amino-acid mixture containing the large
neutral amino acids (LNAAs), but selectively lacking in L-tryptophan, via capsules (TRP-)
(21). On the other occasion the mixture was the same except for the addition of 1.2g L-
tryptophan (TRP+)(14). Five hours following amino-acid administration participants
underwent MRI. Blood samples for assaying amino acid concentrations, Profile of Mood States
(POMS: 22) scores, modified Hamilton Depression Rating Scale (HAM-D: 23) and Hamilton
Anxiety Rating Scale (HAM-A: 24) ratings and vital signs were obtained immediately prior
to the amino acid administration, immediately prior to scanning and immediately after
scanning.
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During fMRI, participants performed the AGNG, as described previously(14,15). Whole-brain
echo-planar images (EPI: TE=23msec; TR=2,000msec; flip=90°; field-of-view=22.0cm;
64*64 matrix; voxel-size=3.50*3.44*3.44mm) were acquired using a GE 3T Signa scanner
and an 8-channel receiver coil array. During each block, participants were instructed to respond
to one category of words (targets) while ignoring words of another category (distractors).
Words were positive, negative or neutral, and each word category could either be a target or
distractor. Structural scans were also acquired (spoiled-gradient recalled sequence; voxel
size=1.2*0.86*0.86 mm).

To measure rCBF, whole-brain ASL images were acquired in the eyes-closed, at-rest state
before and after the AGNG during each depletion session(25). Thirteen axial slices were
acquired sequentially from superior to inferior using a single-shot 2D gradient-echo EPI
sequence (TR=5.2sec, consisting of 3sec spin labelling, 1.4sec post-labelling delay and 0.8sec
image acquisition; slice thickness=4mm, slice gap=1mm, TE=13.9ms, flip=90°; ramp-
sampling; 64*64 matrix, in-plane resolution=3.75*3.75mm; total scan-time=4min 40sec).

Mood, behavioral and rCBF data were analyzed using repeated-measures analysis of variance
in SPSS 16 (SPSS Inc). ROIs for assessing differences in blood-flow were defined on each
individual's anatomical MRI after spatial-normalization to the Montreal Neurological Institute
(MNI) template. We did not perform a voxel-wise analysis due to the reduced number of
subjects included in the ASL analysis, limiting our power to detect effects following correction
for multiple comparisons. Our primary ROIs consisted of: amygdala; anterior subgenual ACC;
habenula; ventral striatum(10,11,13,26,27). To assess the specificity of differences found in
the primary ROIs, blood-flow also was assessed post-hoc in secondary ROIs (see SOM). We
analyzed the relationship between emotional bias scores and resting-state blood-flow using
linear regression. Compound emotional bias scores were then computed from the RT and
commission error biases, which correlated independently with right amygdala blood-flow
following TRP-, using the unstandardized coefficients from a linear regression model that
included both variables (compound emotional bias=(0.0015*RT emotional bias)
+(0.052*commission error emotional bias)).

The blood oxygen-level dependent (BOLD)-fMRI data acquired during the AGNG task were
analyzed in the context of the general linear model using Statistical Parametric Mapping
(SPM5: http://www.fil.ion.ucl.ac.uk/spm). After discarding the first four images of each run,
images were realigned to the fifth image, co-registered with each subject's own anatomical
MRI scan, normalized to fit the MNI template and smoothed using an 8mm full-width half-
maximum Gaussian kernel. Regressors representing each condition under TRP+ or TRP- were
created and the resulting beta images were combined to create single-subject interaction maps
of interest. These interaction maps were combined at the group level to identify areas in which
rMDD subjects and controls differed in terms of BOLD responses to emotional words under
conditions of tryptophan and sham depletion, using the summary-statistic approach to random-
effects analyses. We did not calculate average percent signal change across ROIs in an
analogous manner to that performed for the ASL analysis due to concerns regarding
heterogeneity in task-related responses within the small structures comprising the visceromotor
network. For differential BOLD responses located in our primary ROIs, corresponding to the
affective cortico-striatal loop (OFC, VMPFC, striatum and thalamus)(28), the significance
threshold was set at p<0.05 (small volume corrected: SVC). These ROIs were defined using
the WFU Pickatlas toolbox with the AAL atlas(29). We additionally assessed BOLD responses
in our ASL ROIs. For effects in our secondary ROIs (see SOM) the significance threshold was
set at p<0.001 (uncorrected) with minimum cluster size of 10 voxels. Maxima located outside
these regions were interpreted if they survived whole-brain correction for multiple comparisons
at p<0.05.

Roiser et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fil.ion.ucl.ac.uk/spm


Results
Demographic and clinical measures appear in Table 1. The groups did not differ on any
demographic variable (p>0.1 for all). Plasma amino acid and mood-rating measures appear in
Table 2. TRP- reduced the tryptophan:ΣLNAA ratio by >90%, but mood did not change
significantly in either group relative to TRP+ (see also SOM).

Behavior on the Affective Go/No-go task (Table 3)
Participants responded more quickly to emotional targets than neutral targets (F(1,39)=115.5,
p<0.001), but with similar speed to happy and sad targets (F<1), with no significant interactions
with treatment or group.

Participants made similar numbers of inappropriate responses to emotional and neutral
distractors (F<1), and more inappropriate responses to happy distractors than to sad distractors
(F(1,39)=24.9, p<0.001), with no significant interactions with treatment or group.

Participants missed more neutral targets than emotional targets (F(1,39)=24.1, p<0.001), and
missed more happy targets than sad targets (F(1,39)=6.3, p=0.017), with no significant
interactions with treatment or group.

Since we had a strong a priori hypothesis that ATD would reinstate negative emotional biases
in rMDD subjects, we assessed the presence of emotional biases using planned t-contrasts for
each depletion condition in each group separately. Analysis of commission errors revealed
that, as reported previously in this sample, controls exhibited a significant positive bias
following TRP+, which was abolished following TRP-(14). However, surprisingly, the rMDD
subjects exhibited significant positive biases following both TRP+ (p=0.045) and TRP-
(p<0.001). Analysis of RT and omission error data did not reveal significant biases, although
there was a trend towards a negative bias in terms of omission errors in the rMDD group
following TRP+ (p=0.052).

BOLD responses during emotional processing
We list all activations satisfying our criteria for significance in Tables 4 and S1. Seventeen
patients and seventeen controls were included in the fMRI analyses.

Emotional relative to neutral targets—In our primary ROIs, significant
group*treatment* word-type interactions were identified in the thalamus (p=0.011, SVC) and
caudate (p=0.021, SVC), with a trend result in the putamen (p=0.090, SVC) (Figure 1, Table
4). Post-hoc analysis revealed that controls showed a greater BOLD response to neutral relative
to emotional targets following TRP+, with the opposite pattern of response following TRP-
(Figure 1b). In the rMDD subjects a different pattern of BOLD response was present, with
either no difference between the TRP+ and TRP- conditions, or a greater BOLD response to
emotional relative to neutral targets following TRP+ (Figure 1c). In our secondary ROIs,
similar interactions were identified in the anterior temporal cortex and parahippocampal gyrus
(PHG). The interaction in the anterior temporal cortex remained significant after applying
corrections for multiple comparisons across our ASL STG ROI (p=0.037, SVC). Significant
group*word-type interactions were also identified in our secondary ROIs: VLPFC, middle
temporal gyrus and PHG (Table S1).

Happy relative to sad targets—A significant group* valence interaction was identified in
the STG secondary ROI (Table S1).
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Emotional relative to neutral distractors—A significant group*treatment* word-type
interaction was identified in the dorsal ACC (dACC), which survived whole-brain correction
for multiple comparisons at the cluster-level (p=0.020; Figure 2, Table 4). Post-hoc analysis
revealed that the controls showed a greater BOLD response to neutral relative to emotional
distractors following TRP-, with no difference between emotional and neutral distractors
following TRP+ (Figure 2b). However, the rMDD subjects showed a greater BOLD response
to neutral relative to emotional distractors following TRP+, with no difference between
emotional and neutral distractors following TRP- (Figure 2c).

Happy relative to sad distractors—No significant interactions with group were identified
within our ROIs.

Regional Cerebral Blood-Flow
ASL data were available for 10 controls and 11 rMDD subjects. We describe in the text only
effects in our primary ROIs (see Table S2 for main effects of depletion condition and
group*treatment interactions in secondary ROIs).

Analysis of left habenula data revealed significantly higher blood-flow in rMDD subjects
following TRP- relative to TRP+, but not in controls (post-hoc: rMDD TRP- vs TRP+ p=0.011;
controls TRP- vs TRP+ p=0.6; Table 5 and Figure 3).

Across all subjects, higher right amygdala resting-state blood-flow values were associated with
more negative emotional bias scores on the AGNG following TRP-. Right amygdala blood-
flow correlated significantly with affective bias as indexed both by latency (r=-0.59, p=0.005)
and commission errors (r=-0.54, p=0.012). Including both measures of affective bias, which
were themselves uncorrelated (r=0.05, p=0.8), in the same regression model accounted for over
one-half of the variance in right amygdala blood-flow following TRP- (F(2,18)=14.1,
p=0.0002, adjusted r2=0.57) (Figure 4), but not following TRP+ (r=-0.19 for latency, r=0.065
for commission errors). There was also a significant correlation between the change in
compound emotional bias score from TRP+ to TRP- and right amygdala blood-flow following
TRP- (r=-0.46, p=0.037).

Discussion
This is the first study to assess the effects of ATD on neural responses to emotional stimuli in
rMDD subjects and healthy controls. Neither group exhibited reliable mood-change following
ATD. However, ATD robustly increased hemodynamic responses to emotional words in the
thalamus and caudate in the controls, but not in the rMDD subjects. We also demonstrate for
the first time that attentional bias towards negative stimuli is strongly associated with resting-
state blood-flow in the right amygdala following ATD. Finally, we were able to confirm a
previous report of increased blood-flow in the habenula following ATD in rMDD subjects
(13), and show that this effect does not occur in healthy controls.

Consistent with previous reports that unmedicated rMDD subjects were resistant to mood-
change following ATD(3), the HAM-D scores of the rMDD group did not increase following
ATD; neither did they exhibit negative emotional biases. Therefore our predictions that ATD
would lead to a worsening of mood and negative emotional biases in rMDD subjects could not
be confirmed. Previous studies reported that although a large proportion of currently-medicated
rMDD subjects exhibit a return of depressive symptoms following ATD(2), unmedicated
patients prove less vulnerable(30,31). Moreover, a meta-analysis suggested that patients
unmedicated and remitted for ≥6 months do not show reliable mood-change following ATD
(3); notably, nearly all of our rMDD sample had been in remission and medication-free for ≥6
months. The lack of effect of ATD on depressive symptomology in the rMDD group in our
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study may thus be explained by the extended period during which most patients had been
unmedicated and remitted(3).

In fact, the rMDD group demonstrated a robust positive emotional bias on the AGNG, as
measured by their rate of inappropriate responding to positive relative to negative distractors,
though this result was complicated by a trend towards a negative bias for omission errors
following TRP+. It has been hypothesized that one effect of 5-HT depletion is to negatively
bias the processing of emotional information by impacting on the neural mechanisms
subserving these processes(32). Consistent with this hypothesis, resting-state blood-flow in
the right amygdala following ATD was associated with emotional bias on the AGNG, as
measured by latency and inappropriate responding, accounting for over one-half of the variance
in right amygdala blood-flow, though this effect was similar in rMDD subjects and controls.
These data appear compatible with previous findings demonstrating increased resting-state
amygdala rCBF and negative emotional biases in acutely depressed patients(16,33-35), and
suggest that serotonergic modulation of amygdala activity may play a crucial role in mediating
resistance to distracting negative information. However, we did not identify significant
correlations between behavioral emotional biases and differential amygdala BOLD responses
to emotional words across subjects, likely due to the lack of amygdala responses elicited by
the verbal stimuli used in the AGNG(15). These data underscore the utility of collecting resting-
state ASL data, which provide a good measure of baseline blood-flow, in addition to task-
related BOLD responses in pharmacological fMRI studies.

The areas in which ATD differentially affected BOLD responses to emotional relative to
neutral stimuli between rMDD subjects and controls receive abundant serotonergic projections
from the dorsal/median raphe nuclei (DRN/MRN)(36,37), and form part of the “affective”
cortico-striatal loop central to the extended visceromotor network(18,28,38), which
participates in the processing of emotional information(39). The only study to measure regional
glucose metabolism in unmedicated rMDD subjects following ATD also reported
abnormalities in these regions(11). Similar structures were identified in a previous study
reporting blunted neural responses to emotional stimuli in medicated, acutely-depressed
patients using the AGNG(15). Both depressed and remitted unmedicated MDD subjects show
pervasive decreases in 5-HT1A receptor binding in these regions(40,41), and physiological
responses to 5-HT1A receptor agonist challenge are blunted in MDD subjects versus controls
(42). Within the context of such a deficit, the further reduction in serotonergic transmission
caused by ATD may have contributed to the differences that we observed in neurophysiological
responses to emotional stimuli between the groups. Alternatively or additionally, the
differential neurophysiological responses to ATD between groups may reflect a greater ability
of the controls as compared to the rMDD subjects to recruit other neurotransmitter systems to
compensate for the effects of lowered 5-HT transmission.

The group*treatment*word-type interactions in this study were generally driven by increases
in responses to emotional targets in controls following TRP-, for example in the thalamus and
caudate, with small effects in rMDD subjects. However, the interaction in the dACC, which
was apparent in the analysis of distractors, was qualitatively different and in the opposite
direction. Strikingly, the rMDD subjects exhibited increased responses to emotional distractors
(relative to neutral distractors) following TRP- relative to TRP+, with the opposite pattern in
controls. This dACC region has been implicated in the processing of conflict and behavioral
adjustment(43,44), consistent with an effect driven by distractors. However, it is unclear
whether these differences in neural responses following TRP- represent resilience or
vulnerability in the rMDD subjects. On the one hand, the relatively increased dACC responses
to emotional distractors following 5-HT depletion in the rMDD group might reflect a
mechanism by which conflict arising from the processing of extraneous emotional information
is controlled; notably, the rMDD subjects also displayed a robust positive emotional bias
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following TRP-. On the other hand, the relatively blunted responses to emotional target words
in the visceromotor network following TRP- in the rMDD group are redolent of previous
findings using the AGNG in currently depressed patients(15). Discriminating between these
explanations requires studies employing longitudinal designs that additionally include rMDD
subjects vulnerable to ATD-induced mood-change.

Consistent with a previous report, we observed increased blood-flow in the habenula following
ATD in rMDD subjects(13). We were able to establish this finding using relatively high-
resolution blood-flow measures. The previous report of increased habenula activity during
ATD relied on low-resolution PET measures that precluded resolution of the habenula from
the adjacent thalamus. In our study the habenula volume was comparable to that of one ASL
image voxel(45), and the habenula ROI was accurately positioned in each subject's anatomical
MRI scan. Finally, we extended the report of Morris and colleagues(13), which did not include
assessments in a control group, by demonstrating that the increase in blood-flow under ATD
is specific to rMDD subjects.

The habenula plays a central role in regulating the function of multiple monoaminergic
neurotransmitter systems, sharing extensive reciprocal projections with the DRN/MRN
(46-48). The habenula also projects to the ventral tegmental area and substantia nigra, in which
dopamine neuronal firing activity is profoundly inhibited during habenula stimulation(49,50).
These data are consistent with recent findings that habenula responses occur following negative
feedback in humans(51), since the omission of a predicted reward is associated with reduced
firing of dopamine neurons(52). It thus has been hypothesized that elevated habenular activity
causes depressive symptoms by inhibiting tonic dopamine neuronal firing even in the absence
of reward omission(53,54). Supporting this contention, three rodent models of depression
(55), and congenitally helpless rats (bred to display helplessness following chronic stress:
56), exhibited elevated habenula metabolism. Our data suggest that 5-HT depletion-induced
habenula hyperactivity represents a specific vulnerability in depressive patients, and support
a role for this structure in the pathogenesis of MDD. However, this interpretation is speculative
and requires testing in studies that additionally include rMDD subjects who do show ATD-
induced mood-change.

Some limitations of our study merit comment. Fewer than 20 participants in each group could
be included in the analysis of task-related hemodynamic responses, and only half this number
in the analysis of resting-state blood-flow. Furthermore, while the TRP+ mixture increased the
absolute concentration of plasma tryptophan, the tryptophan:ΣLNAA ratio, the best peripheral
index of tryptophan availability to the brain for serotonin synthesis(57), was reduced following
TRP+, which may have resulted in a small reduction in 5-HT synthesis. However, the reduction
in tryptophan:ΣLNAA ratio following TRP- was approximately 90%, suggesting that despite
the relatively reduced amino acid load employed relative to other studies (31g), our intervention
robustly reduced tryptophan availability to the brain for serotonin synthesis, consistent with
previous studies(58). Notably, the administration of amino acids via capsules constituted a
strength of our methods. This route ensured that the total load of LNAAs was ingested, and
achieved a depletion comparable to that reported using 100g amino acids administered in drink
form(59), far greater than the depletion reported by studies administering similar quantities of
amino acids in drink form (so-called ‘low-dose’ ATD)(60,61).

With respect to the ASL technique, T1 relaxation data were not measured in individual subjects,
and instead the ASL signal changes were converted to blood-flow values using an assumed T1
of gray matter(25). However, the use of globally-normalized values in statistical analyses
avoided possible errors due to incorrect quantitation of blood-flow for voxels containing either
gray matter alone or both gray and white matter. Consequently, the ASL method provided valid
and reliable measures of the difference in globally-normalized, rCBF between conditions,
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analogous to the validity and reliability of measuring globally-normalized, regional tissue
radioactivity measured using the PET-[O-15]water technique.

Finally, while our results were unconfounded by mood-change in the rMDD group, we did not
include patients vulnerable to ATD-induced mood-change in this study, limiting our inference
to a comparison with healthy volunteers. Furthermore, our resilient group may not be
representative of other groups of rMDD subjects who did show mood-change following ATD
(62). Future studies investigating ATD in rMDD subjects should include groups of patients
who do show mood-change in order to directly compare between resilient and non-resilient
individuals.

In summary, ATD differentially modulated responses to emotional stimuli in rMDD subjects
and controls in the thalamus, caudate and dACC and increased blood-flow in rMDD patients
in the habenula, without affecting subjective emotional state or behavior. However, further
studies are required to determine whether these findings represent mechanisms of resilience
or vulnerability to MDD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential effect of tryptophan depletion on neural responses to emotional relative to
neutral target words in the two groups
(A) Word type × treatment × group interaction in the right thalamus ([x=18, y=-25, z=-2], peak
Z-score=4.07). Effects were significant at p<0.001 (uncorrected), minimum cluster size 10
voxels. Color bars indicate t-values and images are thresholded at p<0.001 (uncorrected). Right
is on the right. The activation on the left is in the posterior putamen. (B) Plot of parameter
estimates for the emotional minus neutral target words contrast under tryptophan (TRP-) and
sham (TRP+) depletion conditions for the peak voxel in the thalamus. Controls exhibited
greater response to emotional relative to neutral target stimuli following TRP-, while major
depressive disorder patients in remission (rMDD) exhibited greater response to emotional
relative to neutral stimuli following TRP+. Error bars represent 1 SEM.

Roiser et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Roiser et al. Page 15

Biol Psychiatry. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Differential effect of tryptophan depletion on neural responses to emotional relative to
neutral distractor words in the two groups
(A) Word type × treatment × group interaction in the dorsal anterior cingulate (dACC) ([x=2,
y=25, z=32], peak Z-score=4.08). Effects were significant at p<0.001 (uncorrected), minimum
cluster size 10 voxels. Color bars indicate t-values and images are thresholded at p<0.001
(uncorrected). (B) Plot of parameter estimates for emotional relative to neutral distractor words
under tryptophan (TRP-) and sham (TRP+) depletion conditions for the peak voxel in the
dACC. Controls exhibited greater response to neutral relative to emotional target stimuli
following TRP-, while major depressive disorder patients in remission (rMDD) exhibited
greater response to neutral relative to emotional stimuli following TRP+. Error bars represent
1 SEM.
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Figure 3.
Differential effect of tryptophan depletion on normalized resting-state blood flow in the left
habenula in the two groups. Tryptophan depletion significantly increased blood flow in the left
habenlua in major depressive disorder patients in remission (rMDD), but had no effect in the
controls. Error bars represent 1 SEM.
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Figure 4.
Relationship between normalized resting-state blood flow and emotional bias score on the
Affective Go/No-go task (AGNG) following tryptophan depletion (TRP-). In both major
depressive disorder patients in remission (rMDD - empty circles) and controls (filled circles),
higher resting-state blood flow in the right amygdala was associated with a more negative
emotional bias on the AGNG following TRP- (controls: r=-0.84, p=0.003; rMDD: r=-0.79,
p=0.004).
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