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The Effects of Acute Tryptophan Depletion on Brain Activation During Cognition 
and Emotional Processing in Healthy Volunteers 

E.A.T. Evers1,*, A. Sambeth1, J.G. Ramaekers1, W.J. Riedel1 and F.M. van der Veen2 

1Department of Neuropsychology and Psychopharmacology, Faculty of Psychology and Neuroscience, Maastricht University, 
Maastricht, Netherlands 2 Department of Psychiatry, Erasmus Medical Centre, Rotterdam, Netherlands 

Abstract: Acute tryptophan depletion (ATD), a method to temporarily lower central serotonin levels, has been used to study the 
functioning of the serotonergic system. Relatively recent studies that examined the effects of ATD on brain activation associated with 
cognitive and emotional processing in healthy volunteers are reviewed. An overview of the findings in healthy volunteers is important for 
the interpretation of the effect of ATD on brain activation in patients with an affective disorder, such as major depression. These studies 
show that during response control and negative feedback processing ATD modulates the BOLD response in the inferior/orbitofrontal 
cortex, the anterior cingulate cortex and the dorsomedial prefrontal cortex. During emotional processing, it is consistently found that 
ATD modulates the BOLD response in the amygdala. These brain regions also show abnormal activation in depressed patients.  

However, at the moment it remains unclear if the changes induced by ATD are related to decreased basal serotonin (5-HT) release or the 
result of other biochemical changes that are mediated by ATD. Future studies should implement methodological improvements, explore 
the possibilities of new promising imaging techniques and expand investigations into the effects of ATD on basal 5-HT release and other 
biochemical mechanisms that might be modulated by ATD. 

Keywords: Serotonin, acute tryptophan depletion, cognition, emotion, fMRI, PET, EEG, MEG. 

1. INTRODUCTION 
 In this review, studies that examined the effects of acute 
tryptophan depletion (ATD), a method to temporarily lower central 
serotonin (5-HT), on brain activation associated with cognitive and 
emotional processing are discussed. To better understand the effects 
of ATD in psychiatric patients and in volunteers who are more 
vulnerable to the effects of ATD, such as people with a genetic risk 
to develop major depression, it is important to first establish the 
effects of ATD in healthy volunteers. In this review, only studies 
that tested healthy volunteers without a history of affective disorder 
are included. Furthermore, functional Magnetic Resonance Imaging 
(MRI) studies that investigated the effects of ATD on brain 
correlates of cognitive and emotional processing started to appear in 
2005; the first electroencephalogram (EEG) studies, sometimes 
combined with magnetoencephalogram (MEG), were first publi-
shed only a few years earlier. In this review, these relatively recent 
articles will be discussed. 

1.1. The Serotonergic System 
 5-HT is a monoamine that is widely distributed in different 
organ systems. Ninety percent of the 5-HT in the human body is 
believed to exist in the mucous membranes and the gastrointestinal 
tract, 8% in blood platelets and 2% in the central nervous system 
[1]. In the latter, 5-HT synthesizing neurons are primarily found in 
the rostral and the caudal raphe nuclei. Axons from neurons in the 
raphe nucleus form a neurotransmitter system with ascending and 
descending pathways throughout the brain and the spinal cord (see 
Fig. 1). The rostral raphe nuclei consist of a dual serotonergic fiber 
system that originates from distinct cell groups in the brain: i.e. the 
dorsal and medial nuclei raphe. The former projects to areas such as 
striatum, prefrontal cortex (PFC), thalamus, amygdala, temporal 
lobe and cerebellum, whereas the latter projects to similar areas in 
the neocortex but also to the hippocampus. Fibers from the caudal 
raphe nuclei project to the cerebellum and the spinal cord [2]. The  
 
*Address correspondence to this author at the Department of Neuro-
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actions of 5-HT in these pathways are mediated by at least 7 
receptor families that can also be further distinguished in several 
receptor subtypes [3]. Serotonin has been implicated in basic 
elements of behavioral and physiological control. Behavioral 
domains for which 5-HT is implicated include cognition, learning, 
sleep, social behavior, mood, impulsive emotion, appetite, anxiety 
and sexual behaviors. Physiological domains include thermoregu-
lation, vasoconstriction, blood pressure and heart rate [1]. 

1.2. Acute Tryptophan Depletion 
 One method to examine the function of 5-HT neurotransmission 
in the brain is ATD. Since 5-HT cannot cross the blood-brain-
barrier, its synthesis is dependent on its precursors, L-tryptophan 
(TRP) and 5-hydroxytryptophan (5-HTP). Namely, the amino acid 
TRP is first hydroxylated to 5-HTP, which is then synthesized to 5-
HT [4]. By ingesting a mixture containing large neutral amino acids 
but that is deficient in L-tryptophan, a reliable and reversible 
lowering of specifically TRP concentrations in the blood can be 
found [5-7]. Central depletion after ingestion of the drink can be 
achieved by the effects of 1) increased protein synthesis 
incorporating TRP in organs outside the central nervous system that 
reduces the available precursor in the plasma [5], 2) a decrease in 
the ratio of TRP to other lager neutral amino acids (LNAA) [8], and 
3) competition between the large neutral amino acids that use the 
same amino acid carrier and TRP for transport into the central 
nervous system across the blood-brain-barrier [9].  
 In humans, ATD leads to a reduction of plasma TRP by 45-
90%, which is reached around 4-7 hours after intake of the drink [6, 
7]. Studies using rats have revealed that, next to a reduction in TRP 
ratios in the blood plasma, ATD also reduces TRP in several brain 
regions such as the hippocampus [10] and striatum [11]. Additio-
nally, a 50% decline in 5-HT levels was found in the hippocampus, 
striatum, and cortex [11]. These findings extend to humans; ATD 
reduces cerebrospinal fluid TRP levels and decreases brain 5-HT 
synthesis [12, 13] demonstrating that ATD is a valid method for 
depleting 5-HT in the brain. 
 It must be noted that several variations in contents of amino 
acid mixtures have been used throughout the years. The mostly 
used drink is the so-called balanced amino acid mixture that is 
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Fig. (1). Shown are 5HT projections from the caudal raphe nuclei (CRN) 
and one of the rostal raphe nuclei (RRN), i.e. the dorsal raphe nucleus. C, 
cerebellum; Th, thalamus; A, amygdala; TL, temporal lobe; ST, striatum; 
PFC, prefrontal cortex; OC, occipital cortex (adapted from Cools et al, 
2007). 
 
based on the one described by Young et al. [14] and contains 5.5 g 
L-alanine, 4.9 g L-arginine, 2.7 g L-cysteine, 3.2 g L-lysine, 3.2 L-
histamine, 8 g L-isoleucine, 13.5 g L-leonine, 8.9 g L-lysine, 3.0 g 
methionine, 5.7 g L-phenylalanine, 12.2 g praline, 6.9 g L-serine, 
6.9 g L-threonine, 6.9 g L-tyrosine, and 8.9 L-valise. With this 
variant, the balanced drink contains the same amino acids to which 
2.3 g TRP is added. At large two aspects have changed since this 
composition was reported: 1) the relative amount of TRP which 
was first 2.3% has increased and in many studies 4% TRP is added; 
2) the total amount of amino acids has in many studies been 
reduced to 75 g using the same relative amounts of amino acids. In 
most imaging studies the 75 g or 100 g mixture was used, which 
reliably reduced plasma TRP. 

1.3. Acute Tryptophan Depletion and Cognition 
 The most reliable effect of ATD on cognition is a modest 
impairment (5-10% reduction of test scores) of the consolidation of 
declarative episodic memory for verbal information, while other 
types of memory, such as semantic memory and working memory, 
seem to be less or not affected by ATD (for review see [15]). In 
addition, previous studies suggest that ATD impairs cognitive 
flexibility. Cognitive flexibility refers to the ability to switch 
between behavioral strategies, when changes in the environment 
lead to alterations in the outcome of actions. Previous research 
suggests that 5-HT is involved in cognitive flexibility. Animal 
research showed that low 5-HT leads to inflexible behavior during 
reversal learning and response inhibition [16-19]. In humans, ATD 
impaired the ability to perform a reversal shift in an intra and extra 
dimensional shift task [20, 21], impaired performance on a proba-
bilistic reversal learning task [22] and impaired decision making 
[23] in healthy volunteers, although these effects were not consis-

tently found. Furthermore, previous studies suggest that ATD might 
not affect [24, 25] or might improve focused attention [26-28], 
measured by a response interference paradigm.  
 5-HT plays an important role not only in cognition but also in 
emotion regulation (for a review see [29]). Previous studies have 
shown that ATD affects for example subjective emotional state [30] 
and the perception and interpretation of emotional stimuli [31] in 
healthy volunteers with a vulnerability of the serotonergic system, 
such as females and participants with a previous history of affective 
disorder treated with serotonergic medications [32].  
 What are the biological mechanisms that underlie the effects of 
ATD on cognition and emotional processing? In other words, in 
what brain regions is the neuronal activation during cognitive 
performance and emotional regulation modulated by ATD? Based 
on the serotonergic projections it can be hypothesized that ATD 
primarily modulates the activity in the terminal regions, such as the 
temporal lobe, including the amygdala and the hippocampus, and 
the prefrontal cortex (see Fig. 1).  
 In this article, we will answer this question by reviewing ATD 
neuroimaging studies that investigated the effect of ATD on brain 
activation during cognitive and emotional task performance. Most 
studies discussed in this review used functional Magnetic 
Resonance Imaging (fMRI) to measure brain activity. The outcome 
measure of fMRI is the Blood Oxygen Level Dependent (BOLD) 
response. The BOLD response reflects a regional increase in 
oxygen levels as a result of regional brain activity. The fMRI 
studies discussed in this review tested participants in a 1.5 or a 3 
Tesla MRI scanner. Some studies discussed in this review, used 
EEG or a combination of EEG and MEG to assess brain activation. 
EEG is the recording of electrical activity along the scalp produced 
by the firing of neurons within the brain. MEG is an imaging 
technique that measures the magnetic fields produced by electrical 
activity in the brain.  
 Studies that examined the effects of ATD on the auditory 
evoked potentials [33-36], somatosensory evoked potential [37] or 
quantitative EEG during rest [38] will not be discussed. The studies 
discussed (see also Table 1) examined the effects of ATD on brain 
activation during response conflict (including response inhibition 
and response interference), feedback processing, memory and 
selective attention, and the processing of emotional stimuli. These 
studies used a within-subject double-blind crossover design, unless 
otherwise mentioned, and participants were tested from around 5 
hours after consuming the amino acids. 

2. COGNITION  
 In this section, neuroimaging ATD studies will be discussed 
that investigated the effects of ATD on the BOLD signal during 
response inhibition and response interference. Response control 
requires the ability to overcome interference by adequately inhibi-
ting a strong but inappropriate response tendency.  

2.1. Response Control 
 Rubia et al. [39] investigated the effects of ATD on the BOLD 
response during response inhibition. Volunteers performed a 
Go/NoGo task in which arrows were presented that pointed to the 
left, to the right or upward. Participants had to respond with the left 
or right response button according to the direction of the arrow (Go 
trials), or had to inhibit their response when the arrow pointed 
upward (NoGo trials). ATD reduced the number of left-right errors, 
but did not affect performance on NoGo trials. Furthermore, no 
effects of ATD on subjective mood were found. FMRI analysis 
showed that ATD decreased the BOLD response during response 
inhibition (NoGo compared to Go trials) in the right orbital and 
inferior PFC. ATD increased the BOLD response during response 
inhibition in the right middle temporal gyrus, the left superior/ 
middle and inferior temporal gyrus. The authors concluded that this 
data provides evidence for the hypothesis that 5-HT modulates 
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Table 1. An Overview of the Neuroimaging Studies that Examined the Effects of ATD on Brain Activation During Cognition and 
Emotional Processing 

Study [ref] 
method 

Cognitive 
Paradigm 

Participants Effects of ATD on 
Performance 

 FMRI Contrasts Effects of ATD On Measure for 
Brain Activation 

Other Results 

Ahveninen  
et al. [63] 

EEG/MEG 

Tone duration 
discrimination 

n=13 

(7 females) 

In standards 
immediately  

after deviants, ATD  

increased the RT lag. 

 • Reduced N2 amplitude, elicited 
by task irrelevant deviants 
(ERP) 

Increased MMNm peak latency 
(MEG) 

 

Ahveninen et 
al. [64] 

EEG/MEG 

Counting 
deviant tones 

n=13 

(6 females) 

  • N1 and P50 amplitude larger for 
attended than for unattended 
tones in the control but not in 
ATD condition. Increased P50 
latency. 

 

Allen et al. 
[53] 

FMRI 

1. Working 
memory task 

2. Phonological 
verbal fluency 
task 

n=10 

(8 females) 

None 1. 2-back - 0-back  

2. Fluency - overtly 
expressing the word 
‘rest’. 

1. Decreased BOLD signal in 
superior frontal cortex and 
increased signal in PCC. 

2. Decreased signal in the 
preceneus and medial frontal 
gyrus. 

 

Cools et al. 
[67] 

FMRI 

Emotional face 
task 

n=12 

(all males) 

None 1. Fearful - fixation 

2. Fearful - neutral faces 

3. Fearful - happy faces 

1. No effects 

2. No effects 

3. No effects 

Threat sensitivity 
predicts the effect 
of ATD on the 
BOLD signal in the 
right amygdala for 
fearful - happy 
faces  

Evers et al. 
[51] 

FMRI 

1. Reversal 
learning task 

2 Visual 
checkerboard 

 task 

 

n=12 

(all males) 

None 1a. Reversal switch errors - 
correct 

1b. Other non-switch errors - 
correct  

1c. Reversal switch errors - 
other non-switch errors  

2. Visual stimulation - 
fixation 

1a. Increased dmPFC signal 

1b. Marginal increased dmPFC signal 

1c. No effects 

2. No effects 

 

Evers et al. 
[42] 

FMRI 

Go/NoGo task  n=13 

(all males) 

None 1a. Correct Nogos - Correct 
Gos 

1b. Negative - positive 
feedback  

1c. Overall BOLD response 

1a. No effects 

1b. Decreased dmPFC signal 

1c. No effects 

 

Evers et al. 
[49] 

FMRI 

Combined 
cognitive an 
emotional 
Stroop task 

n=15 

(all females 
without a 
family history 
of major 
depression) 

• Decreased 
interference for 
incongruent 
color (IC) 
compared to 
congruent color 
(CC) words 

• Increased 
number of errors 
for negative 
words 

1. IC words 

2. CC words 

3. IC - CC words 

4. Neutral (Neu) words 

5. Positive (Pos) words 

6. Negative (Neg) words  

7. Pos - Neu words 

8. Neg - Neu words 

9. Overall BOLD 
response 

1. Increased signal in precuneus 
and cuneus during CC words 

2. Increased signal in the ACC 
during Stroop interference in 
the first Stroop block (IC-CC 
words) 

3. No other effects 
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Study [ref] 
method 

Cognitive 
Paradigm 

Participants Effects of ATD on 
Performance 

 FMRI Contrasts Effects of ATD On Measure for 
Brain Activation 

Other Results 

Fusar-Poli  
et al. [70] 

FMRI 

Emotional face 
task 

n=10 

(2 females) 

• ATD had no 
significant effect 
on gender 
discrimination 

1. Happy - neutral faces 

2. Sad - neutral faces 

3. Main effect of ATD 
independent of 
emotional valence 

1. Decreased signal in PCC and 
right lingual gyrus. Increased 
signal in left precentral and 
middle temporal gyrus 

2. Decreased signal in the left 
lingual and right middle frontal 
gyrus. Increased signal the left 
inferior frontal gyrus and left 
cerebellum.  

3. Decreased signal in the right 
medial/IFC, the PCC, the 
parietal and occipital cortex 
bilaterally, right hippocampus, 
claustrum and insula. Increased 
signal in left IFG. 

ATD attenuated the 
signal to emotional 
(happy plus sad) 
faces in the left 
amygdala and 
increased the signal 
to emotional faces 
in the right 
amygdala. 

Horacek  
et al. [48] 
FMRI 

Stroop task 

 

n=20 

(10 females) 

None 1. Incongruent - 
congruent trials 

1. ATD increased the BOLD signal 
in the left IFC and the right 
medial frontal gyrus. 

No gender 
differences were 
found 

Hughes et al. 
[62]  

EEG 

Oddball task n=20 

(all males) 

  • ATD not did change the 
amplitude and latency of the 
N1P2 and P300 to target tones, 
omitted tones and frequent tones. 

 

Kähkönen  
et al. [65] 

EEG/MEG 

Passive oddball  

 

n=14 

(7 females) 

  • Increased amplitudes of 
frequency and duration MMN, 
and inter hemispheric latency 
difference of frequency MMNm. 
Increased P2m source signal and 
changed latency at auditory 
cortex.  

 

Lamar et al. 
[50] 

FMRI 

Simon task 

 

n=10 

(females 55+; 
mean age 63) 

None 1. Incongruent - congruent 
trials 

1.      Decreased signal in right ACC, 
right caudate/ putamen and left 
IFG. Increased signal in 
cerebellum, inferior parietal 
lobule regions, bilateral 
peristriate regions, right lingual 
gyrus, bilateral fusiform and 
parahippocampal gyrus.  

 

McAllister-
Williams et 
al. [54] 

EEG 

Episodic 
memory task 

 

n=14 

(all males) 

• No effect on 
recognition 

• Impaired source 
memory 

• No effect ATD 
on RTs 

 • Waveforms more positive after 
ATD, with a greater effect at PZ 
than Fz.  

• No effects on the magnitude of 
the old/new effects (episodic 
retrieval). 

 

Roiser et al. 
[78] 

FMRI 

Affective 
Go/NoGo task 

 

n=20 

(13 females) 

None 1. Emotional - neutral 
targets 

2. Happy - sad targets 

3. Emotional - neutral 
distracters 

4. Happy - sad distracters 

1. Increased signal in left ventral 
putamen, left thalamus and left 
amygdala, right 
parahippocampal gyrus, parietal 
operculum, right anterior insula/ 
putamen. Decreased signal in 
right dorsolateral PFC. 

2. Decreased signal in right STG. 

3. Increased signal in right STG, 
left PCC, left posterior 
hippocampus, left dorsal 
caudate, right inferior temporal 
gyrus, right frontal operculum, 
right vlPFC, right caudate. 
Decreased signal in right dorsal 
ACC. 

4. Decreased signal in PCC. 

The STAI score 
(anxiety) after ATD 
correlates 
positively with the 
BOLD response in 
the right caudate 
for sad - happy 
distracters (more 
anxious greater 
response) 
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Study [ref] 
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Cognitive 
Paradigm 

Participants Effects of ATD on 
Performance 

 FMRI Contrasts Effects of ATD On Measure for 
Brain Activation 

Other Results 

Rubia et al. 
[39] 

FMRI 

Go/NoGo task 

 

n=9 males and 
females 

• Reduction of the 
number of left-
right errors.  

1. Nogo - Go  1.     Decreased signal in right 
orbital/IFC and in a more 
posterior right IFC focus 
extending into the precentral 
gyrus. Increased signal in right 
middle temporal gyrus and left 
middle-superior and inferior 
temporal gyri. 

 

Van der 
Veen et al. 
[56] 

FMRI 

Visual verbal 
episodic 
memory task 

 

n=11 

(all males) 

• Increased 
number of words 
associated with a 
positive feelings 
during encoding 

• Impaired 
recognition of 
positive words 

1. Encoding: Words - 
Baseline 

2. Recogn attempt: 
correctly rejected - 
baseline 

3. Recogn success: 
correctly recognized - 
correctly rejected 

4. Overall BOLD 
response 

1. Decreased the hippocampal 
signal during encoding 

No other effects of ATD were 
found 

 

Van der 
Veen et al. 
[69] 

FMRI 

Facial emotion 
perception task 

 

14 females 
with and 19 
without a 
family history 
of depression 

None 1. Overall BOLD 
response 

2. Intense - weak 
emotional expressions 

3. Direct - incidental task  

4. Fearful - happy faces 

1. Increased right amygdala signal 

2. None 

3. None 

4. None  

Threat sensitivity 
correlated with the 
effect ATD in the 
right amygdala 

Van der 
Veen et al. 
[52] 

EEG 

Time estimation 
task 

Cardiac n=13 

ERP n=18 

(all males) 

None  • Reduced cardiac deceleration 
after negative feedback, but no 
effect on FRN. 

 

Wang et al. 
[57] 

fMRI 

Emotional 
oddball task.  

n=13 

(7 males) 

• ATD induced a 
negative memory 
bias in the post-
scan memory 
test: subjects 
recognized more 
negative pictures 
than neutral 
pictures.  

• Improved 
discrimination of 
new negative 
pictures. 

1. Overall 

2. Negative - (neutral+ 
target)  

3. Target - (negative + 
neutral) 

1. Increased signal in the IFG, 
dmPFC and dorsal ACC. 

2. Increased signal in the left 
orbitofrontal part of the IFG, 
dmPFC, bilateral angular gyrus, 
middle temporal cortex.  

3. Decreased signal in the dmPFC 
(in default mode network: 
dmPFC, PCC, orbital-IFG). 

After ATD, the 
memory score for 
both negative and 
neutral distracters 
was correlated with 
the signal in the 
visual cortex, 
fusiform gyrus, 
bilateral IFG, 
dorsal ACC and 
dmPFC. In the 
control session, 
only correlations in 
visual regions were 
found. 

No correlation of 
BOLD with 
negative memory 
bias was found 
after ATD. 
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Study [ref] 
method 

Cognitive 
Paradigm 

Participants Effects of ATD on 
Performance 

 FMRI Contrasts Effects of ATD On Measure for 
Brain Activation 

Other Results 

Williams et 
al [71] 

FMRI 

 

Emotional face 
task 

 

n=8 for effect 
ATD on 
BOLD 

• Overall, 
decreased 
response times. 

• Increased 
number of errors 
when processing 
specifically 
emotion shown 
in profile. 

1. Emotional judgment 
condition - baseline. 

2. Interactions 

1. Decreased signal in left superior 
temporal sulcus. 

2. Decreased signal in medial PFC, 
right temporal pole and OFC in 
front-view. Increased signal for 
faces in side-view in right 
superior temporal sulcus and left 
Broca. 

3. Interaction ATD and emotion 
type in amygdala: ATD 
increased signal in right 
amygdala to side-viewed happy 
expressions; ATD increased 
signal in left amygdala to front-
viewed fearful expressions  

For all conditions - 
baseline 
correlations with 
plasma TRP were 
found in 
hippocampus, 
intraparietal sulcus, 
left insula, caudal 
part of ACC, left 
STG, bilateral 
posterior temporo-
occipital junction. 

Note. ACC=anterior cingulate cortex; ATD=acute tryptophan depletion; dmPFC=dorsomedial prefrontal cortex; IFC=inferior frontal cortex; OFC=orbitofrontal cortex; 
PCC=posterior cingulate cortex; PFC=prefrontal cortex; RT= reaction time; STG=superior temporal gyrus; vlPFC=ventrolateral prefrontal cortex. 
 
activity of the inferior frontal cortex during motor response 
inhibition [40, 41].  
 Also Evers et al. [42] examined the effects of ATD on the 
BOLD response during response inhibition. Volunteers performed a 
modified Go/NoGo task in which a stream of letters was presented. 
Each correct response, i.e. a response on a Go trial and no response 
on a No-Go trial, was followed by a green square (positive 
feedback), and each incorrect response was followed by a red 
square (negative feedback). In addition, a response that was too 
slow (>500 ms) was also followed by negative feedback. ATD did 
not affect cognitive performance and no effects on mood were 
found. ATD did not change the overall BOLD response and did not 
change the BOLD response during response inhibition (correct 
NoGo trials compared to correct Go trials). 
 The study of Evers et al. [42] is in line with the majority of 
behavioral studies into the effect of ATD on response inhibition. 
These studies failed to find effects of ATD on motor response 
inhibition [e.g. 39, 43-47]. However, since fMRI is considered to be 
a more sensitive measure for changes in brain functioning than 
performance measures, the effect of ATD on brain functioning 
during response inhibition might have gone unnoticed in the 
behavioral studies. The different findings in the Rubia et al. [39] 
and the Evers et al. [42] study might be the result of differences in 
the response inhibition tasks that were used. The task used by Evers 
et al. [42] depended more on working memory and during the task 
feedback was provided whereas in the Rubia et al. [39] study the 
task was easier to perform and no feedback was given. Further-
more, in the Evers et al. [42] study only male volunteers were 
tested, while in the study of Rubia et al. [39] also females, who 
might be more vulnerable to the effects of ATD, were tested. 
 The effects of ATD on the BOLD response during response 
interference have been studied with the use of two different inter-
ference tasks, the Stroop and the Simon task. In a Stroop task, 
participants must override a predominant response tendency to read 
the meaning of the word and have to respond to the color of the ink. 
In a Simon task, participants must override a predominant response 
tendency to spatial information in order to respond to the direction 
indicated by small arrows.  
 Horacek et al. [48] studied the effects of ATD on the BOLD 
response during Stroop interference. In the MRI scanner, a modi-

fied Stroop task was performed that contained blocks of congruent 
and incongruent trials. After the scan session, the standard three 
card version of the Stroop task was used to investigate the effect of 
ATD on Stroop performance. ATD did not change Stroop 
performance. FMRI data showed that ATD increased the BOLD 
response in the left inferior frontal gyrus and the right medial 
frontal gyrus during incongruent (compared to congruent) trials. 
 Evers et al. [49] examined the effects of ATD on the BOLD 
response during a combined cognitive and emotional Stroop task 
(for results on the emotional Stroop, see section 2.2). Healthy 
females without a family history of major depression participated in 
this fMRI study. With regard to performance, ATD reduced the 
interference for incongruent (compared to congruent) trials. FMRI 
analyses showed that ATD did not change the overall BOLD 
response. Furthermore, it was shown that ATD increased the BOLD 
response in the left precuneus and cuneus during congruent color 
words, and increased the BOLD response in the anterior cingulate 
cortex in the first Stroop block during incongruent color (compared 
to congruent color) words.  
 Lamar et al. [50] studied the effects of ATD on the BOLD 
response during a Simon task in older adults. In this task arrows 
were presented that were either pointing to the left or the right 
while being projected to the same side of where they pointed (e.g. 
pointing to the right and being presented on the right side of the 
screen; congruent trials, 76%) or the opposite side of where they 
pointed (e.g. pointing to the right and being presented on the left 
side of the screen; incongruent trials, 12%). Additional arrows 
pointed at a slide angle (congruent trials; 12%). ATD decreased the 
mean state aggression scores but did not change performance on the 
Simon task. FMRI analyses showed that ATD decreased the BOLD 
response in the right anterior cingulate cortex, the left inferior 
frontal gyrus and the right striatum, particularly the caudate and 
putamen, and increased the BOLD response in the cerebellum 
bilaterally, the left inferior parietal lobule regions, the peristriate 
regions (cuneus and precuneus) bilaterally, the right lingual gyrus, 
the fusiform and parahippocampal gyrus bilaterally, during 
incongruent color (compared to congruent color) words. 
 These studies show that a number of regions are modulated by 
ATD. The results suggest that ATD increases the BOLD response 
in the PFC during incongruent trials in the Stroop task, and 
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increases the BOLD response in more posterior regions during 
incongruent trials in Simons task. 

2.2. Feedback Processing 
 Receiving negative and positive feedback is important for 
behavioral rule learning such as in a reversal-learning task (rein-
forcement learning) and for performance monitoring. Previous 
studies have shown that the 5-HT system is implicated in 
punishment sensitivity (for review see [29]).  
 Evers et al. [51] investigated the effects of ATD on the BOLD 
response during a reversal-learning task. In this task, two stimuli 
were presented simultaneously and the participants had to respond 
by button press to the stimulus that was rewarded most of the time. 
When the participants had learned the stimulus-response rule, the 
rule was reversed, such that now the other stimulus was correct 
most of the time. After each trial, positive or negative feedback was 
given. Although ATD tended to increase the overall reaction time, 
no significant effect of ATD on performance was found. ATD did 
not change the overall BOLD response during the reversal learning 
task and did not change the task-related BOLD response during a 
visual checkerboard task (control task). Event-related analyses 
showed that ATD increased the BOLD response in the right 
dorsomedial PFC during trials in which negative feedback was 
followed by a behavioral switch (compared to baseline correct 
trials). Because the BOLD response was not changed after a beha-
vioral switch and was only marginally increased after negative 
feedback, the authors argued that this suggests that ATD increases 
the BOLD response in the dorsomedial PFC during negative 
feedback.  
 Evers et al. [42] examined the effects of ATD on negative 
feedback in a Go/NoGo task (for task description see above). It was 
found that ATD decreased the BOLD response in de dorsomedial 
PFC during the receipt of negative feedback (compared to positive 
feedback). 
 Van der Veen et al. [52] investigated the effects of ATD on the 
feedback-related negativity. The feedback-related negativity is an 
event-related brain potential (ERP) component that is found at 
central electrodes (Cz) about 300 ms after the presentation of 
feedback. In this study, twenty healthy volunteers performed a 
time-estimation task, in which they estimated the duration of one 
second. After each response, feedback was given on how well they 
had estimated the duration. ATD did not change performance and 
did not change the amplitude of the ERPs related to positive and 
negative feedback. Although not a measure of brain functioning, 
ATD attenuated the phasic cardiac slowing to negative feedback.  
 In sum, the two BOLD fMRI studies [42, 51] suggest that ATD 
modulates the BOLD response in the dorsomedial PFC during 
negative feedback processing. An EEG study [52] did not show 
effects of ATD on electrical brain activity during the receipt of 
positive and negative feedback, but did show that ATD attenuated 
the cardiac slowing related to negative feedback. 

2.3. Verbal Fluency 
 Allen et al. [53] examined the effects of ATD on the BOLD 
response during a working memory (see section 3 ‘memory’ for 
results) and a phonological verbal fluency task. The verbal fluency 
task consisted of blocks in which the participants were asked to 
generate a word that starts with a given letter (task condition), or 
were asked to overtly articulate the word ‘REST’ (control condi-
tion). ATD decreased the BOLD response in the left medial frontal 
gyrus and in the precuneus during word generation (compared to 
word repetition). No ATD effects were found on mood and 
performance.  

2.4. Memory 
 As noted above, one of the robust findings in ATD research has 
been that ATD impairs episodic memory consolidation rather than 

other types of memory (for review see [15]. Several studies 
assessed the neuronal correlates of these findings. 
 McAllister-Williams and colleagues [54] examined the effects 
of ATD on brain activity during a verbal learning task. Participants 
were instructed to judge whether a spoken word was presented for 
the first time, or whether it was a repetition. This task assessed 
recognition of episodic memory. Furthermore, source memory was 
assessed by judging whether the word was spoken by a male or 
female voice. Only source memory was impaired after ATD, but 
not recognition per se [54]. Brain activity, as measured with late 
components of the event-related potential, was increased after ATD 
in posterior electrode locations in response to the processing of both 
new and repeated items. McAllister-Williams et al. [54] suggested 
that ATD may generally affect brain function, but is not related to 
specific aspects of retrieval. One interesting feature of these results 
is the increase in brain activity related to memory processes after 
ATD. Generally, a large amplitude on parietal electrodes is 
attributed to good memory performance (e.g. [55]). 
 Two recent studies investigated the effects of ATD on the 
BOLD response during memory [56, 57]. In the study by Van der 
Veen et al. [56], during encoding participants were presented with 
words that should be rated as giving a positive or a negative feeling. 
The participants gave a new/old judgment for the words in the 
recognition phase. More words were associated with a positive 
feeling after ATD than after the balanced drink in the encoding 
task. During recognition, however, ATD impaired performance for 
the positively associated words. The BOLD response in the 
hippocampus was decreased after ATD during encoding, whereas 
no changes were seen in BOLD response during the recognition 
phase. This suggests that ATD may affect both memory encoding 
and consolidation, because the latter process already starts during 
the encoding task (see also [27, 58]). 
 Wang et al. [57] examined the effects of ATD on the BOLD 
response during an emotional oddball task. In this task, participants 
had to respond to target pictures, but not to negative and neutral 
pictures that were presented as distracters. In a later recognition 
task, ATD improved discrimination for negative stimuli. This was 
accompanied by increased BOLD activity in the left orbital part of 
the IFG, dorsomedial PFC, and bilateral angular gyrus and middle-
temporal cortex areas. However, several procedural flaws are 
present in this study such as an open-labeled design and the use of 
water as control drink instead of a balanced amino acid mixture, 
which makes the interpretation of the results complex. Therefore, 
these results should be interpreted with caution. 
 A last study that assessed memory effects of ATD was related 
to working memory [53]. Even though this type of memory has 
usually been related to dopamine function in frontal cortical areas 
[59], recently it was suggested that also 5-HT might play a role. 
Participants performed a 2-back task, in which they were instructed 
to indicate if the currently presented letter was the same as that 
presented two trials before. ATD did not affect the behavioral 
performance in this task as compared to the balanced drink, but the 
BOLD response was significantly decreased in the right superior/ 
medial frontal gyrus. Furthermore, greater activity was found in the 
posterior cingulate gyrus, which was due to an attenuation of the 
response to the control task, a 0-back task.  
 In sum, imaging studies suggest that the episodic memory 
impairments are due to reduced activation of the hippocampus, 
even though the late positive component in the EEG suggested an 
improvement. Furthermore, working memory is somewhat impaired 
after ATD, which is associated with reduced BOLD activity in 
frontal areas. 

2.5. Selective Attention 
 Attention is mediated by various regions in the brain including 
the PFC, the anterior cingulate cortex, and posterior parietal 
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cortices (e.g. [60, 61]). Given the fact that ATD has previously 
shown to improve selective attention processes [26, 27], and since 
the PFC and anterior cingulate regions were affected by ATD in the 
working memory study by Allen and colleagues [53], it is possible 
that the attention effects are mediated by these brain areas. How-
ever, to our knowledge no fMRI studies have yet been performed 
that are entirely dedicated to selective attention processes. Only a 
few EEG/MEG studies examined whether ATD can modulate brain 
activity related to attention. 
 Three studies used an active oddball task, in which frequent 
non-target tones were interspersed with infrequent target tones [62-
64]. Hughes and co-workers [62] showed that none of the event-
related potential components related to attention, namely the N1/P2 
and the P300 in response to target tones, were affected by the ATD 
procedure. Also reaction times did not differ between the ATD and 
control condition. Unfortunately, they did not specify the task 
instructions. 
 In the first study by Ahveninen and colleagues [63], volunteers 
were presented with tones that did not only differ in stimulus 
frequency, but also duration. They were instructed to distinguish 
duration of the tones, but to ignore the frequency changes. ATD 
reduced the amplitude of the attention-related N2 component. In 
another study, Ahveninen et al. [64] combined an oddball task with 
a dichotic listening task. Participants were instructed to attend 
target tones in one of both ears and to silently count the number of 
target stimuli. ATD reduced the amplitude enhancement of P50 and 
N1 to the selectively attended tones [64]. 
 One of the EEG/MEG studies on attention-related processes 
used a passive oddball [65]. In such a task, the target tone elicits a 
mismatch negativity component; a component occurring around 
100-200 ms after stimulus presentation and that is related to pre-
attentive sensory memory processes (see [66] for a review). Volun-
teers were presented with tones differing in frequency and duration 
while watching a silent video for distraction. ATD increased the 
amplitude of the mismatch negativity.  
 To summarize, early cortical brain responses were affected in 
three out of four attention-related experiments. However, the results 
here are counterintuitive to the previous behavioral studies. Where 
attention improvements were previously found [27], the EEG/MEG 
studies mainly showed reductions in attention-related components, 
normally indicating decreased attention. ATD, thus, does play a 
role in early perceptual processing, but future research should focus 
on the interplay between behavioral responses and brain activity 
during attention. 

3. EMOTIONAL PROCESSING  
 In order to express appropriate emotions in interactions with 
other people it is necessary that emotions in other people are 
properly perceived and processed. An important cue in this respect 
is the emotional face expression. In this section studies using ATD 
and fMRI during processing of emotional faces and words will be 
reviewed. 

3.1. Emotional Faces 
 Emotion is important for appropriate behavior in social contexts 
and is, among other things, dependent on the proper perception and 
further processing of emotion in other people. The most informative 
cue in this respect is the emotional face expression.  
 Cools et al. [67] examined the effects of ATD during the 
perception of emotional face expressions with an implicit emotional 
processing task. Volunteers were asked to categorize the gender of 
neutral, fearful and happy faces. The main finding of their study 
was that the effect of ATD on the BOLD response in the right 
amygdala in the contrast fearful minus happy faces correlated 
positively with a measure of threat sensitivity as determined with 
the BIS/BAS scales of Carver & White [68]. Higher threat 

sensitivity scores were associated with a larger effect of ATD on 
the fear related amygdala response. Cools et al. [67] could not find 
any other effects of ATD on the BOLD signal and, furthermore, 
found that ATD did not affect performance scores and subjective 
mood ratings.  
 Van der Veen et al. [69] investigated the effects of ATD on the 
BOLD response during face processing with an explicit task or an 
implicit emotional processing task. Females with and without a 
family history of depression participated. This section will only 
focus on the results regarding the females without a family history 
of depression. The participants performed either a direct emotion 
categorization task or an indirect gender categorization task. In the 
gender task the participants had to select which of the two presented 
pictures that was most male and in the emotion task participants had 
to select the picture which was most emotional. Morphed faces 
were used, in which a male or female neutral face was morphed 
with a male or female emotional face. This resulted in two groups 
of faces with a weak emotional expression (10 or 30%) and two 
groups of faces with a strong emotional expression (70 or 90%). In 
this study fearful, disgusted, sad and happy faces were used, and 
most analyses focused on the difference between fearful and happy 
expressions. The main finding was that ATD enhanced the overall 
amygdala response to faces. Moreover, it was found that this effect 
was stronger in the contrast between fearful and happy faces. 
Additionally, van der Veen et al. [69] replicated the findings of 
Cools et al. [67] in showing that the right amygdala response to 
fearful faces correlated with threat sensitivity as measured with the 
BIS/BAS scales.  
 Fusar-Poli et al. [70] examined the effect of ATD on face 
processing with an implicit emotional processing task in ten 
volunteers. Fusar-Poli et al. [70] used happy, neutral and sad 
pictures. The main finding of this study was that independent of 
type of emotion, ATD attenuated the BOLD response in several 
cortical and subcortical areas and increased the BOLD response in 
the left inferior frontal gyrus. Furthermore, the authors reported a 
differential response in the right and left amygdala, i.e., the right 
showed an increased BOLD response after ATD, whereas the 
BOLD response in the left amygdala was attenuated after ATD. 
This effect was independent of type of expressed emotion. Finally, 
ATD did not affect performance and subjectively rated mood.  
 Williams et al. [71] studied the effects of ATD on the BOLD 
response during face processing with an explicit emotional proces-
sing task. In the used task the participants viewed front-viewed or 
side-viewed faces, expressing a strong (100% emotional), weak 
(50% emotional/50% neutral) emotion or no emotion (neutral) and 
were asked to decide whether the expression was neutral or 
emotional. ATD reduced activity independent of face view in the 
left superior temporal sulcus and the anterior cingulate gyrus. 
Modulatory effects of ATD were also found in other brain areas, 
but these were dependent on whether faces were front-viewed or 
side-viewed. Activity in the amygdala depended on both view type 
and emotion, i.e., right amygdala showed a stronger increase 
following ATD for viewing side-viewed happy faces, whereas the 
left amygdala showed a stronger increase following ATD for front-
viewed fearful faces. ATD had an overall effect on performance 
leading to faster, but less accurate responses.  
 A common finding in all four studies is that ATD affects the 
BOLD response to emotional faces in the amygdala. All studies 
reported some kind of increased BOLD response in the amygdala in 
response to viewing negative face expressions. In three out of four 
studies the right amygdala response was more sensitive and the 
effect was also present independent of individual personality 
characteristics. Two studies reported a relation with subjectively 
reported threat sensitivity scores and the other two studies did not 
measure this trait. The sensitivity of the amygdala to ATD in the 
context of emotion processing fits with other lines of research that 
have repeatedly shown that the amygdala plays a central role in 
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emotion [72], that the amygdala is sensitive to genetically deter-
mined differences in the serotonin metabolism (e.g. [73]) and that 
amygdala function is disturbed in psychiatric illnesses characterized 
by large changes in emotion regulation such as major depression 
[74]. On the other hand, effects on other brain areas appeared to be 
very variable and are possibly dependent on the different task 
paradigms. It should be noted that the impact of most studies is 
limited by the relatively small number of participants that is 
included and that comparability is hampered by gender differences 
of the tested volunteers. On the other hand these weaknesses further 
stress the importance of the consistent effect of ATD on the BOLD 
response in the amygdala.  
 The overall finding that ATD increases the BOLD response in 
the amygdala is in line with fMRI studies that have shown that 
selective serotonergic reuptake inhibitors (SSRIs) reduced the 
amygdala response in emotion induction tasks [75-77]. This effect 
has been found in depressed patients who were treated for a couple 
of weeks [75, 76] or only pre-treated with a single dose [77]. So, it 
can be concluded that the amygdala is very sensitive to 5-HT 
interventions and that the ATD technique is powerful enough to 
highlight this sensitivity. 

3.2. Emotional Words 
 Roiser et al. [78] investigated the effects of ATD on the BOLD 
response during emotional information processing with an affective 
Go/NoGo test. Volunteers completed a slightly modified ATD 
experiment. In this task words of different emotional valences 
(positive, negative or neutral) were presented, participants had to 
respond to each word of a particular valence and not respond to 
each word of the other valence, and words in all categories could 
either be target or distracter. The main finding of the study was that 
ATD increased BOLD responses in contrasts comparing emotional 
and neutral distracters or targets in a number of cortical and 
subcortical areas. For targets increases were found in left putamen, 
left thalamus, left amygdala, right parahippocampal gyrus, bilateral 
parietal operculum, and right anterior insula. For distracters increa-
ses were found in right superior temporal gyrus, left hippocampus, 
bilateral caudate nucleus, right inferior temporal gyrus and right 
ventrolateral PFC. Roiser et al. [78] also found an interesting 
relation with subjective mood, i.e., participants who reported more 
anxiousness following ATD also showed an increased BOLD 
response in the caudate in a contrast comparing negative and 
positive distracters. ATD only slightly affected performance in this 
task, leading to a somewhat stronger bias towards emotional stimuli 
(independent of valence) in the accuracy data.  
 Evers et al. [49] studied the effects of ATD on emotional 
information processing in an fMRI study in which participants 
performed a mixed emotional and cognitive Stroop task. Emotional 
(positive/negative), neutral and color (congruent/incongruent) 
words were presented in four different colors and participants had 
to respond to the color of the words and ignore the meaning of the 
word. Here, we will focus on the results regarding the emotional 
part of the Stroop task. The main finding was that ATD did not 
affect the BOLD response in any of the tested contrasts. Moreover, 
the relation with subjectively reported mood was also absent. The 
only effect of ATD in the emotional Stroop task in this study was a 
significant increase in the percentage of errors on negative words.  
 The results of the two reviewed studies are not very comparable 
which is possibly related to the large task differences (Stroop vs. 
Go/No-Go) and different experimental designs (standard amino 
acids mixture in tap water vs. low quantity in capsules). The Evers 
et al. [49] study could not find any effect of ATD on the BOLD 
response in any region and any contrast, whereas the Roiser et al. 
[78] study reported effects in a large number of regions and in a 
number of different contrasts. Besides the effect of ATD on many 
areas involved in emotion processing, Roiser et al. [78] also 
reported an increase the BOLD response in the amygdala which is 

in line with the studies reviewed in the previous section which con-
sistently showed a strong sensitivity of this brain region to ATD.  

4. DISCUSSION 
 ATD neuroimaging studies showed that the BOLD response in 
some brain regions is changed more frequently than in other 
regions. The BOLD response in the inferior frontal cortex, the 
dorsomedial PFC, the anterior cingulate cortex, the orbitofrontal 
cortex and the amygdala is often found to be modulated by ATD. 
More specifically, ATD neuroimaging studies showed that during 
response control and negative feedback processing ATD modulates 
the BOLD response in the inferior/orbitofrontal, the anterior 
cingulate cortex and the dorsomedial PFC. The effects of ATD on 
brain activation during memory and selective attention tasks are 
less clear. Only few studies into the effects of ATD on memory-
related brain activation have been carried out, and the ones that 
were carried out studied different memory processes. No ATD 
neuroimaging study was entirely dedicated to selective attention. 
During emotional processing, it was shown that ATD modulates the 
BOLD response in the amygdala. 
 Major depression has been related to disturbances of the 5-HT 
system, such as lower levels of central 5-HT [79]. It has been 
shown that ATD leads to a relapse in 50-60% of selective serotonin 
reuptake inhibitor (SSRI) treated remitted depressed patients (for 
review see [32]). Furthermore, ATD induced depressed mood in 
healthy people who are more vulnerable to develop major depres-
sion, such as people with the s/s genotype for the 5-HT transport 
(SERT) and people with a positive family history of affective 
disorder [32, 80-85]. In line with cognitive disturbances found in 
depressed patients, ATD impaired memory consolidation [15] and 
cognitive flexibility [20, 21] in healthy volunteers. These findings 
suggest that ATD might induce a state in healthy volunteers that 
resembles major depression, although in a much milder form. 
Interestingly, the regions that have found to be modulated by ATD, 
such as the dorsomedial PFC, the orbitofrontal cortex, and the 
amygdala, are found to be abnormally activated in depressed 
patients. Previous studies showed reduced glucose metabolism and 
reduced gray matter in these regions in depressed patients (for 
review see [86]).  

4.1. The Effect of ATD on the 5-HT System 
 To clarify the influence of ATD on the functioning of the 5-HT 
system, previous studies have investigated the effect of ATD on 5-
HT synthesis, the 5-HT transporter and different 5-HT receptor 
types. The results of a positron emission tomography (PET) study 
indicate that ATD decreases the synthesis of 5-HT throughout much 
of the cerebral cortex of healthy volunteers [12]. In addition, it was 
shown that women had a lower baseline 5-HT synthesis than men 
and that ATD decreased 5-HT synthesis more in women than in 
men. In response to criticisms of the used methods, the authors 
improved the methods and replicated the finding that in women the 
5-HT synthesis is lower than in men [87]. However, the effects of 
ATD on 5-HT synthesis were not reexamined. 
 Animal research suggests that the location of the 5-HT trans-
porter (SERT) is affected by the levels of synaptic, i.e. extracellular 
5-HT [88,89]. Decreased synaptic levels of 5-HT are thought to 
translocate the SERT away from the plasma membrane resulting in 
decreased SERT density in the plasma membrane and therefore 
decreased binding of a SERT tracer. Talbot et al. [90] therefore put 
forward the hypothesis that changes in extracellular 5-HT will 
change the binding potential of a radiotracer to image the SERT. 
However, they failed to find effects of ATD on the binding 
potential of the SERT tracer 11C-DASB, and concluded that the 
SERT tracer binding is not sensitive to detect decreased levels of 
synaptic 5-HT associated with ATD. The alternative explanation 
that ATD does not alter synaptic 5-HT is considered to be unlikely 
since animal studies showed that brain 5-HT is depleted after ATD. 
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Praschak-Rieder et al. [91] examined the effect of ATD on the 
affinity and density of SERT, since changes in affinity and density 
of the SERT could be a compensatory mechanism to maintain 
sufficient extracellular levels of 5-HT after ATD. The results 
showed no effects of ATD on the regional SERT tracer (11C-
DASB) binding potential, which suggests that ATD does not alter 
SERT affinity and density. 
 Both Udo de Haes et al. [92] and Rainer et al. [93] investigated 
the effect of ATD on the binding potential of a tracer for 5-HT1A 
receptors in healthy volunteers. Both studies failed to find 
consistent effects of ATD on the binding of the 5-HT1A tracer. 
Yatham et al. [94] examined the amount of 5-HT2 receptor binding 
of a radioactive tracer after ATD compared to placebo in healthy 
volunteers. They showed decreased 5-HT2 receptor binding in the 
left fusiform gyrus, the left insula, the left superior temporal gyrus, 
and the left superior frontal gyrus. This decrease in binding 
potential, which is indicative for increased 5-HT levels, was not 
expected. The authors argued that the data might indicate that 
decreased levels of 5-HT trigger an adaptive response, such as 
reduced density of the number of 5-HT2 receptors, to protect 
against depressive symptoms. 
 Chair et al. [95] studied the effects of ATD on the 5-HT1A and 
5-HT2A receptor binding (in-vitro) in the rat brain. They showed 
that ATD significantly reduced somatodendritic 5-HT1A binding in 
the dorsal raphe by 14%. However, no changes in postsynaptic 5-
HT1A reduction were found in the cortex and the hippocampus. In 
line with Yatham et al. [94], Chair et al. [95] showed that 5-HT2A 
binding in the cortex was reduced after ATD. However this 
reduction was not significant, which might be related to the greater 
variability in in-vitro radioligand binding compared to in-vivo PET. 
 In sum, these studies suggest that ATD decreases the synthesis 
of 5-HT in the brain, does not affect the density or affinity of the 
SERT, decreases the density of the 5-HT2 receptor, and might have 
an effect on the somatodendritic 5-HT1A receptors. 

4.2. The Effect of ATD Explained by the Effect on Other Neuro-
transmitter Systems 
 The 5-HT, norepinephrine (NE), dopamine (DA), and 
acetylcholine (ACh) neurotransmitter systems largely overlap in 
terms of their being widespread in their anatomical organization. 
Not only are the origination brain stem nuclei interconnected, these 
systems also have overlapping terminal fields and innervation 
patterns [2]. Briand et al. [96] stressed the importance to focus on 
the regulatory and functional interactions between these systems, 
rather than studying these neurotransmitter systems in isolation.  
 5-HT is known to have inhibitory influences on NE, ACh, and 
DA turnover [97]. In particular, an increased relative influence of 
NE transmission brought about by decreased 5-HT turnover might 
explain the positive effects of ATD on focused attention. 
Importantly, it must be noted that if in an experiment, independent 
variable X is manipulated leading to a change in dependent variable 
Y, experimental methodology only permits conclusions attributing 
the change in Y to varying levels of X. Suppose that the 
manipulation of X induces changes in Y, but these are known to be 
actually accomplished by Z, in such a way that it would have been 
more appropriate to manipulate Z rather than X. One should attempt 
to either manipulate or control Z or measure its known indicator(s). 
According to experimental methodology, one may only speculate 
but not conclude about the potential mediating influence of Z. In 
the example above, X refers to 5-HT, Y to cognitive performance or 
neuroimaging variables, and Z refers primarily to NE. We would 
like to stress that drawing conclusions about Z on the basis of 
experiments in which X is systematically varied and changes in Y 
are measured, are in general not permitted. So in the above example 
one may only speculate about the role of NE in the effects of ATD 
on focused attention.  

 Previous studies suggest that ATD does not affect DA levels. It 
was shown that ATD did not change cerebrospinal fluid levels of 
tyrosine [98], plasma, cerebrospinal fluid and brain levels of DA 
metabolites [11, 26, 98], the concentration of DA in the brain [99], 
and the DA efflux in the medial PFC [100]. Furthermore, ATD did 
not change the concentration of NE levels in the brain [99]. To the 
best of our knowledge no study so far has investigated the effect of 
ATD on ACh release. Interestingly, Lieben et al. [101] showed that 
metrifonate, an acetylcholinesterase inhibitor, which increases ACh 
in the synapse, reversed the memory deficits that were induced by 
TRP depletion in rats. These findings suggest that the effects of 
ATD might be due to specific effects on the 5-HT system. 

4.3. Interpretation of the Results of the ATD Neuroimaging 
Studies  
 A number of factors make the interpretation of the effect of 
ATD on the BOLD response not straightforward.  
Confounding Factors  
 A number of known confounding factors, such as personality 
and genetic 5-HT vulnerability, are not consistently taken into 
account in these ATD neuroimaging studies. It has been shown that 
personality characteristics interact with the effect of ATD. For 
example, self reported threat sensitivity correlated positively with 
the ATD-induced increase in BOLD response in the amygdala [67] 
and impulsivity correlated negatively with ATD-induced reward-
related speeding on a reaction time task [44]. In addition, partici-
pants with an increased vulnerability of the 5-HT system are more 
sensitive for the effects of ATD. In participants with two small 
alleles of the 5-HT transporter linked polymorphic region, but not 
in participants with two long alleles, ATD decreased motivationally 
speeded action [102], and a stronger bias toward choosing the 
certain option in a decision making task was found in participants 
with two small alleles [103]. Furthermore, ATD impaired imme-
diate and delayed recall on an episodic verbal memory tasks more 
in females than in males [104]. To improve the interpretation of the 
findings of ATD studies, factors that are known to modulate the 
effect of ATD should be controlled for. 
Pharmacological Neuroimaging  
 Pharmacological functional Magnetic Resonance Imaging (ph-
fMRI) is a method that enables the measurement of changes in 
brain activation evoked by drug treatment. BOLD fMRI, the 
method mostly used, does not measure neural activity directly, but 
relies on a cascade of physiological events linking neural activity to 
the generation of the MRI signal. Most ph-fMRI studies performed 
so far have interpreted changes in BOLD signal as changes in 
“brain activation”, ignoring the potential confounds that can arise 
through drug-induced modulation on the events downstream of the 
neural activity [105]. Since drug treatment can change the neuro-
vascular response, a drug has the potential to change the BOLD 
response without changing neural activity. Therefore methodolo-
gical improvements are needed to interpret changes in BOLD 
signal.  
5-HT Mediated Instead of 5-HT Induced 
 There is still no direct evidence that ATD alters brain 5-HT 
release, i.e. that ATD actually alters the functional activity of the 5-
HT neurons [106]. It has been shown that ATD reduces plasma 
TRP, brain TRP, 5-HT and 5-HIAA in rats (e.g. [5]), and reduces 
plasma TRP, plasma ratio TRP/LNAA, TRP and 5-hydroxyindo-
leaceticacid (5-HIAA; 5-HT metabolite) levels in cerebrospinal 
fluid (e.g. [107]), and synthesis of brain 5-HT in humans [12]. 
However, these measures are only estimates for the 5-HT neuronal 
activity. It is possible that in the absence of new 5-HT synthesis, 5-
HT function can be largely maintained from 5-HT being recycled 
from the synapse into the presynaptic cell. It has been shown that 
without an initial increase in 5-HT concentration, basal 5-HT 
release in the medial PFC of the rat appeared not to be affected by 
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ATD [100]. Moreover, decreased levels in whole brain 5-HT and 5-
HIAA levels in the cat did not parallel changes in functional 
activity of 5-HT containing raphe nucleus cells [108]. These 
findings suggest that other mechanisms might be responsible for the 
effects of ATD on behavior, mood and the underlying brain 
activation [106].  
 Furthermore, it could be argued that the ATD neuroimaging 
studies should have tested the participants at a later moment. 
Namely, at the moment that not only the levels of brain TRP and 5-
HT synthesis have decreased, but also the still available brain 5-HT 
is released and metabolized. Brain 5-HT turnover could be 
accelerated by experimental manipulations that lead to increased 5-
HT release, such as exposure to uncontrollable stress [109, 110]. 
 Van Donkelaar et al. [111, 112] investigated potential mecha-
nisms by which ATD could exert its effects. It was shown that ATD 
alters the relation between cerebral blood flow (CBF) and glucose 
metabolism independent of central 5-HT [112]. Furthermore, Talbot 
and Cooper [113] investigated the effects of ATD on the regional 
CBF in healthy males during rest. After removal of the variance in 
regional CBF associated with mood, ATD reduced the CBF in the 
dorsal anterior cingulate cortex, and increased the CBF in the left 
cuneus, lingual gyrus and the cerebellum. Interestingly, Evers et al. 
[51] showed that ATD did not affect the task-related BOLD 
response during a visual checker-board task (control task), 
suggesting that ATD does not induce vascular effects that lead to a 
global increase of task-related activation. Two studies [111, 114] 
showed that brain-derived neurotrophic factor (BDNF) might play a 
role in the effects of ATD. In contrast, the study of Chair et al. 
[115] showed that plasma or central BDNF protein levels in the 
hippocampus and midbrain were not altered by ATD. Furthermore, 
based on a study of D’Souza et al. [116], Chair et al. [115] 
speculated that the effects of ATD on the 5-HT2A receptor might 
be mediated by corticosterone. In addition, Riedel et al [117] 
showed that ATD blocked the stress-induced cortisol response 
which is indeed partly 5-HT2A mediated. ATD also blocked the 
association between cortisol and memory impairment. These 
findings suggest that ATD-induced alterations go beyond a 
straightforward dysfunction of the 5-HT system. Also changes seen 
in depressed patients could be caused by other factors not induced 
but mediated by 5-HT levels. 
 Some findings that were discussed might make us wonder if the 
effects of ATD are indeed mediated by changes in activity of the 5-
HT neurons. Firstly, it was shown that ATD modulated the BOLD 
response in the dorsomedial PFC during negative feedback proces-
sing. However, no effects of ATD were found on the feedback 
related negativity at the Cz. Interestingly, ATD affected cardiac 
slowing. It might be speculated that changes in cardiac functioning 
might influence CBF and thereby change the BOLD response. 
Secondly, if ATD affects basal 5-HT release, which strongly affects 
DA release, effects of ATD on DA levels are expected. However, it 
was repeatedly shown that ATD did not affect DA release.  

4.4. Future Research 
 In this section we will give some suggestions for the impro-
vement of future ATD neuroimaging studies. These improvements 
are necessary to be able to reliably interpret the effects of ATD on 
brain functioning. 
 When BOLD fMRI is used to examine the effects of ATD on 
brain activation, methodological improvements are needed for a 
better interpretation of changes in BOLD response. Examples of 
methodological improvements are the inclusion of one or more 
control tasks, the recording of neuroendocrine (e.g. cortisol and 
proactive) and physiological parameters (e.g. heart rate, breathing 
rate) during scanning assessing drug-induced changes in resting 
state BOLD signal and resting state regional CBF [105]. These 
methods are at the moment only sparsely applied.  

 It can be said in addition for all ATD studies that there are too 
many studies that lack an active comparator condition. This may 
bias the results and their interpretations considerably. Besides using 
a control mixture, the recommendation is therefore to always 
include one other condition in which another amino acid is omitted, 
but which is not hypothesized to influence the target behavior, or 
which is hypothesized to influence another behavior. 
 Since BOLD fMRI is not a good method to measure drug-
induced changes, other functional brain imaging methods might 
turn out to be more reliable. Arterial spin labeling [118], which 
measures CBF, and calibrated fMRI [119], which estimates cerebral 
metabolic rate of oxygen (CMRO2) are two new and promising 
methods. Although also indirect measures of neural activity, CBF 
and CMRO2 are more directly related to neural activity and less 
confounded by overall changes in the neurovascular coupling than 
the BOLD response. We therefore advise future studies to make use 
of these methods.  
 More research into the effects of ATD on basal 5-HT release is 
necessary. Studies are needed that measure the amount of 5-HT 
efflux in the entire cortex and studies that extend this type of 
research to animals with a vulnerable 5-HT system will be impor-
tant [99].  
 Van Donkelaar et al. [105] suggested that other brain mecha-
nisms might be responsible for the effects of ATD on the BOLD 
response, and investigated the effects of ATD on BDNF and CBF. 
Future studies should expand the research into other brain mecha-
nisms that might be modulated by ATD. 

CONCLUSIONS 
 ATD neuroimaging studies show changes in the BOLD 
response that resemble the abnormal patterns seen in depressed 
patients, such as in the PFC and limbic regions. However, at the 
moment it remains unclear if these changes are related to changes in 
basal 5-HT release, related to indirect effects of 5-HT on the level 
of other neurotransmitters, such as ACh and NE, or are related to 
other biochemical changes that are mediated by ATD. 

ABBREVIATIONS 
5-HT = Serotonin; 5-hydroxytryptamine 
5-HIAA = 5-hydroxyindoleaceticacid 
5-HTP = 5-hydroxytryptophan 
ACh = Acetylcholine 
ATD = Acute tryptophan depletion 
BDNF = Brain-derived neurotrophic factor 
BOLD = Blood Oxygen Level Dependent 
CBF = Cerebral blood flow 
Cz = Central position 
CMRO2 = Cerebral Metabolic Rate of Oxygen 
DA = Dopamine 
EEG = Electroencephalogram 
ERP = Event-related brain potential 
FMRI = Functional Magnetic Resonance Imaging 
LNAA = Large Neutral Amino Acids 
MEG = Magnetoencephalogram 
MRI = Magnetic Resonance Imaging 
NE = Norepinephrine 
PET = Positron Emission Tomography 
PFC = Prefrontal cortex 
Ph-fMRI = Pharmacological functional Magnetic 

Resonance Imaging 
SERT = Serotonin transporter 
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SSRI = Selective serotonin reuptake inhibitor 
TRP = L-tryptophan 
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