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In healthy humans, there is an apparent dissociation between cognitive and affective consequences of reduced brain serotonin (5-HT), as

rapid tryptophan depletion (RTD) causes alterations in a consistent constellation of cognitive processes in the general absence of mood

deterioration. This study aimed to investigate possible neural mechanisms underlying this relative dissociation by measuring the effects of

reduced 5-HT on regional cerebral blood flow (rCBF). A total of 16 healthy, euthymic male subjects (mean age 3979 years) without a

personal or family history of affective disorder had mood ratings and single photon emission computed tomography scans with the rCBF

tracer 99mTc-HMPAO under reduced 5-HT (RTD) and control conditions. Across individuals, modest positive and negative changes in

subjective happiness associated with RTD were significantly correlated with change of rCBF in a cluster comprising subgenual (affective)

anterior cingulate cortex (ACC) and associated regions (Brodmann’s area (BA) 25, posterior BA11 and 47, caudate nucleus and ventral

striatum; SPM99 po0.05, corrected). The covariation was such that increasing sadness was associated with increased rCBF and vice

versa. Independent of mood change, RTD was associated with reduced rCBF in the dorsal (cognitive) ACC (BA32; SPM99 po0.05,

corrected). The subgenual prefrontal cortex and dorsal ACC are important components of the ventral and dorsal neural systems that

regulate and integrate affective and cognitive functions. The results therefore suggest that the dissociation between affective and cognitive

consequences of RTD may possibly be attributable to differential effects of reduced 5-HT on these neural systems.
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INTRODUCTION

Rapid tryptophan depletion (RTD) is a research technique
for transiently reducing brain serotonin (5-hydroxytrypta-
mine; 5-HT) by the ingestion of an excess of large neutral
amino acids in the absence of tryptophan (Trp), the
precursor of 5-HT. In healthy humans, RTD alters a
number of cognitive processes (Riedel, 2004). Most
consistently affected across studies are the encoding or
consolidation of new information into long-term memory
(Harrison et al, 2004; Klaassen et al, 2002, 1999; McAllister-
Williams et al, 2002; Park et al, 1994; Riedel et al, 1999;
Rubinsztein et al, 2001; Schmitt et al, 2000; Sobczak et al,
2002), attentional tasks requiring a subject to respond to a
specific stimulus dimension while suppressing interference
from a competing dimension (eg Stroop Color Word

interference task) (Coull et al, 1995; Rowley et al, 1997;
Schmitt et al, 2000), decision making (Rogers et al, 1999b,
2003), and reversal learning (Park et al, 1994; Rogers et al,
1999a).
In addition, RTD may precipitate transient mood

deterioration in vulnerable populations, particularly pa-
tients with major depressive disorder (MDD) in early
remission maintained on serotonergic antidepressant medi-
cations, and (less consistently) unmedicated subjects with a
personal or family history of depression (Booij et al, 2003;
Moore et al, 2000). Neuroimaging studies in untreated
patients with MDD have repeatedly identified abnormalities
of regional cerebral blood flow (rCBF) and glucose
metabolism (rCMRglc), most consistently in ventral sub-
divisions of prefrontal and anterior cingulate (ACC)
cortices, but also in other limbic and subcortical regions
including hippocampus, amygdala, posterior cingulate,
striatum, and thalamus (Drevets, 2000a, b; Liotti and
Mayberg, 2001; Seminowicz et al, 2004). Although there is
a growing consensus that this network of brain areas is
implicated in depression, there is variability in the exact
regions reported and in the direction of rCBF and rCMRglc
changes. This may reflect multiple depression phenotypes
(with differential response to treatments), differences
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related to underlying disease processes (trait effects),
differing symptom severity (state effects), or differences in
the tasks performed by subjects during scan acquisition. In
MDD, RTD induces significant changes in rCBF and
rCMRglc in this depression-related neural network, both
associated with RTD-induced mood deterioration (Bremner
et al, 1997; Morris et al, 1999; Smith et al, 1999) and
apparently independent of mood change (Neumeister et al,
2004). Although there are relative differences in regional
and directional findings across these studies, possibly
related to differences in methodology, medication status,
and severity of RTD-induced mood deterioration, they
support the hypothesis that (at least in a significant
proportion of patients) the dysfunction in the depression-
related neural network is 5-HT-related and can be
unmasked by transient 5-HT reduction even in the absence
of depressive symptoms.
In contrast to patients with MDD, healthy subjects, even

on SSRI medication (Barr et al, 1997), do not generally
experience RTD-induced mood deterioration. Moreover,
RTD-induced cognitive changes in groups of healthy
subjects are generally measured in the absence of a
significant mean alteration of mood. There thus appears
to be a relative dissociation between cognitive and affective
consequences of the reduced brain 5-HT associated with
RTD in healthy subjects. This dissociation may not hold
true in MDD. For example, many studies have demonstrated
wide-ranging neuropsychological deficits in depressed
patients, and neuroimaging findings in MDD have shown
that increasing severity of depression following RTD is
associated with a significant attenuation of cognition-
induced activation in the dorsal ACC (Smith et al, 1999).
However, in comparison to patients with MDD, relatively
little is known about the neural correlates of 5-HT reduction
by RTD in healthy subjects. Neumeister et al (2004) found
only small, nonsignificant, reductions in rCMRglc in
posterior cingulate cortex and medial thalamus in a control
group of healthy men and women who developed no
significant mean change in mood following RTD. However,
the amino-acid load was relatively small compared to most
typical RTD studies, and positron emission tomography
(PET) with [18F]fluorodeoxyglucose (FDG) has relatively
poor temporal resolution for correlating transient changes
in mood and brain activity due to the prolonged uptake
time of the tracer (B45min). In a small single photon
emission computed tomography (SPECT) study, Pergadia
et al (2004) found that heavy smokers, both with and
without a history of depression, responded to RTD with
mood deterioration and an associated reduction in rCBF in
inferior frontal cortex. As a similar pattern was found in
patients with MDD (Smith et al, 1999), the authors
concluded that heavy smoking may convey a biological
vulnerability to depression. The mood and brain responses
to RTD in these subjects may therefore not be considered
comparable to those of other healthy subjects.
The primary objective of the current study was to

investigate neural correlates of a typical RTD paradigm, in
an exploratory manner, in a group of healthy subjects
without a personal or family history of affective disorder.
Brain activity was measured using the SPECT blood flow
tracer technetium-99m hexamethyl propyleneamine oxime
(99mTc-HMPAO; exametazime; Ceretec). The a priori

hypothesis was that RTD-associated rCBF changes would
be found in neural circuits consistent with the documented
effects of RTD on cognitive functions. The second aim was
to measure activity changes associated with, and indepen-
dent of, RTD-induced mood change, in order to investigate
possible explanations for the apparent dissociation between
cognitive and affective consequences of RTD in healthy
humans.

MATERIALS AND METHODS

Subjects

The study was approved by the Research Ethics Committee
of the Faculty of Medicine, Queen’s University Belfast, and
the Administration of Radioactive Substances Advisory
Committee (ARSAC, UK). A total of 16 paid, healthy male
volunteers (mean7SD age: 39.478.6 years, range 23–50
years; 14 right-handed, 2 left-handed) were recruited
through advertisements placed around the university. Only
male subjects were studied in an attempt to avoid possible
confounding effects of gender differences within the group,
and because of difficulties in using neuroimaging techni-
ques involving radioactivity in female subjects of child-
bearing age in the UK. Only one subject was a cigarette
smoker (10–20 cigarettes/day). In order to prevent possible
confounding effects of nicotine withdrawal, he was per-
mitted to smoke one or two cigarettes during each study
day, but had to abstain for at least 1 h before the start of
SPECT scanning. One subject had been taking a low dose of
a prescribed analgesic medication for several years (acet-
aminophen 1000mg plus dihydrocodeine 60mg, at night)
for back pain. He was requested not to omit any doses
during the study. No other subjects were receiving regular
medication. All subjects received detailed verbal and written
descriptions of the purpose and nature of the research, and
had the opportunity to ask questions, following which they
gave written consent.

Screening

Before enrolment, participants underwent a semistructured
interview with a psychiatrist (PST) and were subject to
routine physical examination, hematological and bio-
chemical screening, and urine toxicology screen. Exclusion
criteria were: a personal history of affective disorder or
schizophrenia, or a family history of either disorder in a
first-degree relative; current evidence of depressed mood as
indicated by a score X9 on the Beck Depression Inventory
(BDI) (Beck et al, 1961); evidence of organic brain
pathology, including epilepsy, or a lifetime history of head
injury resulting in loss of consciousness for longer than
5min; weekly alcohol intake exceeding 21 units (1 unit is
equivalent to 8 g or 10ml of pure alcohol, ie approximately
one-half pint of ordinary strength beer, one small glass of
wine or one 25ml measure of a spirit); past history of drug
(including cannabis) or alcohol misuse or dependence.

RTD Procedure

The RTD paradigm was applied in a double-blinded,
within-subject, counterbalanced, crossover design over two
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separate days (6–14 days apart), with random assignment to
the order of condition (RTD or control condition first).
RTD was achieved through a Trp-free (T�) amino-acid
mixture administered 5 h before SPECT scanning. The T�
mixture (100 g) comprised 15 amino acids (L-alanine 5.5 g,
L-arginine 4.91 g, L-cystine 2.71 g, glycine 3.2 g, L-histidine
3.2 g, L-isoleucine 8.0 g, L-leucine 13.5 g, L-lysine 11.0 g,
L-methionine 2.99 g, L-phenylalanine 5.7 g, L-proline 12.2 g,
L-serine 6.9 g, L-tyrosine 6.9 g, L-valine 8.9 g, L-threonine
6.9 g) along with carbohydrate (maltodextrin) 8.1 g, made
up in 200ml of bottled water. A proprietary blackcurrant
flavor was added to improve palatability. The control (T + )
mixture consisted of the same amino acids plus L-Trp 2.3 g
and a compensatory reduction in the maltodextrin content
to 5.8 g. The maltodextrin in the mixtures was added to
make them up to 100 g and to give an equivalent nitrogen
content to each mixture. Blood samples for analysis of
plasma total Trp concentration were taken before drinking
the amino-acid mixture and before SPECT scanning, and
were measured by high-performance liquid chromatogra-
phy with fluorescence detection.

Clinical Ratings

On each morning, before drinking the amino-acid mixture,
subjects rated their subjective mood state using the BDI,
Spielberger Self-Evaluation Questionnaire (State version)
for anxiety (SEQ) (Spielberger et al, 1971), and a 100mm
visual analogue mood scale (VAMS) with ‘Happy’ at one
end and ‘Sad’ at the other (Folstein and Luria, 1973). These
ratings were repeated 5 h later at the time of the injection of
the radiotracer for the SPECT scan.

Image Acquisition and Processing

For each scan, subjects received an intravenous injection
of approximately 250MBq (6.75mCi) of 99mTc-HMPAO 5 h
after ingestion of the amino-acid mixture (ie the approx-
imate time of maximal plasma Trp depletion) as part of a
half-dose scanning procedure, that is, a full dose (500MBq)
was split between two scans to limit radiation exposure. The
reliability of voxel-wise comparison of the images produced
by 250MBq doses of 99mTc-HMPAO has been previously
established (Ebmeier et al, 1991). The 99mTc-HMPAO was
made up before each injection using generator eluate less
than 2 h old, and was injected within 10min of being made
up. Quality control indicated that this produced 99mTc-
HMPAO containing 495% diffusible (‘primary’) complex.
With 99mTc-HMPAO SPECT, the image acquired by the

gamma camera corresponds to the pattern of rCBF at the
time of tracer injection, not the rCBF at the time of image
acquisition. Therefore, in order to standardize the mental
state during the period of tracer brain uptake (B3min),
subjects were seated in a quiet room in which the levels of
lighting and ambient noise were controlled. An intravenous
cannula was placed in the nondominant arm, at least 10min
before radiotracer injection. In all cases, the injection was
performed in silence shortly after the subjects had started to
fill in the BDI. Subjects were instructed beforehand to
ignore the injection and continue to fill in the BDI, then
move on to the SEQ and VAMS in that order. After the
tracer injection, subjects completed the rating scales then

sat in silence looking at a neutral-toned wall until 5min
from the time of injection had elapsed. They were then
moved to the gamma camera. In this way, the SPECT images
corresponded to the pattern of rCBF at a time when subjects
were internally evaluating their subjective mood in a
standardized manner.
SPECT imaging was performed with the Siemens E.CAM

dual-headed gamma camera (Siemens Medical Engineering
Group, Erlangen, Germany) fitted with low energy high-
resolution collimators. The system resolution was 8mm
full-width at half-maximum (FWHM) at a distance of 10 cm.
The auto contour facility was used, in ‘step and shoot’
mode, giving a noncircular orbit in which both collimators
were as close to the subject’s head as possible at all times.
Each acquisition used a zoom factor of 1.78 (giving a post-
reconstruction voxel size of 2.694mm3) and a matrix of
128� 128, with 64 views at 40 s per view. Scan time was
approximately 47min.
Images were reconstructed using proprietary Siemens

ICON software, by filtered back-projection using a Butter-
worth filter (frequency cutoff 0.35 Nyquist, order 10).
Attenuation was corrected using Chang’s first-order method
(coefficient 0.12/cm). In order to maintain counts in these
relatively low-dose SPECT studies, scatter correction was
not performed. Transverse image files were exported in
Interfile format into MEDx imaging software (Sensor
Systems, Inc. Sterling VA). Individual images were re-sliced
to generate the same number of slices per study, and saved
in ANALYZE format (Mayo Clinic, Rochester).

Image Analysis

SPECT data were analyzed using Statistical Parametric
Mapping (SPM99, Wellcome Department of Cognitive
Neurology; University College London, UK) implemented
in MATLAB (MathWorks, Natick, MA). For each subject,
the second image was realigned to the first (using a six-
parameter rigid body transformation with least-squares cost
function) and both images were normalized to a standard
SPECT template space based on the atlas of Talairach and
Tournoux (1988). Spatially normalized images were then
smoothed to approximately twice the FWHM system
resolution (Van Laere et al, 2002) using an isotropic
(18mm FWHM) Gaussian filter to reduce the error variance
associated with individual variability in gyral anatomy, to
improve the signal-to-noise ratio, and to precondition the
data to fit the Gaussian distribution more closely. Global
flow differences were normalized voxel-by-voxel to a mean
of 50ml/dl/min by proportional scaling, and the gray matter
threshold was set at 80% of the maximum voxel value in
the volume. The general methods employed by SPM are
described in detail elsewhere (eg, see Ashburner and
Friston, 1999; Ashburner et al, 1997; Frackowiak et al,
1997; Worsley et al, 1996).

Statistics

Mood scores. On both study days, the morning BDI, SEQ,
and VAMS scores were subtracted from the afternoon
scores, to give a D score for each rating scale. The D score
on the control day was subtracted from the D score on the
RTD day, to give a DD score for each rating scale. Because

Tryptophan depletion and SPECT
PS Talbot and SJ Cooper

1759

Neuropsychopharmacology



the two study days were as identical as possible in all
respects other than the composition of the amino-acid
mixture, the DD score was attributed to an effect of RTD.
Nonspecific mood effects due to the study protocol and
amino-acid drinks (eg hunger, mild nausea, anticipatory
anxiety, etc) were considered to be controlled for by the
study design. The significance of the DD scores was assessed
by Student’s t-test (paired, two-tailed).

SPECT images. To study differences in rCBF, the SPM
analysis to visualize regional changes on a voxel-wise basis
between the RTD and control conditions used a repeated
measures design with DVAMS scores as a covariate. Because
of the exploratory nature of the study, the threshold for
statistical significance was set at pp0.05, corrected for
multiple comparisons across the whole brain. To identify
significant clusters, the SPM T-maps were thresholded at an
uncorrected voxel height of p¼ 0.01 (t¼ 2.62), and clusters
with corrected values of pp0.05 are reported.
Contrasts were specified to perform two main analyses.

First, to examine the relationship between changes in mood
and rCBF, difference images obtained by subtracting the
SPECT images in the RTD condition from the SPECT
images in the control condition were tested for a significant
correlation with DVAMS scores. Second, to examine an
effect of RTD on rCBF independent of mood change,
difference images were compared with the change in rCBF
associated with mood change treated as a nuisance
covariate.
SPM99 coordinates were identified using the atlas of

Talairach and Tournoux, following nonlinear transforma-
tion from Montréal Neurological Institute (MNI) space
using the algorithm mni2tal provided by Matthew Brett
(MRC Cognition and Brain Sciences Unit, UK; http://www.
mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml). In
addition, SPM T-maps were superimposed onto the high-
resolution 152-subject average T1-weighted MRI image
supplied with SPM99, which is spatially normalized to the
same stereotaxic space (MNI).

RESULTS

Serum Trp Levels

As expected, RTD lowered the mean plasma Trp concentra-
tion by 86.2% (13.272.5 and 1.770.4 mg/ml before and
after T� drink, respectively; po0.0001) and the control
condition increased the mean plasma Trp concentration by
64.0% (11.672.4 and 19.377.6 mg/ml before and after T +
drink, respectively; po0.01).

Mood

Mean scores on the morning of the first day confirm that, as
a group, subjects were neither depressed (BDI: 1.171.3,
range 0–4) nor anxious (SEQ: 46.274.9, range 40–59).
There was no significant difference between morning scores
on both days (BDI: p¼ 0.45; SEQ: p¼ 0.42), nor between D
scores on both days for BDI (control: 0.471.5, range –2 to
5; RTD: 0.071.4, range �2 to 4; p¼ 0.22) or SEQ (control:
�0.972.4, range �6 to 4; RTD: 0.473.5, range �8 to 8;
p¼ 0.16). For the ‘Happy–Sad’ VAMS, subjects experienced

a range of modest subjective mood changes associated
with the control drink (DVAMS: 5.778.1mm, range –3 to
+ 28mm) and RTD drink (DVAMS: 0.576.1mm, range –11
to + 12mm), where positive DVAMS values indicate a change
towards the ‘Sad’ end of the line. The difference in DVAMS
scores between conditions indicated that RTD was asso-
ciated with a mean change of 5.2mm towards the ‘Happy’
end of the scale (DDVAMS: �5.279.4mm, range �29 to +
8mm). This mean difference across conditions just reached
significance (p¼ 0.04). Individual DVAMS scores were used
as covariates in the SPM analysis.

Regional Cerebral Blood Flow

There was no significant difference in injected dose of
99mTc-HMPAO between conditions (RTD: 266713MBq;
control: 265711MBq; p¼ 0.80, paired t-test). In the voxel-
level analysis, no voxels survived correction for multiple
comparisons across the whole brain volume in any of the
contrasts. On cluster-level analysis (Table 1), the change in
subjective mood associated with RTD was significantly
correlated with change of rCBF in the subgenual prefrontal
cortex (PFC), and in the inferolateral region of the right
posterior temporal cortex (Figure 1). In the contralateral
(left) posterior temporal cortex, this association reached
trend significance (p¼ 0.075). In these regions, the change
in DVAMS score and change in rCBF covaried positively, so
that as mood became less happy (ie increasingly positive
DVAMS score) rCBF increased, and as mood became more
happy rCBF decreased. The subgenual PFC cluster extended
across the midline and included voxels in the left subgenual
ACC (BA 25), left and right medial frontal gyri (BA 25) and
extended into the right ventral striatum, left caudate
nucleus, and right posteromedial orbitofrontal cortex
(OFC; inferior frontal gyrus BA 11 and 47). The cluster in
the right posterior temporal lobe included voxels in the
inferior and middle temporal gyri (BA 20 and 37) and the
cerebellum. There were no regions in which change in
DVAMS and change in rCBF covaried negatively. Post hoc
analysis of the subgenual region bilaterally, using small-
volume correction (sphere of radius 15mm, centered on the
midline coordinate 0 16 �10, BA 25), indicated that the
covariation between changes in mood and rCBF was also
significant at the voxel level (p¼ 0.037, corrected for search
volume of 14 137mm3).
When the variance in rCBF change associated with mood

change was removed, the condition of RTD was associated
with decreased rCBF in the left dorsal ACC (Figure 2), and
with increased rCBF in a predominantly left sided
inferoposterior cluster including the left cuneus (BA 17)
in the occipital lobe, extending laterally into the left lingual
gyrus (BA 18) and inferiorly into the superior aspect of the
cerebellum bilaterally (Figure 3). Post hoc analysis of the
dorsal ACC bilaterally, using small-volume correction
(sphere of radius 15mm, centered on the midline coordi-
nate 0 26 26), indicated that the reduction in rCBF
associated with RTD was also significant at the voxel level
(p¼ 0.020, corrected for search volume of 14 137mm3).
In all the above analyses, the identification of significant

clusters was not altered when the data from the smoker or
the subject on analgesic medication were removed (data not
shown).
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A further post hoc analysis was performed to assess the
relationship between rCBF changes in the subgenual PFC
and dorsal ACC in individuals. For all SPECT scans, the
activity value was extracted at the most significant voxel in
the subgenual PFC cluster (6 26 �18; BA 25) and the most
significant voxel in the dorsal ACC cluster (�6 38 24; BA 32)
identified in the two primary analyses above. For each
subject, the percent difference was calculated between the
control and RTD conditions at both voxels. There was a
tendency toward a negative relationship between RTD-
associated rCBF changes in the two voxels, so that as
rCBF increased in the subgenual PFC, rCBF decreased in
the dorsal ACC, and vice versa (slope of linear re-
gression¼�0.24). However, the correlation was far from
statistically significant (r2¼ 0.093; p¼ 0.24).

DISCUSSION

This study has two main findings. First, in this group of
healthy male subjects, the modest positive and negative
changes in subjective happiness associated with RTD were
significantly correlated with change of rCBF in the
subgenual PFC, and in the inferolateral region of the right
posterior temporal cortex. In these regions, as mood
became less happy rCBF increased, and vice versa. The
subgenual PFC cluster included the left subgenual ACC (BA
25), left and right medial frontal gyri (BA 25), right ventral
striatum, left caudate nucleus, and right posterior OFC
(inferior frontal gyrus BA 11 and 47). Second, independent
of subjective mood change, RTD was associated with
decreased rCBF in the left dorsal ACC, and increased

occipital and superior cerebellar rCBF. These findings fit
well with a large literature suggesting that the neurobio-
logical basis of the different processes underlying normal
emotion perception and its dysregulation in psychiatric
disorders may be dependent upon the functioning of two
neural systems (Phillips et al, 2003a, b). A ventral system,
including the amygdala, insula, ventral striatum, and ventral
regions of the ACC and PFC, is important for the
identification of the emotional significance of stimuli and
the production of affective states. A dorsal system, including
hippocampus and the dorsal regions of the ACC and PFC, is
important for the integration of emotional inputs and the
performance of executive functions.
In relation to the ventral system, increased neuronal

activity has been found in healthy subjects in the subgenual
PFC (BA 25) during experimentally induced sadness
(Damasio et al, 2000; George et al, 1995; Liotti et al, 2000,
2002; Mayberg et al, 1999), experimentally induced happi-
ness (Damasio et al, 2000), happy memory retrieval
(Markowitsch et al, 2003), and when evaluating emotional
(both pleasant and unpleasant) target words (Elliott et al,
2000b; Maddock et al, 2003), whereas decreased activity in
this region is associated with monetary reward (Pochon
et al, 2002). Similar associations have been found in
adjacent ventral ACC (ventral BA 24 and 32), where
increased activity has been found during experimentally
induced happiness (George et al, 1995; Lane et al, 1997) and
sadness (Liotti et al, 2000), when identifying happy target
words (Elliott et al, 2000b), and during a ‘winning streak’ on
a simple gambling task (Elliott et al, 2000a). To the best of
our knowledge, the current study is the first demonstration
of this association following a neurochemical manipulation

Table 1 Regions with Significantly Altered rCBF Associated with Rapid Tryptophan Depletion

Cluster-level
Most significant voxel x, y, z

(mm)

p corrected kE p uncorrected mni mni2tal Z Anatomical localization

Positive covariation between changes in mood and rCBF associated with RTD

0.033 537 0.001 6 26 �18 6 24 �16 3.76 R. and L. medial frontal gyri (BA 25)

L. subgenual anterior cingulate cortex (BA 25)

L. head of caudate nucleus

R. ventromedial head of caudate nucleus (ventral
striatum)

R. posterior OFC (inferior frontal gyrus BA 11 and 47)

0.002 838 o0.0001 52 �56 �26 51 �55 �19 3.61 R. inferior and middle temporal gyri (BA 20 and 37)

R. cerebellum

Condition of RTD associated with decreased rCBF

0.013 640 0.0002 �6 38 24 �6 38 20 3.97 L. dorsal anterior cingulate cortex (BA 32)

Condition of RTD associated with increased rCBF

2.4� 10�8 2602 3.7� 10�10 0 �80 6 �0 �77 9 3.49 L. cuneus (BA 17)

L. lingual gyrus (BA 18)

Bilateral superior cerebellum

Significance assessed by cluster-level analysis (SPM99), pp0.05 corrected for multiple comparisons across the whole brain; kE: cluster extent (voxels); mni: coordinates
in MNI brain space; coordinates following nonlinear transformation to the space of Talairach and Tournoux; BA: Brodmann’s area.
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in healthy humans. The relatively small magnitude of
subjective mood changes, and the fact that the direction of
the mood-rCBF covariation is the same as that found by a
range of experimental methods, supports the idea that RTD
is not inducing a pathological state in healthy humans.
However, our results also demonstrate the association by
reverse means, that is, by first altering function (by RTD),
whereas the association has previously been demonstrated
by paradigms that first manipulate mood.
In contrast, a significant mood deterioration and

directionally opposite rCBF changes in subgenual ACC
have been found following RTD in (mostly medicated)
patients with MDD, despite a comparable reduction in
plasma Trp to that induced in our healthy subjects (Smith
et al, 1999). This strongly suggests that the pathological
mood and brain activity seen in patients with MDD
following reduced 5-HT are mediated by dysfunctional

postsynaptic mechanisms that represent a trait vulnerabil-
ity. This is supported by recent PET neuroreceptor imaging
findings following RTD (Praschak-Rieder et al, 2004), and
an increasing literature demonstrating structural and/or
functional abnormalities in subgenual PFC in MDD (see eg,
Drevets, 2000b; Harrison, 2002; Mayberg et al, 2005; Ongur
et al, 1998; Pizzagalli et al, 2004). An alternative explanation
would be that the pathological effects of RTD in patients
with MDD are due to a potentiated reduction in extra-
cellular 5-HT secondary to serotonergic medication, as seen
in animal studies (Bel and Artigas, 1996). Interestingly,
increasing depression scores were not correlated with
change of rCMRglc in subgenual PFC in unmedicated
patients with MDD (Neumeister et al, 2004). However, the
RTD-induced depressive symptoms in that study were mild,
and 18F-FDG may not be an ideal tracer to investigate
correlations with relatively transient mood states due to the

Figure 1 Regions (predominantly ventral) in which changes in subjective mood and rCBF associated with Trp depletion were correlated such that
increasing sadness was associated with increased rCBF and vice versa. SPM99 T-maps (top row) are projected onto the high-resolution 152-subject average
T1-weighted MRI image (middle row) and surface rendered (bottom row). Two significant clusters (pp0.05, corrected) were found: (i) in subgenual PFC
(middle row; p¼ 0.033, corrected) including left subgenual anterior cingulate cortex (BA 25), left and right medial frontal gyri (BA 25), right ventral striatum,
left caudate nucleus, and right posteromedial OFC (inferior frontal gyrus BA 11 and 47); (ii) the inferolateral region of the right posterior temporal cortex
(bottom row; p¼ 0.002, corrected) including inferior and middle temporal gyri (BA 20 and 37) and the cerebellum. A cluster in the contralateral (left)
posterior temporal cortex reached trend significance (bottom row; p¼ 0.075, corrected). The arrow (top row) and cross-hair (middle row) are set at the
most significant voxel in the brain volume.
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difficulty in standardizing subjects’ mental state during its
protracted uptake. Moreover, such an explanation is
strongly undermined by an absence of RTD-induced mood
deterioration in healthy subjects on SSRI medication (Barr
et al, 1997), and of a different subgenual PFC rCBF response
in patients with MDD (compared to healthy controls) to
nonpharmacologically induced sadness (Liotti et al, 2002).
Imaging studies of the neural correlates of RTD in SSRI-
treated healthy subjects and in unmedicated patients with
MDD using modalities with higher temporal resolution
(functional magnetic resonance imaging studies (fMRI),
15O-labeled water PET, 99mTc-HMPAO SPECT) will be
instructive.
With regard to the finding that RTD is associated with

reduced rCBF in the left dorsal ACC independent of mood

change, functional neuroimaging research has established
that the ACC is functionally divided into relatively distinct
cognitive (dorsal) and affective (ventral) areas (Allman et al,
2001; Bush et al, 2000; Devinsky et al, 1995; Paus, 2001; Vogt
et al, 1992). The dorsal ACC is activated by a wide range
of higher cognitive functions, including tasks in which a
prepotent or over-learned response tendency has to be
overcome (such as the Stroop and the Go/No-go task), when
the response to be made is not fully constrained by the task
context (including verb generation, verbal fluency, and stem
completion) and tasks that typically either elicit, or result
from, response conflict. In addition, the dorsal ACC plays a
role in anticipating and detecting targets, indicating novelty,
influencing motor responses, and encoding reward values.
If the reduced rCBF in dorsal ACC following RTD in the

Figure 2 Regions (predominantly dorsal) in which RTD is associated with decreased rCBF, independent of subjective mood change. SPM99 T-maps (top
row) are projected onto the high-resolution 152-subject average T1-weighted MRI image (bottom row). One significant cluster (p¼ 0.013) was found, in
dorsal anterior cingulate cortex (BA 32). The arrow (top row) and cross-hair (bottom row) are set at the most significant voxel in the brain volume.

Figure 3 SPM99 T-maps showing regions in which RTD is associated with increased rCBF, independent of subjective mood change. One cluster was
significant (p¼ 2.4� 10�8, corrected): a posterior, predominantly left sided, cluster including the left cuneus (BA 17) in the occipital lobe, extending laterally
into the left lingual gyrus (BA 18) and inferiorly into the superior aspect of the cerebellum bilaterally.
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present study is associated with altered regional function,
this may suggest that at least some of the alterations in
cognition consistently noted in healthy subjects following
RTD may be attributable to altered function in the dorsal
ACC, particularly cognitive tasks known to recruit the
dorsal ACC such as Stroop performance and decision-
making cognition. An obvious limitation is that cognitive
function was not measured during this SPECT study,
precluding the direct demonstration of an association
between altered dorsal ACC rCBF and task performance
following RTD. However, our finding does provide a
hypothesis that can be tested using the more sophisticated
designs and technologies available with 15O-labeled water
PET or fMRI.
The mood-associated and mood-independent rCBF

changes following RTD seen in more posterior brain
regions in the present study support the dissociation seen
in affective and cognitive subdivisions of the ACC. Previous
studies have also reported altered activity in the cerebellum
and posterior inferior temporal cortex bilaterally with grief
or sad mood provocation in healthy and depressed subjects
(Gundel et al, 2003; Liotti et al, 2002), suggesting that these
regions form part of the ventral neural system mentioned
above. The increases seen in occipital and superior
cerebellar rCBF independent of mood change may suggest
that the posterior (visuospatial) attentional system may also
be affected by RTD. In this regard, it may be significant that
there was a visuospatial component (completing paper
mood rating scales) to the mental state of the subjects at the
time of radiotracer injection, although no formal test of
visuospatial performance was performed.
The changes in rCBF and rCMRglc associated with

functional activation as measured by fMRI and PET/SPECT
predominantly represent the glutamatergic and GABAergic
metabolic demands of presynaptic terminals (Jueptner and
Weiller, 1995; Shulman, 2001). Although less is known
about incremental activity changes induced by pharmaco-
logical interventions, it seems unlikely that following RTD
we are observing changes in rCBF directly related to
metabolic changes in serotonergic terminals, as these are
unlikely to be measurable against the high level of
background glutamatergic metabolic requirements. Rather,
the SPM T-maps most likely indicate areas in which
glutamate and GABA neurotransmission are modulated by
reduced 5-HT, either directly or indirectly through effects
on other neurotransmitter systems, particularly dopamine
(DA). A direct effect is supported by studies of rat cingulate
cortex demonstrating that 5-HT presynaptically inhibits the
release of Glu at synapses onto prefrontal pyramidal
neurons and local GABAergic inhibitory interneurons
(Tanaka and North, 1993). An indirect effect of 5-HT may
be suggested by the high levels of other neurotransmitters
and modulators found in the ACC (Paus, 2001). For
example, the density of DA fibers in the dorsal ACC is
among the highest in human cortex. Serotonergic modula-
tion of DA has been demonstrated in vivo in humans (Smith
et al, 1997), and dopaminergic manipulations are known to
alter activity in human ACC (Bartlett et al, 1994; Grasby
et al, 1993; Kapur et al, 1994; Paus, 2001), whereas impaired
subcortical DA function is correlated with impaired
performance on the Stroop Color Word interference task
(Bruck et al, 2001; Rinne et al, 2000; Volkow et al, 1998), a

task which activates the dorsal ACC and has altered
performance following RTD.
The differential effects of reduced 5-HT on rCBF in the

dorsal ACC and subgenual PFC would be consistent with the
fact that the heterogeneity in the cyto- and chemoarchi-
tecture of the human ACC includes significant differences
between dorsal and ventral subregions (Gittins and
Harrison, 2004; Nimchinsky et al, 1997). For example, in
humans, the densities of serotonergic innervation, 5-HT
transporters (SERT) and 5-HT1A receptors are higher in
subgenual than dorsal ACC, whereas 5-HT4 receptor density
is lower, and 5-HT2A and 5-HT1B receptors are more evenly
distributed (Varnas et al, 2004). Moreover, structure,
function, and interconnections within the ventral neural
system (including the peri- and subgenual ACC and
amygdala) are affected by functional variation in the SERT
gene (Pezawas et al, 2005). In the human DA system, there
is a ventrodorsal gradient in D1 receptor density such that
the medial orbitofrontal (BA 11, 14) and subgenual (BA 25,
32) regions contain the highest expression of D1 receptor
mRNA found outside the striatum, whereas (dorsal) ACC
levels are lower. Like other cortical areas, D2 receptor
density in these regions is extremely low (an order of
magnitude lower than D1 receptors), but would appear to be
even lower (essentially negligible) subgenually than in
dorsal ACC (Hall et al, 1996; Hurd et al, 2001). In non-
human primates, there is evidence that D3 receptor
activation preferentially affects neural activity in OFC and
subgenual ACC in comparison to dorsal ACC, which has
been suggested may provide a functional basis for studies
linking anxiety and depression with DA and subgenual ACC
(Black et al, 2002). In addition to the cytoarchitectural and
anatomical distinctions delineating these areas, there is now
evidence in rodents for a double dissociation between the
functions of the DA and 5-HT systems within the medial
PFC and OFC regions in the mediation of behavior
(Winstanley et al, 2005). These observations may provide
a reasonable basis on which future studies may hypothesize
that the differential effects of RTD on neural activity, mood,
and cognition in humans may be mediated via a double
dissociation between serotonergic and nonserotonergic
(including dopaminergic) mechanisms in the ventral and
dorsal neural systems.
Finally, we do not claim that the findings reported here

are the only neural correlates of RTD. It is likely that only
rCBF changes of relatively large spatial extent can be
detected in a SPECT study of this nature. The resolution
limit of the camera already limits the detection of rCBF
changes of small spatial extent and magnitude, and other
practical factors further deteriorate the sensitivity for
detection of rCBF change, including lack of scatter
correction, motion artefacts, intersubject coregistration,
and spatial normalization. Moreover, the sensitivity for
detecting even relatively large rCBF changes will vary across
different brain regions. Studies using more sensitive
imaging modalities may identify more subtle neural
correlates of RTD undetectable in the current study. On
the other hand, the above factors do not invalidate the
positive findings of the study. When appropriate correction
for multiple comparisons is made, false-positive clusters
would appear to be extremely well controlled for in voxel-
based statistical analysis of SPECT neuroactivation studies
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with SPM (Van Laere et al, 2002). In addition, the rCBF
changes associated with RTD may possibly vary with the
magnitude of the depletion of brain Trp (and subsequent
5-HT) achieved in a given study. As the measured effect
of RTD is determined by the difference between the effects
of the Trp-free (T�) and control (T + ) drinks, it may be
diminished if the T+ drink does not have a truly neutral
effect on brain 5-HT. In fact, there is increasing evidence
that the Trp content of the T+ mixture in many typical
RTD studies (including this one) is not high enough to
prevent a modest reduction in brain Trp in the control
condition. This is because brain entry of Trp is controlled
principally by the ratio of plasma Trp to the other large
neutral amino acids (Trp/SLNAA ratio) that compete with
Trp for the same transport mechanism across the blood–
brain barrier. Studies using T+ mixtures with a similar Trp
content to the current study (B2.3%) have shown that the
increase in other plasma LNAAs is proportionately greater
than the increase in plasma Trp, resulting in a modest
reduction in the Trp/SLNAA ratio and (presumably)
reduced brain entry of Trp (Talbot et al, 2005; Wolfe
et al, 1995). Although we did not measure the Trp/LNAA
ratio, it is reasonable to suppose that the effects of the
T� condition (robust central Trp depletion) on rCBF in the
current study may have been somewhat attenuated by
the contrast with a non-neutral T + condition (modest
central Trp depletion). Although the intent of this study was
to investigate the neural correlates of a typical RTD
paradigm, future studies may wish to investigate whether
the use of a T+ mixture with a more neutral effect on brain
5-HT may increase the sensitivity for detecting the neural
and mood correlates of RTD.
In conclusion, our findings would suggest that the

dissociation seen between affective and cognitive conse-
quences of RTD in healthy humans may possibly be
attributable to differential effects of reduced 5-HT, acting
either directly or indirectly via other neurotransmitter
systems, on ventral and dorsal neural systems that regulate
and integrate affective and cognitive functions.
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