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INTRODUCTION 

Depression is one of the most common diseases in the world (Akis-
kal, 2005). Epidemiological studies suggest a life-time prevalence of Ma-
jor Depressive Disorder that ranges from 5% to 17% (Rihmer & Angst, 
2005). Additionally, its incidence is increasing. Major depression is char-
acterized by depressed mood, loss of interest in nearly all things, and an 
inability to experience pleasure and is often accompanied by loss of ap-
petite, insomnia, and suicidal ideation (APA, 1994). Thus, depression 
dramatically damages the quality of life. However, in spite of intensive 
research during the past decades, critical risk factors involved in the on-
set or development of depression have not been defined. 

Genetic/family predisposition or ‘susceptibility’ to depression may be 
a potential risk factor in the development of depression. Family studies 
have shown that depression is two- to threefold more common in first-
degree relatives compared to the general population (Sullivan et al., 
2000; Kelsoe, 2005) and is also associated with early onset and higher 
levels of morbidity (Lieb et al., 2002). Twin studies, a powerful tool used 
to differentiate genetic and environmental influences, reveal a higher 
concordance rate for monozygotic twins than for dizygotic twins (Kendler 
& Gardner, 2001), which further corroborates the utility of genetic pre-
disposition as a risk factor in the development of depression. Although 
the neurobiological equivalent of this genetic predisposition remains 
unclear, it seems as though the brain serotonin (5-Hydroxytryptamine, 5-
HT) neurotransmitter system serves an important mediating role (Owens 
& Nemeroff, 1994). Alterations in brain serotonergic function is thought 
to be involved in the onset and course of depression (Maes & Meltzer, 
1995). 

Evidence suggests that individuals with a serotonergic vulnerability, 
which has been defined as vulnerability or sensitivity of the brain sero-
tonergic system to alterations or disruptions, have an increased likeli-
hood of developing disorders that are related to the serotonergic sys-
tem, such as depression (Jans et al., 2007). Serotonergic vulnerability has 
been postulated for individuals with a family history of depression (FH+) 
(Benkelfat et al., 1994; Klaassen et al., 1999) and for individuals with alle-
lic variation in genes that encode proteins that are critical in determining 
the overall level of serotonergic neurotransmission (e.g. Neumeister et 
al., 2002). A major problem, however, is that the role of brain 5-HT in 
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depression remains rather complex and it is unlikely that this neuro-
transmitter is entirely responsible for the pathogenesis of depression 
(Maes & Meltzer, 1995). Even though serotonergic vulnerability to de-
pression may constitute a likely risk factor in the development of depres-
sion, it does not seem to be the sole contributor. Based on previous 
data, stress has been suggested as an important additional factor. De-
pression can be precipitated in susceptible individuals by a series of 
stressful life events. Indeed, individuals who frequently experience se-
vere stressful life events (for instance, loss, humiliation, or defeat) are 
more likely to develop major depression relative to individuals who do 
not experience such major stressful events (Brown et al., 1987; Heim & 
Nemeroff, 2001). However, even though major stress has frequently 
been found to precede the onset of depressive symptoms, this observa-
tion does not allow for the drawing of causal conclusions. It is still vital to 
know when and how stress may cause depressive symptoms and how 
biological mechanisms may interfere or be involved. Therefore, evidence 
detailing whether stress generates or promotes biological (brain) dys-
functions that are typically found in depression is required (Van Praag, 
2004). This is, indeed, suggested by considerable evidence for dysfunc-
tional stress hormone regulation in depressive patients and for complex 
inter-relationships between the serotonergic brain system and neuroen-
docrine mechanisms involved in stress perception and stress adaptation 
(Arborelius et al., 1999; Holsboer, 2000; Van Praag, 2004; Markus, 2008). 
In addition, challenges to either the brain serotonergic system or neuro-
endocrine stress mechanisms involved in stress perception and adapta-
tion may (further) interrupt the complex neurophysiological balance and 
promote the development of depression (Porter et al., 2004; Markus, 
2008). Based on these new insights, it is assumed that serotonergic vul-
nerability, particularly under major or prolonged stress exposure, may 
constitute a risk factor for depression. This constitutes the main research 
question of the thesis. In the following part of this chapter, the rationale 
for this assumption and the research question will be provided. First, the 
role of 5-HT in depression will be discussed; next, we will focus on stress 
as an additional risk factor in the development of depression. Then, the 
hypothesized interaction between stress, 5-HT, and depression will be 
discussed; evidence for this hypothesis will be given and questions will 
be raised. In the final part, the aim of the dissertation will be summarized 
and the methodology of the current studies will be briefly explained. 
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SEROTONIN AND DEPRESSION 

The monoamine neurotransmitter 5-HT is involved in most physiol-
ogic or behavioral functions (e.g., the regulation of emotion, mood, 
sleep, appetite, and aggression). Therefore, most psychopharmacologi-
cal treatments of psychiatric disorders are oriented towards the brain 
serotonergic system. The important role of the serotonergic system in so 
many psychological and physiological processes is understandable when 
looking at the anatomy of the system. The cell bodies of the serotoner-
gic neurons are clustered in the brainstem raphe nuclei and project 
widely throughout the cortex and limbic system (Aghajanian & Sanders-
Bush, 2002). Since 5-HT cannot pass the blood-brain barrier, its synthesis 
within the brain depends on the influx of its plasma amino acid precursor 
tryptophan (TRP). In the brain, two steps are involved in 5-HT synthesis. 
First, the enzyme tryptophan hydroxylase converts TRP to 5-
hydroxytryptophan (5-HTP). Second, 5-HTP is acted upon by aromatic 
amino acid decarboxylase (AADC) to form 5-HT. 5-HT action is termi-
nated by reuptake via the 5-HT transporter (5-HTT) and subsequent deg-
radation by monoamine oxidase (MAO) to 5-hydroxyindoleacetic acid (5-
HIAA) (e.g. Fernstrom, 1990) (Figure 1). 

Tryptophan

5-Hydroxytryptophan

5-Hydroxytryptapime
Serotonin/5-HT

5-Hydroxindoleacetic
5-HIAA

L-tryptophan hydroxylase

Aromatic l-amino acid decarboxylase

Monoamine oxidase

Tryptophan

5-Hydroxytryptophan

5-Hydroxytryptapime
Serotonin/5-HT

5-Hydroxindoleacetic
5-HIAA

L-tryptophan hydroxylase

Aromatic l-amino acid decarboxylase

Monoamine oxidase

 
 

Figure 1. Serotonin synthesis. Serotonin (5-HT) is synthesized from tryptophan in two steps 
by the enzymes tryptophan hydroxylase and aromatic amino acid decarboxylase. Its break-
down is catalyzed by monoamine oxidase.  
 

The exact role of 5-HT in depression is still unclear; however, it is 
widely accepted that diminished function of the brain serotonergic sys-
tem plays a key role in the onset and course of depression (Maes & Melt-
zer, 1995; Neumeister et al., 2004c). Evidence supporting reduced brain 
5-HT function in depression comes from studies showing lower plasma 
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availability of the 5-HT precursor, TRP, for uptake into the brain, reduced 
cerebrospinal fluid (CSF) concentration of the 5-HT metabolite 5-HIAA, 
and decreased platelet 5-HT uptake in depression (Maes & Meltzer, 
1995; Neumeister et al., 2004c). Together, these studies suggest dimin-
ished brain 5-HT uptake and metabolism in depressive patients. In addi-
tion, disturbances of 5-HT receptor function have been described. The 
disturbances primarily involve altered postsynaptic 5-HT2A receptor and 
pre-synaptic 5-HT1A receptor functioning, which results in the dysregula-
tion of 5-HT neurotransmission (Stahl, 1998). The state of the 5-HT2 re-
ceptor system remains rather unclear, with some studies reporting 
upregulation (e.g. Biegon et al., 1990; Pandey et al., 1990) and others 
reporting downregulation (Audenaert et al., 2001) of 5-HT2A receptors in 
depression. This variability may indicate different levels of 5-HT2 dysfunc-
tion in varying areas of the brain. Depression is more consistently associ-
ated with presynaptic 5-HT1A receptor upregulation and postsynaptic 5-
HT1A receptor downregulation (Maes & Meltzer, 1995; Van Praag et al., 
2004). Additionally, direct evidence of 5-HT1A receptor pathology in de-
pression comes from imaging studies using Positron Emission Tomogra-
phy (PET) that show reduced 5-HT1A receptor binding in depressed pa-
tients (Drevets et al., 1999; Sargent et al., 2000). However, these abnor-
malities do not seem to be specific for depression as they have also 
been found in patients with panic disorder with and without depression 
(Neumeister et al., 2004a). Moreover, involvement of other 5-HT recep-
tor subtypes has not been clearly investigated due to a lack of specific 
receptor ligands. 

In addition to 5-HT involvement in depression, allelic variations in the 
gene that encodes the 5-HT transporter protein (5-HTT) are currently 
being explored as a genetic risk factor for depression (Mann et al., 2000; 
Neumeister et al., 2002; Uher & McGuffin, 2008). 5-HTT plays a crucial 
role in serotonergic neurotransmission by facilitating reuptake of 5-HT 
into the presynaptic neuron (Lesch et al., 1996). Fewer 5-HTT sites have 
been reported in functional imaging studies of depressive patients (Mali-
son et al., 1998) as well as in postmortem studies (Mann et al., 2000), 
indicating less 5-HTT binding in depressive patients compared to 
healthy controls. The 5-HTT gene maps to chromosome 17q11.1-q12 
(Lesch et al., 1994) and evidence revealed a 5-HTT gene-linked poly-
morphic region (5-HTTLPR) with two common alleles or variants: the 
short form (s) and the long form (l) (Heils et al., 1996). The s allele of this 
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variant is less active, resulting in reduced transcriptional efficiency of the 
5-HTT gene, decreased 5-HTT expression, and reduced 5-HT uptake 
relative to the l allele (Heils et al., 1996; Greenberg et al., 1999). The 
functional effect on 5-HT availability suggested an association between 
the s allele and depression-related phenotypes. Some data, indeed, re-
veal associations between the s allele and negative emotionality in adults 
(Lesch et al., 1996) and infants (Auerbach et al., 1999). Furthermore, in-
dividuals homozygous for the s allele are more likely to have multiple 
first-degree relatives with a history of depression (Joiner et al., 2003) and 
depressed patients (Collier et al., 1996) as well as suicide victims (Bondy 
et al., 2000) were more likely to carry an s allele. Moreover, it has been 
found that 3,4-methylenedioxymethamphetamine (MDMA, or Ecstasy) 
users carrying the s allele show abnormal emotional processing and 
higher depression scores compared to ecstasy users homozygous for the 
l allele and control subjects carrying the s allele. MDMA binds to the 5-
HTT, preventing uptake and stimulating the release of 5-HT. These 
events cause long-term changes to the 5-HT system (Roiser et al., 2005). 
However, findings concerning an association between the 5-HTT poly-
morphism and depression have been inconsistent. Most studies revealed 
an association between the s allele and depression (Collier et al., 1996; 
Neumeister et al., 2002; Joiner et al., 2003; Gonda et al., 2005; Gonda 
et al., 2006) but not all demonstrated this finding (Willis-Owen et al., 
2005). Inconsistent results detailing the association between 5-HTTLPR 
and depression may be due to ethnicity or gender effects on 5-HT neu-
rotransmission (Williams et al., 2003) or may be due to recently identified 
allelic variants within the l allele of the 5-HTTLPR (Hu et al., 2006; Zals-
man et al., 2006). The 5-HTTLPR polymorphism is, in fact, tri-allelic due 
to functional variants within the l allele, designated as lG and lA. The lG 
allele has a low rate of 5-HTT expression comparable to the s allele and 
is relatively common in Caucasian and African American populations (Hu 
et al., 2006; Zalsman et al., 2006). There is also a paradox in the observa-
tion that low 5-HT uptake resulting from the 5-HTTLPR s allele may in-
crease the likelihood of developing depression, whereas low 5-HT reup-
take caused by selective serotonin re-uptake inhibitors (SSRIs) is a well-
accepted treatment for depression. The latter issue, however, may arise 
from the fact that the reduced uptake of 5-HT caused by the 5-HTTLPR s 
allele occurs throughout development and post-natal life and, conse-
quently, may cause permanent changes in the developing brain, whereas 
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SSRIs reduce 5-HT uptake only when administered in adulthood, when 
the brain is fully developed and less subjected to plasticity and struc-
tural-functional changes (Wurtman, 2005). Nevertheless, this paradox 
remains unresolved. 

It seems as though a predisposition to altered 5-HT functioning in 
certain populations of healthy subjects may constitute a significant risk 
factor in the development of mood disorders such as depression. Such a 
‘serotonergic vulnerability for depression’ may particularly be involved in 
first-degree family members of depressed patients and in individuals 
carrying the s allele 5-HTTLPR, who appear to have an increased risk for 
the development of major depression (e.g. Reich et al., 1987; Collier et 
al., 1996; Sullivan et al., 2000). Support for diminished 5-HT functioning 
in these populations is derived from studies using the acute tryptophan 
depletion (ATD) strategy (Young et al., 1985). Brain 5-HT synthesis and 
activity is lowered by depletion of the amount of plasma TRP relative to 
the sum of the other large neutral amino acids (LNAAs, i.e., valine, leu-
cine, isoleucine, phenylalanine, and tyrosine) with which TRP competes 
for uptake into the brain (Fernstrom & Wurtman, 1972). This is accom-
plished through administration of a balanced TRP-free amino acid mix-
ture, which contains all essential amino acids except for TRP. This re-
duces the amount of plasma TRP as compared to the LNAAs (TRP:LNAA 
ratio) by raising incorporation of TRP into protein synthesis (lowering its 
plasma availability) and, thus, increasing competition of the LNAAs with 
which TRP competes for uptake into the brain (e.g. Gessa et al., 1974; 
Moja et al., 1991; Maes & Meltzer, 1995). Evidence for reduced 5-HT 
neurotransmission after ATD comes from a broad range of different ani-
mal studies measuring 5-HT directly in the brain (e.g. Gessa et al., 1974; 
Moja et al., 1989) as well as from human PET imaging studies (Nishizawa 
et al., 1997) and human studies measuring CSF 5-HIAA concentrations 
(Carpenter et al., 1998; Williams et al., 1999). 

Healthy subjects with a positive family history of depression showed 
significantly greater depressed mood after ATD than healthy controls 
without a family history of depression (Benkelfat et al., 1994; Klaassen et 
al., 1999). This was also found for 5-HTTLPR s allele carriers compared to 
l allele carriers (e.g. Neumeister et al., 2002; Roiser et al., 2007; Walder-
haug et al., 2007). Further, ATD is found to cause depressive relapse in 
depressive patients treated with (and responding to) monoamine oxi-
dase inhibitors (MAOIs) or SSRIs (Delgado et al., 1990; Delgado et al., 
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1994; Delgado et al., 1999; for a review on tryptophan depletion in psy-
chiatric populations see Bell et al., 2001; Van der Does, 2001), whereas 
in healthy subjects, mood lowering effects of ATD are not found or ap-
pear to be rather modest (e.g. Benkelfat et al., 1994; Bhatti et al., 1998; 
Klaassen et al., 1999). Recently, it has been shown that depressive re-
lapse to ATD can be predicted by cognitive reactivity to depression 
(Booij & Van der Does, 2007), suggesting that cognitive reactivity, a psy-
chological vulnerability marker of depression, is also associated with se-
rotonergic vulnerability. 

The mood-lowering findings of ATD in individuals with an increased 
risk of depression strongly support the assumption that serotonergic vul-
nerability may constitute an important risk factor for the development of 
depression. In particular, the increased risk of depression in subjects with 
a positive family history of depression and in s allele carriers suggests 
that a strong genetic component promotes brain (5-HT) vulnerability. 
Despite the fact that this genetic vulnerability may promote the devel-
opment of depression, many individuals with a positive family history of 
depression and/or with an s allele 5-HTTLPR do not develop depression 
(Sullivan et al., 2000; Lotrich & Pollock, 2004). Thus, the role of 5-HT vul-
nerability in depression remains rather complex and there does not seem 
to be a direct relationship between 5-HT dysfunction and symptoms of 
depression. Finding a solution for this problem constitutes a major chal-
lenge in biological psychiatry today. Therefore, gene-environment inter-
actions have been suggested in the etiology of depression. Because de-
pression is often preceded by stress, researchers have hypothesized that 
a genetic vulnerability to depression, related to the serotonergic system, 
might only be expressed if an individual is exposed to stress (Van Praag, 
2004). Hence, bi-directional interactions are proposed between the 
stress system and the serotonergic system. Ultimately, these interactions 
may induce or increase serotonergic dysfunction and promote the de-
velopment of a depressive disorder. 

STRESS: A RISK FACTOR FOR DEPRESSION? 

Stress, although difficult to define, generally refers to a situation dur-
ing which individuals are activated to prepare adaptive responses to in-
terruptive events that challenge their homeostatic balance or self-
control. In order to re-establish homeostasis, a stress-inducing event 
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(stressor) should be followed by a physiological stress response (Akil & 
Morano, 1995). One of the earliest contributions to stress (response) re-
search comes from Walter Cannon’s (1932) description of the fight-or-
flight response of the sympathetic nervous system (SNS) in response to 
threat. Cannon found that SNS activation prepares the body for adapta-
tion; either to fight off an attacker or to flee from the danger. Hans Selye 
(1936; 1976) further popularized the stress concept by proposing that all 
individuals physiologically respond to all types of threatening situations 
in the same non-specific manner, which he called the general adaptation 
syndrome (GAS). In contrast to Cannon, Selye mainly focused on the ac-
tivation of the hypothalamic-pituitary-adrenal (HPA) axis, which he first 
described as an adaptive stress response but later discovered that these 
processes, when excessive, can also damage the body (e.g. Selye, 1976). 

In response to stress, SNS levels of noradrenaline increase and acti-
vate the sympathetic adrenal medullary system (SAM) to release adrena-
line into the bloodstream. The activation of the SNS and the SAM form 
the body’s immediate stress response, increasing heart rate, blood pres-
sure, and blood glucose levels to prepare the organism to survive by 
either running or fighting (e.g. Clow, 2001). In addition, with some sec-
onds delay, the HPA axis is activated. The HPA axis constitutes the major 
stress-adaptation mechanism that, on the one hand, provides extra glu-
cose for the sympathetic stress responses and behavioral action and, on 
the other hand, suppresses the stress response in order to re-establish a 
physiological balance (Ursin & Olff, 1993). The HPA axis consists of three 
components: the hypothalamus, the anterior pituitary, and the adrenal 
cortex (Arborelius et al., 1999) (Figure 2). 

Upon receiving various limbic inputs indicative of stress, cell bodies 
at the level of the paraventricular nucleus (PVN) of the hypothalamus are 
stimulated to enhance the release of corticotropin-releasing hormone 
(CRH). CRH, in turn, is the main modulator for cell bodies in the anterior 
pituitary gland to secrete adrenocorticotropic hormone (ACTH) and re-
lated peptides that originate from the same precursor pro-
opiomelanocortin. ACTH is secreted into the systemic circulation and 
stimulates the adrenal cortex to release glucocorticoid cortisol. Cortisol, 
in turn, re-establishes the internal balance of the nervous system and the 
body by exerting a variety of actions throughout the brain in order to 
terminate the stress-response, recover from stress, and prepare the or-
ganism for stress coping (Sapolsky, 1992; Ursin & Olff, 1993; Dinan, 
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1994). These effects of cortisol are regulated by fast and slow negative 
feedback mechanisms on several levels of the HPA axis resulting in re-
duced release of CRH and ACTH. Hence, cortisol binds to receptors at 
the level of the hippocampus, hypothalamus, and pituitary to mediate 
negative feedback to the HPA axis (e.g. Fulford & Harbuz, 2005). Rapid 
feedback occurs within minutes, primarily by inhibiting CRH and ACTH 
release at the level of the PVN and anterior pituitary (Steckler et al., 
1999). Delayed feedback emerges 1-2 hours later via an inhibitory action 
of cortisol at the level of the hippocampus to prevent continued activa-
tion of the HPA axis (Fulford & Harbuz, 2005). 

limbic system

hypothalamus

ACTH

anterior pituitary

adrenal cortex

CRH

cortisol

stress

limbic system

hypothalamus

ACTH

anterior pituitary

adrenal cortex

CRH

cortisol

stress

 
 

Figure 2. The HPA stress-response. Limbic inputs indicative of stress trigger the hypo-
thalamus to release corticotropin-releasing hormone (CRH). CRH stimulates the anterior 
pituitary gland to secrete adrenocorticotropic hormone (ACTH). ACTH stimulates the adre-
nal cortex to release glucocorticoid cortisol. The HPA axis is regulated by negative feed-
back of cortisol. 

 
The stress response is essential for adaptation to acute physical or 

psychological stressors, but may be damaging to the body and brain 
when chronically activated. This has led to the introduction of two terms: 
allostasis (i.e., the process of maintaining stability (homeostasis) by the 
release of stress hormones) and allostatic load or overload (i.e., the wear 
and tear on the body and brain when stress hormones are chronically 
activated) (McEwen, 2000). Exposure to chronic stress is thought to 
negatively affect various brain structures, particularly the hippocampus, 
by excess circulating glucocorticoids. The hippocampus plays an impor-
tant role in regulating HPA axis activity; therefore, damage to the hippo-
campus may cause even higher glucocorticoid levels, which, in turn, in-
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creases hippocampal atrophy and promotes HPA hyperactivity (Sapolsky 
et al., 1986; Sapolsky, 1996). There is ongoing evidence that the HPA 
system may be hyperactive in depression (for a detailed review on the 
role of the HPA system in depression see Steckler et al., 1999; Holsboer, 
2000; De Kloet et al., 2005). In the majority of studies, half of depressive 
patients respond with hyperactivation of the HPA axis (Nestler et al., 
2002). Disturbances in the function of the HPA axis result in increased 
levels of circulating ACTH, increased urinary cortisol excretion, and in-
creased levels of CRH in CSF (Holsboer, 2000; Van Praag et al., 2004). 
Neuroendocrine function tests have been used to further investigate ab-
normal HPA function. Depressive patients show reduced suppression of 
ACTH and cortisol after pretreatment with 1 to 2 mg dexamethasone 
(i.e., the dexamethasone (DEX) suppression test) in comparison to 
healthy controls (e.g. Carroll, 1982). In depressive patients, the normal 
degree of cortisol suppression requires higher doses of dexamethasone, 
suggesting that the cortisol-mediated negative feedback is changed to a 
higher setpoint (Modell et al., 1997). Additionally, intravenous admini-
stration of CRH leads to an increased ACTH response but normal cortisol 
response in depressed patients compared to controls (Holsboer et al., 
1986). More recently, a combined DEX-CRH test has been used to inves-
tigate abnormal HPA function. It was found that dexamethasone pre-
treated depressed patients show enhanced ACTH and cortisol response 
to CRH compared to healthy controls (e.g. Von Bardeleben & Holsboer, 
1989; Rybakowski & Twardowska, 1999). Moreover, the hormonal re-
sponse pattern following the combined DEX-CRH test of individuals with 
a family history of depression was comparable to the enhanced response 
typically found in depressed patients, suggesting that the vulnerability 
for HPA axis abnormalities observed in depression may also be (at least 
partly) genetically determined (Holsboer et al., 1995; Modell et al., 
1998). 

SEROTONIN, STRESS AND DEPRESSION 

Biological as well as psychological factors are involved in depression 
and recent data suggests that serotonergic vulnerability and cognitive 
stress perception may mutually increase the risk of depression. In sup-
port of this assumption, interactions between 5-HT and the regulation of 
neuroendocrine stress mechanisms have been clearly reported. Interest-
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ingly, challenges of either system may reduce the function of the other 
(Porter et al., 2004). 

5-HT plays an important role in regulating HPA axis activity and 
stress coping and there are strong interrelationships between stress and 
5-HT function. In various animal models, it has been shown that 5-HT is 
important in activating the HPA axis by stimulating CRH release, trigger-
ing ACTH release, and stimulating corticosteroid secretion (Lefebvre et 
al., 1992; Fuller, 1996). The serotonergic activation of the HPA axis has 
also been suggested for humans (Dinan, 1996). Furthermore, in animals, 
it has been found that acute stress leads to a rise in brain 5-HT turnover 
by increasing TRP availability and stimulating tryptophan hydroxylase 
(e.g. De Kloet et al., 1982; De Kloet et al., 1983; Davis et al., 1995). The 
increased release of brain 5-HT is important because it enhances the 
negative feedback control of cortisol on the HPA axis as a biological 
mechanism for stress adaptation (Nuller & Ostroumova, 1980; Van Praag 
et al., 2004). Conversely, dysfunctional brain 5-HT activity may deterio-
rate HPA function and reduce stress adaptation in animals (Seckl & Fink, 
1991) and humans (Maes et al., 1991). In animals, continued stress expo-
sure or chronic stress is found to have a negative influence on the 5-HT 
system and may increase 5-HT sensitivity or vulnerability as a compensa-
tory response (Adell et al., 1988). The existence of a clear mutual rela-
tionship between reduced 5-HT function, reduced stress adaptation, and 
subsequent increased vulnerability to mood deterioration was further 
suggested by findings that increases in brain 5-HT improve stress coping 
and, subsequently, lead to reduced depressive mood in healthy stress-
susceptible subjects but not in controls (e.g. Markus et al., 1998; Markus 
et al., 2000a). In addition, the link between 5-HT, stress, and depression 
has also been investigated in a recent study using ATD (Richell et al., 
2005) showing that healthy subjects were more susceptible to the mood-
lowering effect of uncontrollable stress exposure after ATD as compared 
to placebo. 

Based on these previous findings, serotonergic vulnerability for de-
pression may be accompanied by reduced stress coping mechanisms 
during exposure to acute stressful situations. As a consequence, the ex-
perience of severe stress in these 5-HT-vulnerable subjects may further 
challenge the 5-HT system which, in turn, may further increase seroton-
ergic vulnerability and, ultimately, increase the risk of developing de-
pression. Support of the assumption that stress, in combination with se-
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rotonergic vulnerability, may increase the risk for depression comes from 
recent studies showing that 5-HTTLPR can moderate the influence of 
stress on the onset of depression (Caspi et al., 2003; Kendler et al., 
2005). For instance, Caspi et al. (2003) found that individuals carrying 
one or two s alleles of the 5-HTTLPR were more sensitive to the depres-
sogenic effects of stressful life events than individuals homozygous for 
the l allele. However, Kendler et al. (2005) found that the interaction be-
tween stressful life events and genotype resulted from an increased sen-
sitivity to depressogenic effects for individuals homozygous for the s al-
lele. The gene-environment interaction has also been investigated in 
maltreated children (Kaufman et al., 2004). Maltreated children with the 
s/s genotype had higher depression scores than control children with the 
same genotype. Interestingly, this was also influenced by the social sup-
port that the children experienced, with only slightly increased scores for 
children with good social support and markedly increased depression 
scores for maltreated children without social support. 

It should be mentioned that some studies that aimed to replicate 
these findings failed to do so (Gillespie et al., 2005; Surtees et al., 2006) 
or could only partially replicate the findings (Eley et al., 2004; Grabe et 
al., 2005). Nevertheless, the majority of replication studies have con-
firmed the gene by environment interaction, supporting an interaction 
between the 5-HTTLPR, adverse life events, and major depression (see 
for a recent review Uher & McGuffin, 2008). Moreover, human neuroi-
maging studies have shown that individuals carrying the s allele of the 5-
HTTLPR exhibit a greater stress response in the amygdala in reaction to 
fearful stimuli compared to individuals homozygous for the l allele (Hariri 
et al., 2002; Hariri et al., 2005). 

In spite of epidemiological studies exploring the interaction between 
5-HT and stress, experimental research investigating the interaction be-
tween stress and 5-HT vulnerability is scarce and, to our knowledge, the 
interaction between serotonergic vulnerability and stress in 5-HT vulner-
able populations has not yet been studied. However, particularly under 
acute stress exposure, 5-HT vulnerable subjects may be more prone to 
develop depressive complaints and may be more susceptible to the 
negative effects of ATD. In the face of acute stress, the serotonergic sys-
tem is activated because it plays an important role in regulating HPA axis 
activity, which is important for stress coping (e.g. Porter et al., 2004). 
Therefore, transient reduction of 5-HT through ATD may reduce stress 
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coping, particularly in 5-HT-vulnerable populations (i.e., individuals with 
a positive family history of depression, individuals carrying the s allele of 
the 5-HTTLPR, or individuals with a cognitive reactivity to depression). 
Furthermore, if transient reduction of 5-HT through ATD induces depres-
sive complaints in 5-HT-vulnerable subjects under acute stress, the ques-
tion arises of whether the negative effects of acute stress can be coun-
teracted through transiently increasing 5-HT neurotransmission. 

One method to increase brain 5-HT is through carbohydrate-rich di-
ets, which have been found to increase the TRP:LNAA ratio (Fernstrom 
et al., 1973; Curzon, 1985; Markus et al., 1998; Markus et al., 1999). 
However, the use of carbohydrate-rich diets poses methodological prob-
lems, including the lack of placebo-controlled double-blind trials, and 
the effects on the TRP:LNAA are only modest (Markus, 2008). A different 
method to enhance TRP availability relative to the other LNAAs, which 
can easily be used in double-blind placebo-controlled studies, is the use 
of alpha-lactalbumin protein. Alpha-lactalbumin is a whey protein with 
the highest TRP content of most protein food sources (Heine et al., 
1996). Intake of alpha-lactalbumin has been shown to increase the 
TRP:LNAA ratio by 50-130% (Markus et al., 2002; Markus et al., 2005; 
Merens et al., 2005; Booij et al., 2006) and animal studies have con-
firmed an increase in brain 5-HT synthesis (Orosco et al., 2004). How-
ever, the rise in TRP:LNAA ratio still seems to be insufficient to cause 
meaningful behavioral changes (e.g. Merens et al., 2005). To date, mood 
improving effects of alpha-lactalbumin have only been found in stress-
vulnerable subjects after acute stress exposure (Markus et al., 2000a; 
Markus et al., 2002), suggesting that the positive effects of 5-HT aug-
mentation with alpha-lactalbumin are exclusively found in vulnerable 
subjects under conditions when 5-HT is actually needed. Therefore, a 
new method with a more purified and hydrolyzed protein rich in TRP 
may have greater effects on the TRP:LNAA ratio (see Chapter 5) and 
may, therefore, be a better alternative for future studies (see Chapter 6). 

CONCLUSION 

Serotonergic vulnerability, a sensitivity of the brain serotonergic sys-
tem to alterations or disruptions, has been suggested as a risk factor for 
mood disorders such as depression. Individuals with a family history of 
depression and individuals with the 5-HTTLPR s allele are thought to suf-
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fer from serotonergic vulnerability, based on serotonergic challenge 
studies, which may explain their increased risk of developing depression. 
Serotonergic vulnerability may be innate, as suggested by family and 
twin studies and 5-HTTLPR genotype studies, but may also be acquired 
during development or later in life. However, not all individuals with a 
positive family history of depression and not all s allele carriers develop 
depression; therefore, we suggest that a positive family history of de-
pression or possession of the s allele may not be risky but may only in-
crease depression susceptibility in the context of stress. After all, stress is 
suggested as an additional risk factor in the development of depression 
and it is thought that serotonergic vulnerability, particularly in combina-
tion with stress, increases the likelihood of developing depression. Evi-
dence suggests that bi-directional interactions between the neuroendo-
crine stress mechanisms and the brain serotonergic system are responsi-
ble for this increased vulnerability to depression following stressful life 
events in individuals with a susceptible serotonergic system. Neverthe-
less, this interaction has not yet been studied experimentally in vulner-
able individuals and, therefore, merits research, which may further eluci-
date the pathophysiology of depression. 

AIM OF THE DISSERTATION 

The main aim of this dissertation is to experimentally investigate the 
interaction between stress and serotonergic vulnerability as a risk factor 
for depression. The first research question is whether depression-
vulnerable individuals indeed exhibit serotonergic vulnerability. The sec-
ond research question is whether depression vulnerable individuals are 
susceptible to acute stress exposure, particularly following 5-HT deple-
tion through ATD and whether negative effects of stress may be coun-
teracted by increasing 5-HT availability through TRP augmentation. In 
the current experiments, different population groups (individuals with a 
family history of depression, 5-HTTLPR s allele carriers, and individuals 
with a cognitive reactivity to depression) who are suggested to have an 
increased risk of depression, possibly due to serotonergic vulnerability, 
are exposed to serotonergic manipulations (ATD and TRP augmentation) 
and acute stress to test the serotonergic vulnerability by stress interac-
tion hypothesis. It is hypothesized that individuals with a family history of 
depression and 5-HTTLPR s allele carriers exhibit stress vulnerability and 
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serotonergic vulnerability following ATD demonstrated by mood lower-
ing, negative attention bias, or negative memory bias. Additionally, it is 
expected that serotonergic vulnerability manifests itself particularly fol-
lowing acute stress. Further, it is hypothesized that individuals with a 
cognitive reactivity to depression, also thought to have a serotonergic 
vulnerability, show mood improvements following TRP augmentation 
and that TRP augmentation may counteract the negative effects of acute 
stress on mood and cortisol. 

METHODOLOGY 

All studies described in this dissertation are conducted with a dou-
ble-blind placebo-controlled crossover design. In order to explore sero-
tonergic vulnerability under acute stress exposure, the first three studies 
are conducted with the use of ATD to transiently induce or increase sero-
tonergic vulnerability. ATD is accomplished with a TRP-free collagen-
protein (CP) amino acid drink (Blokland et al., 2004; Evers et al., 2005). 
This ATD method differs from the classic methodology by including a 
gelatin-based hydrolyzed CP that contains the entire range of amino ac-
ids (except for L-TRP) in the form of peptides. After administration, these 
peptides are decomposed into amino acids and the mechanism of de-
pletion is identical to the classic ATD method (Blokland et al., 2004; 
Evers et al., 2005). One advantage of using the CP method is that the 
placebo mixture may have no meaningful effects on the plasma 
TRP:LNAA ratio; thereby, preventing unwanted confounding central ef-
fects of the placebo that may either under- or overestimate the influence 
of ATD (Blokland et al., 2004; Evers et al., 2005; Sambeth et al., 2008). 

In order to explore the effects of increasing 5-HT availability in de-
pression- (5-HT) vulnerable subjects under acute stress on mood and 
stress coping, in study four and five, TRP is augmented to transiently in-
crease 5-HT synthesis. Therefore, a TRP-rich hydrolyzed protein is tested 
to, first, investigate the effects on the TRP:LNAA ratio in comparison to 
previously used alpha-lactalbumin protein and other TRP sources and, 
then, explore the effects of 5-HT augmentation on mood and stress cop-
ing in individuals with a cognitive reactivity to depression. 

To induce acute stress, the Markus-Peters computerized mental 
arithmetic task (MPA, e.g. Markus et al., 2000a) is used in part of the ex-
periments (Chapters 1, 2, and 3). During the MPA task, subjects must 
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solve a specific number of multiple choice mental arithmetic questions 
under time-constraints while, at the same time, continuous 75, 80, or 85 
dB industrial noise is presented to them through headphones. Subjects 
are led to believe that the intensity of the noise depends on their per-
formance; however, the criterion is manipulated so that all subjects con-
tinue to fail on each trial. In Chapter 6, the Trier Social Stress Test (TSST, 
Kirschbaum et al., 1993) is used. The TSST, consists of a preparation pe-
riod (10 min) followed by a video-taped test period (10 min) during 
which the subject must give a free speech (5 min) and perform mental 
arithmetic (5 min) in front of an audience. Both stress procedures have 
frequently demonstrated to induce psychological and physiological 
stress (e.g. Kirschbaum et al., 1993; Markus et al., 2000b; Markus et al., 
2002). 

OUTLINE OF THE DISSERTATION 

Chapters 2, 3, and 4 explore the interaction between serotonergic 
vulnerability, stress, and depression symptoms in individuals with a posi-
tive family history of depression (FH+) and in subjects with different 5-
HTTLPR genotypes by the use of ATD. In Chapter 2, the effects of ATD 
on affective processing before and after exposure to acute stress are 
tested in individuals with FH+ and controls. It is hypothesized that indi-
viduals with FH+ are more prone to the negative affective effects of ATD 
(due to serotonergic vulnerability), particularly following acute stress ex-
posure, compared to controls. In Chapter 3, the interaction between 
serotonergic vulnerability, stress, and depression symptoms is investi-
gated in subjects with a genetic vulnerability to depression. In this study, 
differential effects of 5-HTTLPR genotypes following ATD and acute 
stress exposure on affective processing are investigated. It is hypothe-
sized that individuals carrying the bi-allelic 5-HTTLPR s allele are more 
stress- and ATD-susceptible compared to 5-HTTLPR l/l carriers. In Chap-
ter 4, differential effects of tri-allelic 5-HTTLPR genotypes on mood, 
memory, and attention bias following ATD and stress exposure are in-
vestigated. Mood lowering and negative attention and memory bias are 
expected following ATD and stress exposure, particularly in 5-HTTLPR s 
allele carriers. 

Chapters 5 and 6 explore the effects of 5-HT augmentation on 
mood and stress coping in healthy non-vulnerable and healthy depres-
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sion-vulnerable subjects. In Chapter 5, it is tested whether a newly de-
veloped TRP-rich hydrolyzed protein has greater effects on the plasma 
TRP:LNAA ratio and mood than the previously used intact alphalactal-
bumin protein. In Chapter 6, the interaction between serotonergic vul-
nerability, stress, and depression symptoms in individuals with a cogni-
tive reactivity (CR) to depression is investigated. It is hypothesized that 
subjects with high CR due to serotonergic vulnerability may particularly 
benefit from increased 5-HT availability, especially under acute stress. 
Therefore, mood and cortisol responses following TRP augmentation 
with a TRP-rich hydrolyzed protein and acute stress in healthy subjects 
with high and low CR to depression are measured. Beneficial effects of 
5-HT augmentation on mood and stress coping, particularly in individu-
als with high CR are expected. 

Chapter 7 gives an overview and a general discussion of the main 
findings of this dissertation. Further, suggestions for future research are 
provided. 
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CHAPTER 2 

Effects of acute tryptophan depletion on affective process-

ing in first-degree relatives of depressive patients and con-

trols after exposure to uncontrollable stress 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Based on: 
Firk, C., Markus, C.R. (2008). Effects of acute tryptophan depletion on affective processing 
in first-degree relatives of depressive patients and controls after exposure to uncontrollable 
stress. Psychopharmacology 199, 151-160. 
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ABSTRACT 

Rationale 
Individuals with a family history of depression may be more likely to de-
velop depression due to an innate vulnerability of their serotonergic sys-
tem. However, even though serotonergic vulnerability may constitute a 
risk factor in the development of depression it does not seem to be suf-
ficient to cause a depressive episode. Based on previous data, it is sug-
gested that stress may be a mediating factor. 
Objectives 
This study examined the role of serotonin (5-HT) in stress coping in indi-
viduals with or without a family history of depression. 
Methods 
Nineteen healthy first degree-relatives of depressive patients (FH+) and 
19 healthy controls without a family history of depression (FH-) were 
tested in a double-blind placebo-controlled design for affective process-
ing under acute stress exposure, following acute tryptophan depletion 
(ATD) or placebo. 
Results 
Significant negative effects were found of stress on affective processing 
in FH- and FH+. In addition, FH- responded slower to positive words 
after stress only following ATD, whereas FH+ responded marginally 
slower under stress already after placebo and before stress following 
ATD. 
Conclusion 
Acute stress exposure reduces positive affective bias; supporting the role 
of stress as an important predecessor in the development of depression. 
Further, FH+ may be more susceptible than FH- to the negative effects 
of stress as well as to the negative effects of ATD. The results support 
the assumption that the 5-HT system is involved in stress resilience and 
may be more vulnerable in first degree relatives of depression. 
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INTRODUCTION 

First-degree relatives of depressive patients have a two- to threefold 
increased risk of developing depression (Sullivan et al., 2000; Kelsoe). 
Although environmental factors play a role, adoption and twin studies 
indicate that the heritability ranges between 31% and 41% (Sullivan et 
al., 2000). Although the neurobiological equivalent of this genetic pre-
disposition remains unclear, the brain serotonergic system seems to be 
involved (Owens & Nemeroff, 1994; Maes & Meltzer). Evidence comes 
from studies reporting lower plasma availability of the serotonin (5-HT) 
precursor tryptophan (TRP) for the brain, reduced cerebrospinal fluid 
(CSF) concentration of the 5-HT metabolite 5-hydroxyindoleacetic acid 
(5-HIAA) and decreased platelet 5-HT uptake in depression, suggesting 
diminished brain 5-HT function (Maes & Meltzer, 1995; Neumeister et al., 
2004c). 

Acute tryptophan depletion (ATD) is commonly used to study sero-
tonergic vulnerability (Young et al., 1985; for a review see Fusar-Poli et 
al., 2006). The intervention reduces brain 5-HT through intake of a TRP-
free amino acid mixture which reduces tryptophan (TRP) relative to the 
sum of the other large neutral amino acids (LNAA’s) with which TRP 
competes for brain uptake (i.e. Fernstrom & Wurtman, 1971; Gessa et 
al., 1974; Moja et al., 1991; Maes & Meltzer, 1995). Reduced 5-HT neu-
rotransmission after ATD is indicated by decreased brain 5-HT synthesis 
and release as well as by lower concentrations of cerebrospinal fluid 5-
hydroxyindoleacetic acid (5-HIAA) (Nishizawa et al., 1997; Carpenter et 
al., 1998; Williams et al., 1999). 

ATD is found to reverse antidepressant-induced remission (Delgado 
et al., 1990; Delgado et al., 1999; Booij et al., 2005) and induces depres-
sive symptoms in remitted depressive patients (Moreno et al., 2000; 
Neumeister et al., 2004b; Hayward et al., 2005; Moreno et al., 2006; 
Booij & Van der Does, 2007), whereas in healthy subjects no or only 
modest effects are found (e.g. Benkelfat et al., 1994; Bhatti et al., 1998; 
Klaassen et al., 1999; Evers et al., 2005; Fusar-Poli et al., 2007; Ruhe et 
al., 2007). However, depressogenic effects of ATD seem to be mediated 
by family history for depression. Healthy subjects with a positive family 
history (FH+) of depression show greater depressed mood after ATD 
than healthy controls without a family history (FH-) (Benkelfat et al., 1994; 
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Klaassen et al., 1999; Neumeister et al., 2002; Sobczak et al., 2002a; van 
der Veen et al., 2007). Furthermore, mood lowering effects of ATD may 
depend on the 5-HT transporter genotype, a gene-linked polymorphic 
region (5-HTTLR) with two functional variants (Neumeister et al., 2002; 
Neumeister et al., 2006; Roiser et al., 2007; Walderhaug et al., 2007) that 
has been shown to modulate the vulnerability to depression (Caspi et al., 
2003). These findings support the assumption of serotonergic vulnerabil-
ity as a risk factor for depression. 

Even though serotonergic vulnerability may constitute a likely risk 
factor in the development of depression, it does not seem to be the sole 
contributor. Recent studies revealed that stress may be an important 
mediating factor. Stressful life events often precede the onset of depres-
sion (Brown et al., 1987; Heim & Nemeroff, 2001; Van Praag, 2004) and 
individuals with a genetic 5-HT vulnerability respond more readily to 
stressful life events with depressive feelings than individuals without a 
genetic vulnerability (Caspi et al., 2003). Furthermore, there is consider-
able evidence for complex interactions between the serotonergic system 
and neuroendocrine stress mechanisms (Van Praag, 2004) and 5-HT is 
involved in the initiation and termination of the stress response (Lefebvre 
et al., 1992; Dinan, 1996; Fuller). Acute stress increases brain 5-HT turn-
over (e.g. De Kloet et al., 1982; De Kloet et al., 1983; Davis et al., 1995) 
as a biological mechanism for stress adaptation (Nuller & Ostroumova, 
1980; Van Praag et al., 2004), whereas dysfunctional brain 5-HT is found 
to reduce HPA function and stress adaptation (Maes et al., 1991; Seckl & 
Fink, 1991). In addition, brain 5-HT augmentation is found to reduce the 
negative effects of stress on cortisol stress-responses and depressive 
symptoms in healthy but stress- susceptible subjects compared to con-
trols (Markus et al., 2000a; Markus et al., 2002). In accordance, Richell et 
al. (Richell et al., 2005) reported that even healthy subjects are suscepti-
ble to the mood-lowering effects of stress exposure following ATD. 

Based on these previous findings, FH+ individuals are thought to be 
prone to the negative affective effects of stress due to serotonergic vul-
nerability. In addition, this may even be more profound after ATD. 

Depression is associated with reduced attention, memory and execu-
tive functioning (Elliott et al., 1996; Porter et al., 2003; Tavares et al., 
2003; Paelecke-Habermann et al., 2005); among which attention bias 
towards negative information has frequently been demonstrated (e.g. 
Lim & Kim, 2005; Rinck & Becker, 2005). Depressed patients respond 
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slower to happy words compared to sad words during affective go/no-
go tasks (Murphy et al., 1999; Erickson et al., 2005) and this was also ob-
served in healthy individuals following ATD (Murphy et al., 2002). 

The present study investigated whether first-degree relatives of de-
pressive patients (FH+), as compared with subjects without a family his-
tory of depression (FH-), are more prone to the negative effects of stress 
exposure and ATD on affective processing. Based on previous data 
(Murphy et al., 2002), it is hypothesized that stress, particularly after 
ATD, would slow down responses to positive words particularly in indi-
viduals with FH+. 

METHODS 

Subjects 

Maastricht University students (n=200) completed a questionnaire 
package concerning personal details. Students reporting having at least 
one first degree-relative diagnosed with major depression were invited 
for a personal interview, as well as students reporting no first and second 
degree relative with a depressive disorder. To assess FH, all participants 
were interviewed by a trained psychologist with an abbreviated version 
of the Family History Research Diagnostic Criteria (FHRDC) (Endicott et 
al. 1975). In addition, participants meeting the FH+ inclusion criteria 
were asked whether relatives could be contacted for confirmation. 

Nineteen healthy first degree-relatives of depressive patients (FH+) 
and 19 healthy controls without a family history of depression (FH-) were 
selected for the experiment. A structured psychiatric interview (MINI) 
(Sheehan et al., 1994) was carried out to exclude psychiatric disorders. 
Furthermore, the Symptom Checklist SCL-90 (Arrindell & Ettema, 1986) 
and the Beck Depression Inventory (BDI) (Beck et al., 1961) were filled in 
to verify the absence of depressive and general psychopathologic symp-
tomatology. The FH- group and the FH+ group did not differ with re-
spect to sex, age, BMI and BDI and SCL-90 scores (all p > .05). Demo-
graphic characteristics are presented in Table 1. 

Participants were excluded if they reported chronic and current ill-
ness; history of psychiatric or medical illness; medication use; metabolic-, 
hormonal- or intestinal diseases; irregular diets; or deviant eating habits 
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and excessive alcohol or drug use. Participants’ health was checked with 
standardized medical questionnaires that were evaluated by a trained 
doctoral-level psychologist under the supervision of a medical doctor. 

Participants included in the study revealed normal body-mass in-
dexes (BMI in kg/m2 between 19-26), were non-smokers and were re-
quested not to use alcohol or any kind of drugs before and during the 
study. Inclusion criteria for FH+ were the presence of at least one first-
degree relative with major depression according to the DSM-IV criteria, 
whereas inclusion criteria for FH- include absence of a first- or second-
degree relative with major depression. 

The study was approved by the Medical Ethics Committee of the 
Academic Hospital Maastricht and complied with the requirements of 
the European Council of Good Clinical Practice (GCP) adopted by the 
52nd World Medical Association General Assembly, Edinburgh, Scotland 
(October, 2000). All subjects gave their informed consent and were paid 
125 Euros for participation. 

 
Table 1. Demographic characteristics of the FH+ group and FH- group. Values are mean 
(SD). 

 Family history (FH) 
 FH+ FH- 
Women 15 14 
Men 4 5 
Age 20.5 (2.1) 22.1 (3.6) 
BMI 21.7 (2.2) 23.1 (2.5) 
SCL-90 19.9 (17.9) 26.4 (23.6) 
BDI 3.6 (3.6) 5.4 (4.2) 

Design 

A placebo-controlled, double-blind, crossover design was used. Dur-
ing two experimental sessions, subjects were monitored for affective 
processing before and after acute stress exposure either following intake 
of TRP-free (ATD) or a TRP-containing placebo (PLC) amino acid mixture. 
The order of presentation of the ATD and PLC condition was counter-
balanced within groups and both experimental sessions were separated 
by at least one week. Female subjects were tested in the follicular phase 
of their menstrual cycle or when actually taking oral contraceptives. 
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Procedure 

Eligible participants attended a briefing at Maastricht University to 
receive information about the study and to be scheduled for the experi-
ment. 

On each experimental morning, two subjects arrived at the labora-
tory at 08:30 am and 10:00 am, respectively. Subjects fasted overnight; 
only water or tea without sugar was permitted. After arrival, a first blood 
sample was taken followed by a first version of the affective go/no-go 
(AGNG) task to make subjects familiar with the test condition. Then, a 
first measurement of vegetative side effects was conducted followed by 
administration of the amino acid mixture (t0). Four and a half hours later 
(t4.5), a second blood-sample was taken followed by a second measure of 
vegetative side effects. Then (t5) participants conducted a second version 
of the AGNG task followed by the stress task. After completion of the 
stress task, a third version of the AGNG task was administered. 

Between intake of the amino acid mixture and exposure to labora-
tory tasks, the subjects were able to study or to read magazines in a 
separated private room. They had free access to water and decaffein-
ated tea. Two hours after administration of the amino acid mixture, they 
received a standardized protein-poor lunch as previously used in ATD 
studies (Riedel et al., 1999; Sobczak et al., 2002a; Sobczak et al., 2002b). 
At the end of each test day, subjects received a high protein snack and 
bananas, which are natural sources of L-TRP to facilitate a quick recovery 
from possible negative effects of ATD. 

Acute tryptophan depletion 

A reduction in brain 5-HT was accomplished by ATD through the use 
of a TRP-free collagen-protein (CP) amino acid drink (Blokland et al., 
2004; Evers et al., 2005). To obtain a drinkable mixture, 100 g of the pro-
tein powder was mixed with 200 ml of tap water and 20 ml syrup. The 
placebo mixture was identical in composition but 1.2 g l-TRP (Sigma, 
Zwijndrecht; The Netherlands) was added. See Table 2 for the amino 
acid composition of the different conditions (Evers et al., 2005). 
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Table 2. Composition (grams) of the gelatin-based protein (all values are g per 100 g of 
each mixture) 

 
 ATD PLC 

Phenylalanine 1.9 1.9 

Tyrosine 0.4 0.4 

Valine 2.1 2.1 

Leucine 3 3 

Isoleucine 1.4 1.4 

Tryptophan 0.1 1.3 

Serine 3.1 3.1 

Glycine 22.5 22.5 

Histidine 0.5 0.5 

Arginine 8.8 8.8 

Threonine 1.1 1.1 

Alanine 9.3 9.3 

Proline 13.3 13.3 

Methionine 0.6 0.6 

Cystein 0.2 0.2 

Lysine 3.6 3.6 

Hydroxyproline 12.1 12.1 

Hydroxylysine 1.4 1.4 

Aspartic acid + asparagines 9.3 9.3 

Glutamic acid + glutamine 5.2 5.2 

 
This ATD method differs from the classic methodology by including a 

gelatin-based hydrolyzed CP that contains the entire range of amino ac-
ids (except for L-TRP) in the form of peptides. After administration, these 
peptides are decomposed into amino acids and the mechanism of de-
pletion is identical to the classic ATD method. (Blokland et al., 2004; 
Evers et al., 2005). 

Stress exposure 

The Markus-Peters computerized mental arithmetic task (MPA) was 
used as an uncontrollable stress situation. Subjects were given 8 succes-
sive 1-min trials during which they had to solve a specific number of mul-
tiple choice mental arithmetic problems (the criterion) under time con-
straints, while exposed to continuous 75, 80 or 85 dB industrial noise 
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presented through headphones. They were led to believe that the inten-
sity of the noise depended on their performance; if they failed the crite-
rion, noise intensity was chosen by the computer during the next trial; if 
they met the criterion, they could choose the intensity of the noise. In 
fact, the criterion was always set at one sum above what subjects could 
manage as calculated from the average time per sum needed on previ-
ous trials. This task has been demonstrated to induce psychological and 
physiological stress (Markus et al., 1998; Peters et al., 1998; Markus et 
al., 2000a; Markus et al., 2000b). 

Affective go/no-go paradigm 

A modified version of the AGNG task described by Murphy et al. 
(1999) was used to detect affective attentional bias. In this task, happy 
and sad words are presented on the screen one-by-one for 300 ms, fol-
lowed by an inter-stimulus interval of 900 ms during which participants 
must make or withhold a response depending on word valence. The task 
comprised 2 practice and 12 experimental blocks; each containing 9 
happy words and 9 sad words. Subjects were instructed to respond ei-
ther to happy or sad words before each block and to respond as quickly 
as possible. Every two blocks, the targets and the distractors changed; 
words that were previously targets became distractors and vice versa 
(SSHHSSHHSSHHSS or HHSSHHSSHHSSHH). Due to this arrangement, 
shift blocks and non-shift blocks could be studied. The 27 happy words 
and 27 sad words were derived from previous studies (e.g. Lim & Kim, 
2005; Rinck & Becker, 2005) and were matched on frequency, word 
length and valence. Every word was presented twice as target and twice 
as distractor; once in a shift block and once in a non-shift block. 

Vegetative side effects 

In order to measure possible side effects of the amino acid mixtures, 
a list (5-point scales) of vegetative side effects was completed before 
and 4.5 hour (t4.5) after intake. The list contained the following items: 
feeling cold, feeling hot, dizziness, perspiration, blurred vision, nausea, 
palpitations, dry mouth and abdominal complaints. 
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Biochemical Analyses 

Blood samples were collected in 5 ml vacutainer tubes containing 
sodium heparin for amino acids and were centrifuged at 5000 rpm for 10 
min at 4°C. Subsequently, the supernatants were directly stored at –80°C 
until analysis. Before storage, the supernatant for amino acid determina-
tion (100 μ l) were mixed with 4mg sulfasalicyl acid. Analyses were con-
ducted with HPLC, making use of a 2-3 μ m Bischof Spherisorb ODS II 
column. The plasma TRP ratio was calculated by dividing the TRP con-
centration by the sum of the other large neutral amino acids, i.e. valine, 
isoleucine, leucine, tyrosine and phenylalanine. 

Statistical analysis 

The main research questions were analyzed by repeated measures 
analyses of variance (ANOVAs) by using the General Linear Model (GLM: 
SPSS 12.0 for Windows) with one between-subjects factor Family history 
(FH+ vs. FH-) and the within-subjects factors Treatment (ATD vs. PLC), 
Stress (pre-stress vs. post-stress) or Time (t0 vs. t4.5) on the several de-
pendent measures. Further, in the analyses of the AGNG performance 
Target valence (sad vs. happy) and Shift (shift vs. non-shift condition) 
were added as within-subjects factors. Although we counterbalanced for 
Order and Gender, these factors were preliminary taken as covariates. 
However, since none of these factors contributed to (or changed) any of 
our findings, Order of Treatment and Gender were left out of the final 
analyses. All statistics are evaluated at a significance level of 5% (two-
tailed). 

RESULTS 

Plasma amino acids (TRP:LNAA ratio) 

Repeated measures analysis of variance with FH (FH- vs. FH+) as be-
tween-subjects factor and Treatment (ATD vs. PLC) and Time (t0 vs.t4.5) as 
within-subjects factors were carried out for total plasma TRP concentra-
tions and for the TRP:LNAA ratio. For TRP concentrations a significant 
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Treatment X Time interaction was found [F(1,36)=156.57, p < .001] re-
flecting a decrease from t0 to t4.5 by 62% after ATD and an increase from 
t0 to t4.5 by 13% after PLC administration (see Figure 1). Analysis of the 
plasma TRP:LNAA ratio revealed a significant Treatment X Time interac-
tion [F(1,36)=158.77, p < .001]. As indicated in Figure 1, there was a 65% 
decline in plasma TRP:LNAA after ATD and an increase from t0 to t4.5 by 
8% after PLC. No other main or interaction effects were found including 
FH. 
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Figure 1. Plasma total TRP concentrations and TRP:LNAA ratio for the ATD and PLC condi-
tion. 

Vegetative side effects 

Repeated measures analysis of variance with FH (FH- vs. FH+) as be-
tween-subjects factor and Treatment (ATD vs. PLC) and Time (t0 vs. t4.5) 
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as within-subjects factors on the total score of vegetative side effects did 
not reveal any significant main or interaction effects. 

Affective go/no-go performance 

Mean values and standard deviations are presented in Table 3. Re-
peated measures ANOVAs were carried out with FH (FH- vs. FH+) as 
between-subjects factor and Treatment (ATD vs. PLC), Target valence 
(sad vs. happy), Shift (shift vs. non-shift condition) and Stress (pre-stress 
vs. post-stress) as within-subjects factors on reaction time, errors and 
omissions. To investigate changes from baseline to pre-stress (to explore 
acute effects of treatment), we repeated the statistical analyses and re-
placed the WS factor Stress (pre-stress vs. post-stress) with the WS factor 
Time (baseline vs. pre-stress). However, as we did not find any effect of 
Treatment, these analyses are not described. Further, no baseline differ-
ences were found between test days. 

Reaction Time (RT). Analysis of RT data revealed a significant Valence 
X Stress interaction [F(1,36)=5.42, p = .026] reflecting increased RTs for 
happy words post-stress compared to pre-stress [t(37)=2.09, p<.0.043] 
but not for sad words [t(37)=1.39, p=0.17] (Figure 2). However, this in-
teraction was qualified by a significant 5-way FH X Treatment X Stress X 
Valence X Shift interaction [F(1,36)=3.99, p=0.05]. Further analysis for the 
shift and non-shift condition separately revealed a significant FH X 
Treatment X Stress X Valence interaction for the non-shift condition only 
[F(1,36)=6.36, p=0.016]. In the non-shift condition, there was a signifi-
cant FH X Treatment X Stress interaction for happy words only 
[F(1,36)=6.69, p =0.014]). As visualized in Figure 3, the FH- group 
showed slower RTs post-stress compared to pre-stress only following 
ATD [t (18)= 2.57, p =0.019] but not after PLC [t(18) < 1], whereas the 
FH+ group showed slower RTs post-stress compared to pre-stress inde-
pendent of treatment and slower RTs already following ATD (before 
stress onset). These latter changes in the FH+ group, however, did not 
approach significance by further post-hoc testing [P between 0.07 – 
0.11). 
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Figure 2. Mean RTs (SE) for happy and sad targets before and after stress exposure col-
lapsed over treatment and family history. 
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Figure 3. Mean RTs (SE) for happy non-shift targets for the FH+ group and the FH- group. 

 
Errors. Analysis of error data revealed a main effect of Shift 

[F(1,36)=18.81, p <0.001], indicating significant more errors during shift 
blocks compared to the non-shift blocks. Analysis also revealed a main 
effect of Stress (F(1,36)=8.42, p =0.006), indicating a decrease in the 
number of errors post-stress compared to pre-stress. There were no ef-
fects of FH, Treatment or Valence. 

Omissions. Analysis of omission data revealed a significant Stress by 
Valence interaction [F(1,36)=7.57, p =0.009], indicating that significant 
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more omissions were made pre-stress compared to post-stress for happy 
words [t (37)= 2.31, p =0.027] but not for sad words [t (37)= 1.16, p 
=0.25]. There were no effects of FH or Treatment. 

DISCUSSION 

The goal of the present study was to assess affective processing in 
individuals with a positive (FH+) or negative (FH-) family history of de-
pression following ATD or placebo under acute stress exposure. ATD 
lowered the plasma TRP:LNAA ratio by 65%, which is comparable with 
previous studies using the collagen-protein (Evers et al., 2005) or classic 
ATD mixture (Van der Does, 2001). 

Although psychological or physiological stress responses were not 
measured in the current study, significant stress-induced emotional, 
cognitive, hormonal and electrophysiological changes have been re-
ported with the MPA task (e.g. Peters et al., 1998; Markus et al., 2002). 
Furthermore, reaction times significantly decreased after the stress task, 
further supporting that stress was successfully induced in the current 
study. 

Analysis of affective processing revealed a stress by valence interac-
tion reflecting reduced responsiveness to happy words after acute stress 
exposure. Previous findings already demonstrated slowed or diminished 
responses to happy words in depressed patients compared to healthy 
controls (Murphy et al., 1999; Deveney & Deldin, 2004; Erickson et al., 
2005), which may reflect lower mood and subsequent increased interfer-
ence from sad distractors. Current findings indicate that a positive affec-
tive bias normally found in healthy individuals may also be diminished by 
acute stress exposure, which may be due to a stress-induced lowering of 
mood (van der Veen et al., 2007). This further supports the hypothesis of 
stress as an important predecessor in the development of depression 
(Brown et al., 1987; Heim & Nemeroff, 2001; Van Praag, 2004). Current 
data further suggest that the negative effects of stress on (reducing) 
positive affective bias may depend on family history of depression and 
may be influenced by ATD and task-shifting. The FH- group showed 
stress-induced slowed responses to happy words in non-shift blocks only 
following ATD, whereas the FH+ group roughly seemed to exhibit such 
reductions already after ATD (which was not found after PLC) as well as 
after stress following PLC . 
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The present findings suggest that acute stress induces a negative af-
fective bias and that FH- subjects may be more stress-resilient than FH+ 
subjects and may become susceptible to stress especially after ATD. In-
terestingly, although task shifting requires more cognitive flexibility (e.g. 
Monsell, 2003), the negative affective bias (slowed responses to happy 
words following stress and ATD) could only be seen for the non-shift 
blocks but not for the shift-blocks. Although hypothetical, the increased 
negative affective bias following stress as well as ATD may be less pro-
found the more attention or alertness is required (shift blocks) and may 
be increased in situations in which less attention is required (non-shift 
blocks). Previous ATD studies with healthy subjects revealed mixed re-
sults; either reporting negative affective bias following ATD for shift and 
non-shift blocks (Murphy et al., 2002) or no effects at all (Rubinsztein et 
al., 2001; Roiser et al., 2007). Current data may explain these inconsis-
tent findings by the mediating influence of stress. Individuals with a fam-
ily history of depression may already be prone to the negative effects of 
ATD and may also be more negatively affected by stress in the absence 
of ATD. These findings should of course be interpreted with caution 
since they appear to be rather modest (also depending on task-shifting 
and valence) and do not remain significant after repeated post-hoc test-
ing in the separated small FH+ group. Yet, they nicely comply with -and 
elaborate on- previous findings and suggestions of an innate serotoner-
gic vulnerability in FH+ (Benkelfat et al., 1994; Klaassen et al., 1999; 
Sobczak et al., 2002a; Sobczak et al., 2002b). Hence, 5-HT plays an im-
portant role in stress coping and clear interactions appear between 5-HT 
and the neuroendocrine stress system (Porter et al., 2004). Acute stress 
increases 5-HT neurotransmission (De Kloet et al., 1982; De Kloet et al., 
1983; Davis et al., 1995), which promotes stress adaptation by mediating 
negative feedback control of cortisol on the HPA axis (Nuller & Ostrou-
mova, 1980; Van Praag, 2004). Increased 5-HT under stress will be di-
minished after ATD and subsequently may increase stress vulnerability. 
Richell et al. (2005) reported greater negative mood after stress in 
healthy subjects following ATD that was attributed to reduced function 
of the 5-HT mediated resilience system and subsequent enhanced stress 
susceptibility. In the studies by Markus et al. (2000a; 2002), 5-HT aug-
mentation was found to enhance resilience to stress only in chronically 
stressed (healthy) subjects probably by compensatory stress-induced 5-
HT receptor sensitization. Whereas 5-HT challenge may particularly im-
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prove stress coping in 5-HT vulnerable subjects, ATD may lower stress 
coping also in non-vulnerable subjects due to a drastic depletion in brain 
TRP and subsequent 5-HT function. 

One limitation of the present study is that we did not include mood 
changes. It has been suggested that ATD- induced changes in affective 
processing are mediated by reduced mood (van der Veen et al., 2007) 
which may also hold for stress-induced changes. However, it remains 
questionable whether ATD- or stress-induced changes in affective proc-
essing are necessarily mediated by subjective mood changes. Murphy et 
al (2002) reported a negative affective bias on the AGNG task following 
ATD in healthy volunteers but did not find any changes in mood. There-
fore, measuring affective processing may be a more sensitive method to 
measure stress- or ATD related changes. Yet, in further studies it would, 
nevertheless, be interesting to include changes in explicit mood experi-
ences as an additional affective measure. A second limitation may be 
that we did not contact family members to confirm diagnoses, however, 
participants were interviewed by a trained psychologist and to increase 
reliability all participants were asked whether relatives could be con-
tacted to confirm diagnoses. 

In conclusion, acute stress exposure reduces positive affective bias 
supporting the role of stress as an important predecessor in the devel-
opment of depression. However, these negative effects of stress may 
depend on family history of depression: FH+ may be more susceptible 
to the negative effects of stress and ATD on affective processing than 
FH-. Nevertheless, the tentative explanation that FH+ are more prone to 
stress and ATD due to an innate serotonergic vulnerability merits further 
research. 
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CHAPTER 3 

Effects of 5-HTTLPR genotype and acute tryptophan deple-

tion on affective processing following acute stress exposure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Based on: 
Firk, C., Markus, C.R. (in preparation). Effects of 5-HTTLPR genotype and acute tryptophan 
depletion on affective processing following acute stress exposure. 
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ABSTRACT 

Rationale 
Epidemiological studies propose an association between the short allele 
(s) of the serotonin transporter genotype polymorphism (5-HTTLPR) and 
depressive reaction to stressful life events. Further, the 5-HTTLPR s allele 
may confer increased vulnerability to acute tryptophan depletion (ATD). 
Objective 
The aim of the present study was to investigate the effects of ATD in 
subjects with different 5-HTTLPR genotypes before and after stress ex-
posure on affective processing. 
Methods 
Thirty-eight subjects were genotyped for 5-HTTLPR and on two experi-
mental morning sessions affective processing was monitored before and 
after exposure to acute stress either following ATD or placebo (PLC). 
Results 
We found a genotype by stress by shift interaction on the affective 
go/no-go task indicating fewer omissions for targets on non-shift blocks 
post-stress compared to pre-stress for individuals with the l/l genotype. 
Conclusion 
In contrast to previous findings, 5-HTTLPR genotype did not mediate the 
effect of ATD on affective processing but long-allele homozygotes were 
less affected by acute stress relative to short s/s-allele homozygotes. 
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INTRODUCTION 

The neurotransmitter serotonin (5-HT) has been implicated in the pa-
tophysiology of depression and in particular the serotonin transporter (5-
HTT) seems to be involved (Owens & Nemeroff, 1994). Interestingly, the 
human 5-HTT gene, located on chromosome 17q11.1-q12 (Lesch et al., 
1994), contains a 5-HTT-linked polymorphic region (5-HTTLPR) with two 
functional variants: the short (s) and long (l) allele form (Heils et al., 1996; 
Greenberg et al., 1999). The s allele has lower transcriptional efficiency 
than the l allele resulting in lower serotonin uptake activity (Greenberg et 
al., 1999). The s allele has been associated with increased risk for de-
pression (Collier et al., 1996; Joiner et al., 2003; Gonda et al., 2005; 
Gonda et al., 2006), poorer responses to antidepressant effects of SSRI’s 
(Smeraldi et al., 1998; Serretti et al., 2007), increased vulnerability to 
tryptophan depletion (Neumeister et al., 2002; Roiser et al., 2006) and 
abnormal emotional processing (Hariri et al., 2002; Roiser et al., 2005; 
Marsh et al., 2006). 

Recently, epidemiological studies have demonstrated a positive as-
sociation between the s allele 5-HTTLPR and depressive reaction to 
stressful life events (Caspi et al., 2003; Jacobs et al., 2006; Wilhelm et al., 
2006), which is in line with common findings of stress as a perpetrator of 
depression and complex interactions between the serotonergic system 
and neuroendocrine stress mechanisms (Van Praag, 2004; Firk & Markus, 
2007). However, the interaction between acute stress, 5-HTTLPR and 
depressive symptoms has not yet been experimentally investigated. 

Besides depressive mood, depression is often characterized by at-
tention bias towards negative information (e.g. Lim & Kim, 2005; Rinck & 
Becker, 2005). For example, depressed patients show slowed respond-
ing to happy words compared to sad words on affective go/no-go tasks 
(Murphy et al., 1999; Erickson et al., 2005). This was also observed for 
healthy individuals following acute tryptophan depletion (ATD), suggest-
ing that serotonergic factors are particularly involved in this negative “af-
fective bias” seen in depression (Murphy et al., 2002). 

Based on these findings, the main research question of the present 
study was whether 5-HTTLPR genotype mediates the affective effects of 
ATD and whether this is more profound following acute stress exposure. 
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METHODS 

Subjects 

Thirty-eight healthy Dutch University students participated in the ex-
periment. Fifteen (39,5%) participants showed the l/l genotype, 14 
(36,8%) the s/l genotype and 9 (23,7%) showed the s/s genotype. All of 
them were included in a previous report describing the effects of family 
history (Firk & Markus, 2008). The genotype groups did not differ with 
respect to sex, age, BDI (Beck Depression Inventory, Beck et al., 1961), 
BMI (Body Mass Index) and FH (Family History) (all p < .05). Demo-
graphic characteristics can be found in Table 1. The study was approved 
by the Medical Ethics Committee of the Academic Hospital Maastricht 
and complied with the requirements of the European Council of Good 
Clinical Practice (GCP) adopted by the 52nd World Medical Association 
General Assembly, Edinburgh, Scotland (October, 2000). All subjects 
gave their informed consent and were paid 125€ for participation. 

 
Table 1. Demographic characteristics; positive family history (FH+), body mass index (BMI), 
Beck Depression Inventory (BDI); mean (SD) 

 
 Genotype   
 s/s s/l l/l 
N 9 14 15 
FH+ 4 8 7 
Women 7 12 10 
Age 20.9 (3.3) 20.4 (1.7) 22.4 (3.5) 
BMI 21.6 (2.2) 22.7 (2.7) 22.7 (3.5) 
BDI 3.1 (2.3) 5.2 (4.7) 4.3 (3.9) 

Design 

A placebo-controlled, double-blind design was used. During two ex-
perimental morning sessions, subjects visited the laboratory and affec-
tive processing was monitored before and after exposure to acute stress 
either following a tryptophan (TRP)-free (ATD) or TRP-containing (pla-
cebo or PLC) amino acid mixture. The order of presentation of both mix-
tures was counterbalanced within FH groups and the two experimental 
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sessions were separated by two weeks. Female subjects were tested in 
the follicular phase of their menstrual cycle. 

Plasma amino acid levels were obtained at baseline and 4.5 hours af-
ter administration of the amino acid mixture. Stress induction took place 
5.5 hours after administration of the amino acid mixture and behavioral 
assessment was obtained at baseline, pre-stress and post-stress. 

A reduction in brain 5-HT was accomplished by ATD through the use 
of a TRP-free collagen-protein (CP) amino acid drink (Blokland et al., 
2004; Evers et al., 2005; Sambeth et al., 2008, Firk & Markus, 2008). 

Stress exposure 

A mental arithmetic task, performed under noise stimulation, was 
used as an uncontrollable stress situation (Markus-Peters Arithmetic 
(MPA) Task). Subjects were given 8 successive 1-min trials during which 
they had to solve a specific number of multiple choice mental arithmetic 
problems (the criterion) under time-constraints, while at the same time 
continuous 75, 80 or 85 dB industrial noise was presented to them 
through headphones. They were led to believe that the intensity of the 
noise depended on their performance; if they failed the criterion, noise 
intensity was chosen by the computer during the next trial; if they met 
the criterion, they could choose the intensity of the noise. In fact, the 
criterion was manipulated so that all subjects continued to fail on each 
trial. This task has been demonstrated to induce psychological and 
physiological stress and to be perceived as highly uncontrollable (Markus 
et al., 1998; Markus et al., 2000a; Markus et al., 2000b). 

Affective go/no-go 

A modified version of the affective go/no-go (AGNG) task described 
by Murphy et al. (1999) was used in the present study. In this task, happy 
and sad words are presented on the screen once by once for 300 ms 
followed by an inter-stimulus interval of 900 ms during which participants 
must make or withhold a button press response on the basis of the emo-
tion of the word. The task comprised 2 practice blocks and 12 experi-
mental blocks. Each block contained 18 words, 9 happy words and 9 sad 
words and subjects were instructed that they must respond either to the 
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happy words or to the sad words before each block. Every two blocks, 
the targets and the distractors changed, words that were previously tar-
gets became distractors and words that were previously distractors be-
came targets (SSHHSSHHSSHHSS or HHSSHHSSHHSSHH). Due to this 
arrangement shift blocks and non-shift blocks could be studied. 

Biochemical Analyses 

Genotyping. Buccal cell samples for measuring the 5-HTTLPR poly-
morphism of 5-HT transporter were obtained using sterile swabs (Omni 
Swabs, Whatman, ’s Hertogenbosch, The Netherlands). Genomic DNA 
was isolated from buccal swabs using QIamp DNA Mini Kits from Qiagen 
for determination of the 5-HTTLPR genotype. Genotyping was per-
formed using the polymerase chain reaction (PCR) protocol according to 
Glatz et al. (2003). 

Plasma samples. Blood samples were collected in 5 ml Vacutainer 
tubes containing sodium heparin for amino acids. The sodium-heparin 
tube was centrifuged at 5000 rpm for 10 min at 4°C. Subsequently, the 
supernatants were directly stored at –80°C until analysis. Plasma amino 
acid analyses were conducted with HPLC, making use of a 2-3 μ m 
Bischof Spherisorb ODS II column. The plasma TRP ratio was calculated 
by dividing the plasma TRP concentration by the sum of the other large 
neutral amino acids (LNAA’s), i.e. valine, isoleucine, leucine, tyrosine and 
phenylalanine. 

Statistical analysis 

The main research questions were analyzed by means of repeated 
measures analyses of variance (ANOVA) by using the General Linear 
Model (GLM: SPSS 12.0 for Windows). To control for possible effects of 
order within genotype groups, all analyses were preliminary run with or-
der as covariate but since this did not change our findings, order was left 
out of the final analyses. All statistics are evaluated at a two-tailed sig-
nificance level of 5%. 
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RESULTS 

Biochemical measures 

Repeated measures analysis of variance with Genotype (s/s vs.s s/l 
vs. l/l) as between-subjects factor and Treatment (ATD vs. PLC) and Time 
(t0 vs. t4.5) as within-subjects factors were carried out for total plasma TRP 
concentrations and for the TRP:LNAA ratio. For plasma TRP, a significant 
Treatment X Time interaction was found (F(1,35)=146.00, P<.001), re-
flecting a 62% decrease 4.5 hours after ATD and a 13% increase after 
PLC intake. For the TRP:LNAA ratio, a Treatment X Time interaction was 
found (F(1,35)=142.72, P<.001), reflecting a 65% decrease after ATD and 
a 8% increase after PLC. The Treatment X Time X genotype interaction 
was not significant for total plasma TRP concentrations (F(2,35)=1.53, 
P=.23) and for the TRP:LNAA ratio (F(2,35) < 1, ns). 

Affective go/no-go 

Reaction time, error and omission data were analyzed separately us-
ing 5-way repeated measures analysis of variance (ANOVA) with Geno-
type (ss vs. sl vs. ll) as between-subjects factor and Treatment (ATD vs. 
PLC), Target valence (sad vs. happy), Shift (shift vs. non-shift) and Stress 
(pre-stress vs. post-stress) as within-subjects factors. In the interests of 
brevity, we focus only on the effects of Genotype or interactions with 
Genotype. Analysis revealed a significant interaction effect of Genotype 
x Stress x Shift on the number of omissions (F(2,35)=4.78, P=.015), which 
is visualized in Figure 1. Individual comparisons showed significantly 
fewer omissions on shift blocks post-stress compared to pre-stress for 
participants with the l/l genotype (t(14)=2.64, P=.019). Individuals with 
an s allele showed even more omissions post-stress compared to pre-
stress on shift blocks, however this effect did not reach significance (s/s 
genotype: t(14)=1.69, P=.12, s/l genotype: t(14)=0.8, P=.44). 
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Effect of stress
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Figure 1. Mean difference in omissions pre-stress compared to post-stress for shift and 
non-shift trials for all genotypes. 

DISCUSSION 

The main goal of the present study was to test whether 5-HTTLPR 
genotype mediates the effects of ATD on affective processing following 
acute stress exposure. Contrary to our predictions that individuals with 
the s/s genotype would respond like depressive patients following ATD 
and stress induction, we did not find a negative affective bias (slowed 
responding to happy words) in individuals with the s/s genotype. In the 
present study, we found a genotype by stress by shift interaction indicat-
ing fewer omissions for targets on non-shift blocks post-stress compared 
to pre-stress for individuals with the l/l genotype. Thus, performance did 
not decline following acute stress but even improved for individuals with 
the l/l genotype. In accordance with our data, Rosier et al. (2006) did not 
find a negative affective bias either but reported that individuals with the 
l/l genotype made significantly more omissions than the s/s genotype. 
However, in this study, participants were not tested following acute 
stress exposure. 

One limitation of the present study is that we did not analyze the re-
cently identified additional variants of the 5-HTTLPR within the l allele 
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(LG and LA Hu et al., 2005), which may have functional significance. An-
other limitation is that our genotype groups are relatively small, which 
may explain our negative findings on affective processing. 

 The genotype-related differential effects of acute stress expo-
sure might be associated with higher tonic serotonergic neurotransmis-
sion in participants homozygous for the l allele. Therefore, subjects with 
the l/l genotype may have better stress coping strategies than s allele 
carriers. This is consistent with findings by Markus et al. (2000a; 2002) 
who reported that chronically-stressed students show improved stress 
coping and mood following 5-HT augmentation. The hypothesis that 
higher serotonergic neurotransmission in participants homozygous for 
the l allele is associated with better stress coping strategies may also 
explain the findings that individuals with the l/l genotype are less likely 
to develop depression following stressful life events. However, this ten-
tative explanation merits further research 

 
. 
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CHAPTER 4 

Differential effects of 5-HTTLPR genotypes on mood, mem-

ory and attention bias following acute tryptophan depletion 

and stress exposure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Based on: 
Firk, C., Markus, C.R. (in press). Differential effects of 5-HTTLPR genotypes on mood, 
memory and attention bias following acute tryptophan depletion and stress exposure. 
Psychopharmacology.
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ABSTRACT 

Rationale 
Polymorphisms of the serotonin transporter gene (5-HTTLPR) may be 
associated with increased vulnerability to acute tryptophan depletion 
(ATD) and depression vulnerability especially following stressful life 
events. 
Objectives 
The aim of the present study was to investigate the effects of ATD in 
subjects with different 5-HTTLPR profiles before and after stress expo-
sure on affective and cognitive-attentional changes. 
Methods 
18 subjects with homozygotic short alleles (S’/S’) and 17 subjects with 
homozygotic long alleles (L’/L’) of the 5-HTTLPR participated in a dou-
ble-blind, placebo-controlled, crossover design to measure the effects of 
ATD on mood, memory and attention before and after acute stress ex-
posure. 
Results 
ATD lowered mood in all subjects independent of genotype. In S’/S’ 
genotypes mild acute stress increased depressive mood and in L’/L’ 
genotypes increased feelings of vigor. Furthermore, S’/S’ genotypes dif-
fered from L’/L’ genotypes on measures of attention independent of 
treatment, and memory following ATD. 
Conclusion 
Polymorphisms of the 5-HTTLPR differentially affects responses to mild 
stress and ATD, suggesting greater vulnerability of S’/S’ carriers to sero-
tonergic manipulations and supporting increased depression vulnerabil-
ity. 
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INTRODUCTION 

Dysregulation of the serotonergic system has been implicated in the 
pathophysiology of depression (Maes & Meltzer, 1995). This is based on 
studies reporting lower plasma availability of the serotonin (5-HT) pre-
cursor tryptophan (TRP) for uptake into the brain, reduced cerebrospinal 
fluid (CSF) concentration of the 5-HT metabolite 5-hydroxyindoleacetic 
(5-HIAA) and decreased platelet 5-HT uptake in depressed patients, 
suggesting diminished brain 5-HT uptake and metabolism (Maes & Melt-
zer, 1995; Neumeister et al., 2004c). The level of 5-HT in the synaptic 
cleft is mainly regulated by the 5-HT transporter (5-HTT), which is tar-
geted by most antidepressants (Suhara et al., 2003; Meyer et al., 2004; 
Voineskos et al., 2007). Interestingly, the human 5-HTT gene, located on 
chromosome 17q11.1-q12 (Lesch et al., 1994), contains a 5-HTT-linked 
polymorphic region (5-HTTLPR) with two functional variants: the short (s) 
form and the long (l) form (Heils et al., 1996; Greenberg et al., 1999). 
The s form of this variant is less active, resulting in reduced transcrip-
tional efficiency of the 5-HTT gene, decreased 5-HTT expression and 
reduced 5-HT uptake relative to the l form (Heils et al., 1996; Greenberg 
et al., 1999). The s allele has been associated with increased risk of de-
pression (Collier et al., 1996; Joiner et al., 2003; Gonda et al., 2005; 
Gonda et al., 2006), poorer responses to the antidepressant effects of 
SSRIs (Smeraldi et al., 1998; Serretti et al., 2007), increased vulnerability 
to tryptophan depletion (Neumeister et al., 2002; Roiser et al., 2006) and 
abnormal emotional processing (Hariri et al., 2002; Marsh et al., 2006). 

A direct association between 5-HTTLPR genotypes and depression-
related phenotypes appears to be relatively weak (Lotrich & Pollock, 
2004). Roiser (2005) only found abnormal emotional processing in 3,4 
methylenedioxymethamphetamine (MDMA, or Ecstasy) users carrying 
the s allele. MDMA prevents uptake of 5-HT and stimulates the release 
of 5-HT, causing long-term changes to the 5-HT system. This suggests 
that s allele carriers may only have a predisposition to serotonergic vul-
nerability that may be unmasked through challenges to the serotonergic 
system. This is also in line with contemporary theoretical models of gene 
involvement in depression that postulate that genetic vulnerability does 
not affect depression directly; rather, 5-HTTLPR may enhance suscepti-
bility for depression particularly in the face of severe life events or stress-
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ful experiences, which may also challenge the brain serotonergic system 
(Firk & Markus, 2007). Hence, depression is often preceded by stress 
(Van Praag, 2004), and epidemiological studies have already demon-
strated a positive association between the s allele of the 5-HTTLPR and a 
depressive reaction to stressful life events (e.g. Caspi et al., 2003; for a 
recent review see Uher & McGuffin, 2008). This is in line with the hy-
pothesis that stress may cause depression due to complex interactions 
between the neuroendocrine stress system and the serotonergic system, 
particularly in individuals with a biological (genetic) vulnerability related 
to their serotonergic system (Van Praag, 2004; Firk & Markus, 2007). Al-
though explorations of the involvement of interactions between seroton-
ergic vulnerability in s allele 5-HTTLPR and stress in the onset of affective 
symptoms is a major challenge in biological psychiatry today, this inter-
action has not yet been experimentally investigated. 

On the other hand, the relatively small direct association between 5-
HTTLPR genotypes and depression related phenotypes may also be ex-
plained by recently identified functional variants within the l allele (LA and 
LG) that may underestimate the effect of 5-HTTLPR. This is because the 
LG allele has a low rate of 5-HTT expression comparable to the s allele 
and is relatively common in Caucasian and African American populations 
(Hu et al., 2006; Zalsman et al., 2006). 

One accepted method to study behavioral and cognitive effects of 
transiently reduced 5-HT availability in humans is the acute tryptophan 
depletion (ATD) strategy (Young et al., 1985; for a review see Fusar-Poli 
et al., 2006). In this procedure, brain 5-HT is reduced through depletion 
of plasma tryptophan (TRP, a precursor of 5-HT) availability for uptake 
into the brain by intake of a TRP-free amino acid mixture that contains all 
of the essential amino acids except for TRP. This raises incorporation of 
TRP into protein synthesis and reduces TRP relative to the sum of the 
other Large Neutral Amino Acids (LNAA’s) with which TRP competes for 
uptake into the brain (i.e. Fernstrom & Wurtman, 1971; Gessa et al., 
1974; Moja et al., 1991; Maes & Meltzer, 1995). Evidence for reduced 5-
HT neurotransmission after ATD comes from studies measuring 5-HT 
metabolites (5-HIAA) in cerebrospinal fluid (Carpenter et al., 1998; Wil-
liams et al., 1999). In addition, there is also plenty of evidence showing 
that the ATD procedure is the most suitable method to study brain sero-
tomergic vulnerability. For instance, mood lowering effects of tryptophan 
depletion are clearly found in depressive patients in remission (Delgado 
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et al., 1990; Delgado et al., 1999; Moreno et al., 2000; Ruhe et al., 
2007), whereas in healthy individuals such mood lowering effects seem 
to depend on the 5-HTTLPR genotype (Neumeister et al., 2002; 
Neumeister et al., 2006; Roiser et al., 2007; Walderhaug et al., 2007) and 
family history of depression (Benkelfat et al., 1994; Klaassen et al., 1999; 
Neumeister et al., 2002). Individuals with a positive family history of de-
pression are more vulnerable to the mood lowering effects of ATD than 
individuals without a family history of depression, suggesting an (innate) 
vulnerability of the serotonergic system in relatives of depressive pa-
tients (Benkelfat et al., 1994; Klaassen et al., 1999; Neumeister et al., 
2002). However, the effects of ATD on mood in individuals with different 
5-HTTLPR profiles are contradictory. Neumeister et al. (2002) reported 
mood lowering in healthy s allele carriers, in particular in those with a 
positive family history of depression. Walderhaug et al. (2007) found 
mood lowering following ATD only in women homozygous for the l and s 
allele, whereas other studies did not find mood lowering effects at all 
(Marsh et al., 2006; Roiser et al., 2007). Therefore, we suggest that the 
possession of the s allele, which is very common in the population, may 
not alone increase risk, but may induce enhanced susceptibility to ATD 
only in the context of stress. 

The aim of the present study was to investigate the effects of ATD in 
subjects with different 5-HTTLPR profiles before and after stress expo-
sure on affective and cognitive-attentional changes that are thought to 
be critical in the etiology and maintenance of depression. A selective 
attention and memory bias for negative information is the most com-
monly recognized characteristic of depression and depression vulnerabil-
ity (e.g. Bradley et al., 1995; Mogg & Bradley, 2005; Rinck & Becker, 
2005). For instance, depressive patients show memory biases for nega-
tive information in explicit memory free recall tasks (e.g. Bradley et al. 
1995; Lim and Kim 2005) and slowed responses to happy words com-
pared to sad words during affective go/no-go tasks (Murphy et al., 1999; 
Erickson et al., 2005). In addition, comparable attentional biases are also 
found in healthy individuals following ATD, further suggesting that sero-
tonergic factors are particularly involved (Murphy et al., 2002). Based on 
the literature and the data reviewed above, we hypothesize that the 5-
HTTLPR genotype mediates ATD- and stress-induced changes in mood 
and cognitive-behavioral indications of affective biases. To our knowl-
edge, this is the first time the depressogenic effects of reducing brain 5-
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HT by ATD are investigated in 5-HT-vulnerable s allele 5-HTTLPR carriers 
before and after stress exposure. 

METHODS 

Participants 

Undergraduate students at Maastricht University (N=200) completed 
a screening questionnaire concerning general information (health, smok-
ing and drinking habits, caffeine consumption, use of psychoactive 
drugs, past and present treatment with medication, weight and height, 
eating habits, and more). Furthermore, the Beck Depression Inventory 
(BDI) (Beck et al., 1961) was completed to verify the absence of depres-
sive symptomatology. 

Participants were excluded if they reported chronic and current ill-
ness; history of psychiatric or medical illness; family history of depres-
sion; medication use; metabolic-, hormonal- or intestinal diseases; ir-
regular diets or deviant eating habits; drug use; or excessive (more than 
10 units per week) alcohol use. Participants’ health was checked with 
standardized medical questionnaires that were evaluated by a trained 
doctoral-level psychologist under the supervision of a medical doctor. 
We acknowledge that, although participants reported not having any 
medical illness, a medical examination might have been a likely addi-
tional method to further ensure participants’ physical health. Participants 
included in the study revealed normal body-mass indexes (BMI in kg/m2 
between 19-26), were non-smokers and were requested not to use alco-
hol before or during the study. 

From the subjects showing interest in taking part in the experiment 
and fulfilling to the in- and exclusion criteria, 86 participants were invited 
to attend an initial buccal sample extraction session. During this session, 
buccal cell samples were taken via swabs to genotype all individuals for 
5-HTTLPR. Participants were compensated (€5) for participation in this 
buccal sample extraction phase of the study. All subjects had to give 
informed consent to participate during this buccal DNA extraction ses-
sion. 

Participants with the S/S, S/LG, or LG/LG genotype classified as S’/S’ 
and participants with the LA/LA genotype classified as L’/L’ were selected 
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for the experiment and received oral and written information about the 
study. Eighteen subjects with the S’/S’ genotype and 17 subjects with 
the L’/L’ genotype completed the experiment. The S’/S’ group and the 
L’/L’ group did not differ with respect to sex, age, BMI or BDI scores (all 
p > .05). Demographic characteristics are presented in Table 1. 

The study was approved by the Medical Ethics Committee of the 
Academic Hospital Maastricht (CTCM azM; Maastricht; The Netherlands) 
and the procedures followed were in accordance with the Helsinki Decla-
ration of 1975 as revised in 1983. All subjects gave their informed con-
sent to participate in the experiment and were paid 150€ for participa-
tion. 

 
Table 1. Demographic characteristics. Values represent mean (SD). 

 
 Genotype 
 S’/S’ L’/L’ 
Women 17 18 
Men 2 2 
Age 19.6 (1.7) 19.5 (1.8) 
BMI 22.0 (1.8) 21.4 (2.2) 
BDI 2.7 (2.4) 2.8 (2.6) 

Design 

A placebo-controlled, double-blind, crossover design was used. Dur-
ing two experimental sessions, subjects were monitored for affective 
processing before and after acute stress exposure either following intake 
of a TRP-free (TRP-) or a TRP-containing balanced (TRP+) amino acid 
mixture. The order of presentation of the TRP- and TRP+ condition was 
counterbalanced within groups and both experimental sessions were 
separated by at least one week. Before and 4.5 h after intake of the 
amino acid mixtures, blood samples were taken to measure the effect of 
ATD on plasma amino acid concentrations and the TRP:LNAA ratio. Fe-
male subjects were tested in the follicular phase of their menstrual cycle 
(days 4-10) or when actually taking oral contraceptives. 
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Procedure 

All participants were instructed to fast overnight; only water or tea 
without sugar was permitted. On each experimental morning, partici-
pants arrived for testing at 08:30 a.m., 09:00 a.m., 09:30 a.m. and 10:00 
a.m., respectively, and a first blood sample was taken to obtain baseline 
plasma TRP and LNAA levels. A second blood sample was drawn 4.5 h 
after intake of the amino acid mixture (TRP- or TRP+) to assess changes 
in total TRP concentrations and TRP:LNAA ratios. At baseline and 4.5 h 
following intake of the amino acid mixture, subjects completed a survey 
measuring vegetative side effects. Five hours after administration of the 
amino acid mixture, participants’ mood was assessed with the Profile of 
Mood States (POMS Wald & Mellenbergh, 1990) and the Positive and 
Negative Affect Scale (PANAS, Watson et al., 1988). Mood assessment 
was followed by the affective go/no-go task (to measure attentional bi-
ases) and the emotional related free recall task (to measure memory bi-
ases). Then, participants were exposed to an uncontrollable stress task 
(MPA task), again followed by mood assessment and the affective go/no-
go task and the emotional related free recall task. Further, two pre-stress 
salivary cortisol samples were taken (at 4.5 h (t-30) and immediately be-
fore the MPA task (t0)) and two post-stress cortisol samples were taken 
(immediately after the MPA task (t+20) and 10 minutes after finishing the 
MPA task (t+30)) to measure stress-related activation of the HPA axis. Be-
tween intake of the amino acid mixture and exposure to laboratory tasks, 
the subjects were able to study or to read magazines in a separate pri-
vate room. They had free access to water and decaffeinated tea. Two 
hours after administration of the amino acid mixture, they received a 
standardized protein-poor lunch as previously used in ATD studies 
(Riedel et al., 1999; Sobczak et al., 2002a; Sobczak et al., 2002b). At the 
end of each test day, subjects received a high protein snack and ba-
nanas, which are natural sources of L-tryptophan to facilitate a quick re-
covery from possible negative effects of ATD. 

Acute tryptophan depletion 

A reduction in brain 5-HT was accomplished by acute tryptophan 
depletion (ATD) through the use of a TRP-free collagen-protein (CP) 
amino acid drink (Blokland et al., 2004; Evers et al., 2005; Sambeth et al., 
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2008). To obtain a drinkable mixture, 100 g of the protein powder was 
mixed with 200 ml of tap water. During the TRP+ condition the intake of 
the mixture was directly followed by ingestion of four capsules contain-
ing 1.2 g L-TRP (Sigma, Zwijndrecht; The Netherlands), whereas during 
the TRP- condition intake was directly followed by ingestion of four cap-
sules containing lactose (all capsules were taken with a little water). See 
Table 2 for the amino acid composition of the different conditions (Evers 
et al., 2005). 

 
Table 2. Composition (grams) of the gelatin-based protein (all values are g per 100 g of 
each mixture) 

 
 TRP- TRP+ 

Phenylalanine 1.9 1.9 

Tyrosine 0.4 0.4 

Valine 2.1 2.1 

Leucine 3 3 

Isoleucine 1.4 1.4 

Tryptophan 0.1 1.3 

Serine 3.1 3.1 

Glycine 22.5 22.5 

Histidine 0.5 0.5 

Arginine 8.8 8.8 

Threonine 1.1 1.1 

Alanine 9.3 9.3 

Proline 13.3 13.3 

Methionine 0.6 0.6 

Cystein 0.2 0.2 

Lysine 3.6 3.6 

Hydroxyproline 12.1 12.1 

Hydroxylysine 1.4 1.4 

Aspartic acid + asparagines 9.3 9.3 

Glutamic acid + glutamine 5.2 5.2 

 
This ATD method differs from the classic methodology by including a 

gelatin-based hydrolyzed collagen-protein (CP) that contains the entire 
range of amino acids (except for L-TRP) in the form of peptides. After 
administration, these peptides are decomposed into amino acids and 
the mechanism of depletion is identical to the classical ATD method. 
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Stress exposure 

A mental arithmetic task, performed under noise stimulation, was 
used as an uncontrollable stress situation (Markus-Peters Arithmetic 
(MPA) Task). Subjects were given 18 successive 1-min trials during which 
they had to solve a specific number of multiple choice mental arithmetic 
problems (the criterion) under time-constraints, while at the same time 
continuous 75, 80 or 85 dB industrial noise was presented to them 
through headphones. They were led to believe that the intensity of the 
noise depended on their performance; if they failed the criterion, the 
noise intensity was chosen by the computer during the next trial; if they 
met the criterion, they could choose the intensity of the noise. In fact, 
the criterion was manipulated so that all subjects continued to fail on 
each trial. This task has been demonstrated to induce psychological and 
physiological stress and to be perceived as highly uncontrollable (Markus 
et al., 1998; Peters et al., 1998; Markus et al., 2000a; Markus et al., 
2000b). In the present study, an adapted version of the MPA was used 
during which subjects had to perform under audience observation. Fur-
thermore, subjects were told that a video analysis of their performance 
was conducted to analyze their nonverbal behavior. 

Subjective mood ratings 

Profile of Mood States (POMS). Changes in mood were measured us-
ing the Dutch shortened version of the POMS questionnaire (Wald & 
Mellenbergh, 1990), offered at the computer-screen as a VAS scale rang-
ing from ‘strongly disagree’ to ‘strongly agree’. The POMS comprises 
five different subscales for mood; ranging from Anger, Depression, Fa-
tigue and Tension that refer to a negative mood state, to Vigor concern-
ing a positive mood. 

Positive and Negative Affect Scale (PANAS). The PANAS (Watson et 
al., 1988) consists of two 10-item mood scales, a positive mood scale 
and a negative mood scale. The 20 items are randomly presented on a 
computer screen and participants have to respond on a scale ranging 
from 1 (totally disagree) to 5 (totally agree). 
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Emotional related free recall 

To test emotionally related immediate and delayed free recall, an 
adapted version of the 30 Word Learning Test (30 WLT) was used (e.g. 
Sobczak et al., 2002b; Smeets et al., 2006). The 30 WLT is an adapted 
version of the Rey Auditory Verbal Learning Task (Lezak, 2004). In this 
test, participants are presented with a list of 30 words (10 negative, 10 
positive, and 10 neutral words matched for frequency, word length and 
emotional valence, chosen from Hermans and De Houwer’s (1994) list of 
Dutch words that have been rated for familiarity and affectivity) in ran-
dom order. Each word was presented on the computer monitor for 3 s 
with an inter-stimulus interval of 1 s. The participants had to rate how 
relevant each word was to their personal concerns on a scale ranging 
from 1 (not at all relevant) to 5 (extremely relevant). Following the encod-
ing task, the participants were given 2 min to complete an immediate 
written recall task. A delayed recall took place after 30 minutes. Four 
comparable lists (matched for frequency, word length and emotional 
valence) were used and presentation order was counterbalanced across 
participants. 

Affective go/no-go 

A modified version of the affective go/no-go (AGNG) task described 
by Murphy et al. (1999) was used in the present study. In this task, happy 
and sad words are presented on the screen one-by-one for 300 ms fol-
lowed by an inter-stimulus interval of 900 ms during which participants 
must make or withhold a button press response on the basis of the emo-
tion of the word. The task comprises 2 practice blocks and 12 experi-
mental blocks. Each block contains 18 words (9 happy words and 9 sad 
words) and subjects are instructed that they must respond either to the 
happy words or to the sad words before each block. Every two blocks, 
the targets and the distractors change, words that were previously tar-
gets become distractors and words that were previously distractors be-
come targets (SSHHSSHHSSHHSS or HHSSHHSSHHSSHH). Due to this 
arrangement, shift blocks and non-shift blocks can be studied. 
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Vegetative side effects 

In order to measure possible side effects of the amino acid mixtures, 
a list (5-point scales) of vegetative side effects was completed before 
and 4.5 h after intake. The list contained the following items: feeling 
cold, feeling hot, dizziness, perspiration, blurred vision, nausea, palpita-
tions, dry mouth and abdominal complaints. 

Biochemical measurements 

Plasma samples. Blood samples were collected in 5 ml Vacutainer 
tubes containing sodium heparin for amino acid measurements. The so-
dium-heparin tube was centrifuged at 5000 rpm for 10 min at 4°C. Sub-
sequently, the supernatants were directly stored at –80°C until analysis. 
Plasma amino acid analyses were conducted with HPLC, making use of a 
2-3 μ m Bischof Spherisorb ODS II column. The plasma TRP ratio was cal-
culated by dividing the plasma TRP concentration by the sum of the 
other large neutral amino acids; i.e., valine, isoleucine, leucine, tyrosine 
and phenylalanine. 

Salivary cortisol. Cortisol samples were obtained by using the Sali-
vette sampling device (Sarstedt®, Etten-Leur, The Netherlands). With 
this procedure, saliva was collected in small cotton swabs and stored (-
25° Celsius) immediately upon collection until centrifugation. Saliva 
samples were centrifuged at 2650gmax for three minutes at 20°C. Salivary 
free cortisol levels were determined in duplicate by direct radioimmuno-
assay (RIA; University of Liège, Belgium), including a competition reac-
tion between 125iodohistamine-cortisol and anti-cortisol serum made 
against the 3-CMO-BSA conjugate. After incubation of 100 μ l of saliva at 
4° Celsius overnight, separation of free and antibody-bound 
125iodohistamine-cortisol was performed via a conventional ‘second anti-
body’ method. In order to reduce sources of variability, all samples were 
analyzed in the same assay. 

Buccal cells for polymorphism assessment. Buccal cell samples for 
measuring triallelic variants of the 5-HTT-linked polymorphic region (5-
HTTLPR) were obtained using sterile swabs (Omni Swabs, Whatman’s 
Hertogenbosch, The Netherlands). Genomic DNA was isolated from 
buccal swabs using QIAamp DNA Mini Kits from Qiagen (Westburg, 
Leusden, The Netherlands) for determination of the 5-HTTLPR genotype. 
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Briefly, genotyping was performed using the polymerase chain reaction 
(PCR) protocol according to Wendland et al. (2006) with the oligonucleo-
tide primers 5’-TCCTCCGCTTTGGCGCCTCTTCC-3’ and 5’-
TGGGGGTTGCAGGGGAGATCCTG-3’. Triallelic variants were reclassi-
fied into a biallelic model as follows: S/S, S/LG and LG/LG were classified 
as S’/S’ and LA/LA as L’/L’ (Neumeister et al., 2006; Zalsman et al., 2006; 
Walderhaug et al., 2007). 

Statistical analysis 

The main research questions were analyzed by means of repeated 
measures multivariate and univariate analyses of variance (MANOVA and 
ANOVA) by using the General Linear Model (GLM: SPSS 12.0 for Win-
dows) with one between-subjects factor Genotype (S’/S’ vs. L’/L’) and 
two within-subjects factors Treatment (TRP+ vs. TRP-) and Stress (pre-
stress vs. post-stress) or Time (t0 vs. t4.5 or t5) (cortisol analysis: Time (t-30 
vs. t0 vs. t+20 vs. t+30)) on the several dependent measures. Order was in-
cluded as centered covariate. For the subjective mood ratings, we con-
ducted two repeated measures ANOVAs with Genotype (S’/S’ vs. L’/L’) 
as the between-subjects factor and Treatment (TRP+ vs. TRP-) as the 
within-subjects factors for the subjective mood ratings. To investigate 
the effects of treatment and the effects of stress separately, we included 
Time (t0 vs. t5) in the first analysis and Stress (pre-stress vs. post-stress) in 
the second analysis as within-subjects factor. For the AGNG task, Va-
lence (positive vs. negative) and Shift (shift blocks vs. non-shift blocks) 
were included as within-subjects factors. For the emotional related free 
recall, Valence (negative vs. neutral vs. positive) was included as a within-
subjects variable. Greenhouse-Geisser corrected P values are reported 
when the sphericity assumption is not met. All statistics are evaluated at 
a two-tailed significance level of 5%. Post hoc analyses for significant 
interactions were assessed by paired and unpaired t-tests to aid interpre-
tation; corrections for multiple comparisons were not carried out. 
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RESULTS 

Plasma amino acids (Total TRP and TRP:LNAA ratio) 

For TRP concentrations a significant Treatment X Time interaction 
was found [F(1,32)=224.87, p < .001], reflecting a decrease from t0 to t4.5 
by 79% after TRP- and an increase from t0 to t4.5 by 68% after TRP+ ad-
ministration. Analysis of the plasma TRP:LNAA ratio revealed a signifi-
cant Treatment X Time interaction [F(1,32)=269.59, p < .001] with a 77% 
decline in plasma TRP:LNAA after TRP- and an increase from t0 to t4.5 by 
62% after TRP+ (see Figure 1). No other main or interaction effects were 
found including Genotype. 
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Figure 1. Plasma total TRP concentrations and TRP:LNAA ratio for the TRP- and TRP+ con-
dition. For TRP concentrations, we found a significant decrease from t0 to t4.5 after TRP- 
[t(34)=24.56, p < .001] and a significant increase from t0 to t4.5 by 68% after TRP+ 
[t(34)=7.58, p < .001]. For the TRP:LNAA ratio, we found a significant decrease from t0 to 
t4.5 after TRP- [t(34)=23.07, p < .001] and a significant increase from t0 to t4.5 by 68% after 
TRP+ [t(34)=7.63, p < .001]. 
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Cortisol 

Repeated measures analysis of variance only revealed a main effect 
of Time [F(3,30)=4.02, p = .016] showing a slight but significant decline 
in cortisol concentrations t+20 to t+30 (from 2.4 ± 0.2 to 2.2 ± 0.2 nmol/L). 

Vegetative side effects 

No significant main or interaction effects were found. 

Subjective mood ratings 

Data for the subjective mood rating scales are presented in Table 3. 
POMS. In the first analysis, multivariate analysis revealed a main ef-

fect of Time [F(5,28)=12.52, p < .001] with higher anger and fatigue 
scores and lower tension scores at t5. Further, univariate analysis of the 
POMS revealed a Treatment X Time interaction of the vigor subscale 
[F(1,32)=7.28, p = .011] and fatigue subscale [F(1,32)=5.35, p = .027] 
reflecting a stronger decrease in vigor ratings following TRP- than TRP+ 
[t(34)=2.74, p = .01] and a stronger increase in fatigue ratings following 
TRP- than TRP+ [t(34)=2.32, p = .026] (see Figure 2). 

In the second analysis, multivariate analysis showed a main effect of 
Stress [F(5,28)=3.81, p = .009] and a significant Stress X Genotype inter-
action [F(5,28)=3.96, p = .008] (see Figure 3). Further, univariate analysis 
showed that the main effect of Stress originated from the subscale anger 
[F(1,32)=12.39, p = .001] and fatigue [F(1,32)=4.51, p = .041], reflecting 
an increase in anger post-stress compared to pre-stress and a decrease 
in fatigue post-stress compared to pre-stress. The Stress X Genotype 
interaction originated from the depression subscale [F(1,32)=8.24, p = 
.007] and the vigor subscale [F(1,32)=13.12, p = .001]. This interaction 
was explored with a one-way multivariate analysis including the vigor 
and depression subscale for each genotype, indicating an increase in 
depressive mood after stress in the S’/S’ group [F(1,16)=5.38, p = .034] 
only and an increase in vigor after stress in the L’/L’ group 
[F(1,15)=12.61, p = .003] only (Figure 3). 

PANAS. In the first analysis, we found a Treatment X Time interaction 
[F(1,32)=6.94, p = .013] on the positive scale, indicating a decrease in 
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positive mood regardless of genotype following TRP- [t(34)=2.57, p = 
.015] but not following TRP+ [t(34)<1, ns] (see figure 2). No effects were 
found for the negative scale of the PANAS. 

In the second analysis, only a significant effect of Stress 
[F(1,32)=4.28, p = .047] was found on the negative scale, reflecting 
higher negative mood scores post-stress compared to pre-stress regard-
less of treatment and genotype. 
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Figure 2. Mean (SE) vigor (POMS) and positive affect (PANAS) ratings showing a significant 
stronger decrease in vigor ratings following TRP- than TRP+ [t(34)=2.74, p = .01] and a 
significant decrease in positive affect ratings following TRP- but not TRP+ [t(34)=2.57, p = 
.015]. 
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Figure 3. Mean (SE) depression and vigor ratings pre-stress and post-stress for both geno-
types collapsed over treatment showing a significant increase in vigor post-stress for the 
L’/L’ genotype [F(1,15)=12.61, p = .003] and a significant increase in depressive mood for 
the S’/S’ genotype [F(1,16)=5.38, p = .034]. 
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Table 3. Subjective mood ratings. Values represent mean (SD). 

 
  L’/L’ Genotype     

  TRP+    TRP-   

Test Measure Baseline Pre-stress Post-stress  Baseline Pre-stress Post-stress 

PANAS         

 Positive 2.9 (0.8) 3.2 (0.7) 3.1 (0.8)  3.3 (0.8) 3.0 (0.8) 3.0 (0.9) 

 Negative 1.2 (0.2) 1.2 (0.2) 1.2 (0.2)  1.3 (0.3) 1.2 (0.3) 1.3 (0.4) 

POMS         

 Anger 1.3 (0.2) 1.4 (0.4) 1.5 (0.6) 
 1.3 (0.2) 1.5 (0.4) 1.5 (0.4) 

 Depression 1.4 (0.3) 1.4 (0.3) 1.3 (0.2) 
 1.3 (0.2) 1.4 (0.4) 1.4 (0.5) 

 Fatigue 1.7 (0.5) 2.0 (0.7) 1.8 (0.6) 
 1.5 (0.5) 2.3 (0.9) 2.1 (0.9) 

 Tension 1.5 (0.4) 1.4 (0.3) 1.4 (0.3)  1.7 (0.5) 1.4 (0.4) 1.4 (0.4) 

 Vigor 3.1 (0.7) 2.9 (0.7) 2.9 (0.8)  3.3 (0.6) 2.7 (0.7) 3.0 (0.7) 

 
  S’/S’ Genotype     

  TRP+    TRP-   

Test Measure Baseline Pre-stress Post-stress  Baseline Pre-stress Post-stress 

PANAS         

 Positive 3.1 (0.7) 3.0 (0.6) 2.8 (0.7)  3.2 (0.6) 2.8 (0.8) 2.7 (0.8) 

 Negative 1.1 (0.2) 1.1 (0.2) 1.2 (0.3)  1.2 (0.2) 1.2 (0.3) 1.3 (0.3) 

POMS         

 Anger 1.3 (0.2) 1.3 (0.4) 1.5 (0.6)  1.3 (0.3) 1.3 (0.3) 1.6 (0.7) 

 Depression 1.2 (0.2) 1.2 (0.2) 1.3 (0.5)  1.2 (0.2) 1.2 (0.3) 1.3 (0.4) 

 Fatigue 1.5 (0.4) 1.9 (0.9) 1.8 (0.8)  1.5 (0.4) 2.0 (0.7) 1.9 (0.6) 

 Tension 1.4 (0.3) 1.3 (0.4) 1.4 (0.4)  1.4 (0.3) 1.3 (0.3) 1.3 (0.3) 

 Vigor 3.3 (0.6) 2.7 (0.7) 3.1 (0.7)  3.6 (0.6) 2.9 (0.7) 2.8 (0.8) 

Affective Go/No-Go 

Mean values and standard deviations are presented in Table 4. 
Reaction Time (RT). Analysis of reaction time (RT) data revealed a 

main effect of Stress [F(1,32)=5.73, p = .023], indicating longer RTs post-
stress compared to pre-stress, and a main effect of Shift [F(1,32)=11.98, 
p = .002] with faster RTs for shift blocks than non-shift blocks. This Shift 
effect was qualified by a Treatment X Shift interaction [F(1,32)=5.5, p = 
.025], indicating faster RTs for shift trials than non-shift trials in the TRP+ 
condition only [t(34)=4.31, p < .001] and a Valence X Shift interaction 
[F(1,32)=4.71, p = .038], indicating longer RTs for sad non-shift trials 
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compared to sad shift trials [t(34)=3.88, p < .001]. Analysis also revealed 
a Valence X Genotype interaction [F(1,32)=8.62, p = .006], reflecting 
significant longer RTs for sad words compared to happy words for the 
S’/S’ genotype group only [t(17)=3.11, p = .006] (Figure 4). 
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Figure 4. Mean RTs (SE) for happy and sad target words for both genotypes collapsed 
over stress showing significant longer RTs for sad words compared to happy words for the 
S’/S’ genotype group only [t(17)=3.11, p = .006]. 

 
Errors. Analysis of error data revealed a main effect of Treatment 

[F(1,32)=4.68, p = .038], indicating significantly more errors following 
TRP- than TRP+; a main effect of Stress [F(1,32)=4.55, p = .041] with 
fewer errors post-stress than pre-stress and a main effect of Shift 
[F(1,32)=21.99, p < .001] with more errors for shift than non-shift blocks. 
Furthermore, we found a Treatment X Genotype X Valence X Shift inter-
action [F(1,32)=5.27, p = .028], which was explored by a 3-way (Treat-
ment, Valence, Shift) ANOVA for each genotype revealing a Treatment X 
Valence X Shift interaction for the S’/S’ genotype only [F(1,16)=12.24, p 
= .003]. To break down this interaction, a 2-way (Treatment, Valence) 
ANOVA for the S’/S’ genotype was run for each shift condition showing 
a Treatment X Valence interaction for the shift condition only 
[F(1,16)=9.19, p = .008], revealing more errors following TRP- than TRP+ 
during happy shift blocks [t(17)=2.15, p = .047]. 

Further, a Treatment X Stress X Valence X Shift interaction 
[F(1,32)=13.01, p = .001] was found reflecting a Treatment X Stress X 
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Valence interaction for the non-shift condition only [F(1,33)=8.45, p = 
.006]. This interaction was further explored by a 2-way (Treatment, 
Stress) ANOVA for happy words and sad words yielding a Treatment X 
Stress interaction for happy words only [F(1,33)=12.62, p = .001], show-
ing a decrease in errors pre-stress to post-stress following TRP- 
[t(34)=2.52, p = .017] but no effect following TRP+ [t(34)=1.67, p = .10]. 

Omissions. Analysis of omission data revealed a significant Treat-
ment X Valence X Shift interaction [F(1,32)=4.66, p = .038]. A 2-way 
(Treatment, Valence) ANOVA was run for shift and non-shift blocks re-
vealing a marginally significant Treatment X Valence interaction for the 
shift blocks only [F(1,33)=3.98, p = .054], indicating more omissions for 
happy shift trials following TRP+ compared to TRP-. However, this differ-
ence did not approach significance [t(34)=1.78, p = .085]. There were no 
effects of Genotype or Stress. 

Emotionally related free recall 

Mean values and standard deviations are presented in Table 4. 
Immediate recall. Analysis of immediate recall data revealed a main 

effect of Valence [F(2,64)=11.38, p < .001] and a significant Genotype X 
Treatment X Valence interaction [F(2,64)=4.17, p = .02]. This interaction 
was explored by a two-way ANOVA (Treatment, Genotype) for positive, 
negative and neutral words, revealing a marginally significant Treatment 
X Genotype interaction for positive words only [F(1,32)=3.48, p = .071]. 
This interaction, which is visualized in Figure 5, reflected that individuals 
with the S’/S’ genotype recalled fewer positive words following TRP- 
than TRP+ [t(17)=2.5, p = .023]. 
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Figure 5. Mean number (SE) of immediately recalled positive words for both genotypes 
following TRP+ and TRP- collapsed over stress showing that individuals with the S’/S’ geno-
type recalled fewer positive words following ATD than PLC [t(17)=2.5, p = .023]. 

 
Delayed recall. An analysis of the delayed recall data revealed a main 

effect of Stress [F(1,32)=14.57, p = .001] reflecting that fewer words were 
recalled post-stress than pre-stress, and a main effect of Valence 
[F(2,64)=54.17, p < .001] showing that more positive words were re-
called than negative and neutral words. Further, we found a significant 
Treatment X Stress X Valence interaction [F(2,64)=3.28, p = .049]. This 
interaction was further explored by a 2-way (Treatment, Stress) ANOVA 
for positive, negative and neutral words, revealing a Treatment X Stress 
interaction for neutral words only [F(1,33)=7.45, p = .01], indicating that 
more neutral words were recalled pre-stress compared post-stress fol-
lowing TRP+ [t(34)=4.37, p = .000] but not TRP- [t(34)< 1, ns]. However, 
it should be noted that there was already a difference between treat-
ments pre-stress [t(34)=2.2, p = .034] with fewer neutral words being re-
called following TRP- than TRP+. 
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DISCUSSION 

The goal of the present study was to assess mood, memory and at-
tention in individuals with different 5-HTTLPR genotypes following ATD 
before and after the exposure to uncontrollable stress. 

 ATD lowered the plasma TRP:LNAA by 77%, which is compara-
ble with previous studies using the same collagen-protein (CP) ATD 
method (Evers et al., 2005) or the classic ATD mixture (Van der Does, 
2001). Previous studies using the classic ATD mixture have reported an 
increase in plasma TRP of up to 200% in the balanced (TRP+) condition 
(for a review see Fusar-Poli et al., 2006), whereas the CP ATD method 
has been found to be more effective in maintaining a stable TRP+ condi-
tion (Evers et al., 2005; Firk & Markus, 2008). In the present study, the 
TRP:LNAA ratio also increased by 62% in the TRP+ condition suggesting 
that the TRP+ condition may also be psychoactive due to an increase in 
5-HT synthesis. However, this increase in TRP:LNAA ratio is probably 
insufficient to affect behavior (Markus, 2008). 

ATD resulted in a significant reduction of positive mood in all sub-
jects independent of 5-HTTLPR genotype. This finding was surprising 
since most studies only found mood-lowering effects of ATD in individu-
als at risk for depression such as depressive patients in remission, indi-
viduals with a positive family history of depression (FH+) (for a recent 
review see Ruhe et al., 2007) or in healthy s allele carries as compared to 
l carriers (Neumeister et al., 2002; Neumeister et al., 2006). However, 
few recent studies including the triallelic 5-HTTLPR polymorphism also 
revealed negative mood effects of ATD in l/l carriers if they were patients 
(Neumeister et al., 2006) or women (Walderhaug et al., 2007). Although 
our participants reported no family history of depression during screen-
ing, it may indeed be possible that some of these answers were instead 
based on lack of information, which may also explain this surprising ef-
fect. However, even if one or two young adult participants were actually 
FH+, it is unlikely that this has confounded our findings given the sample 
size of the current study. 

Even though the s allele is suggested as a vulnerability factor for the 
negative effects of ATD on mood, it seems that this is more complex and 
brain 5-HT manipulation may particularly alter mood in s allele carriers 
when the serotonergic system is actually needed in the face of acute 



CHAPTER 4 

76 

stress as 5-HT plays a role in regulating HPA axis activity, which is impor-
tant for stress coping (e.g. Porter et al., 2004). Therefore, we predicted 
that s allele carriers are especially vulnerable to ATD under acute stress 
exposure. For this purpose, the MPA task was used in the present study 
as an uncontrollable stress situation since it has frequently been found to 
induce stress as indicated by mood deterioration and increases in corti-
sol and electrophysiological arousal (e.g. Peters et al., 1998; Markus et 
al., 2002). Analysis indeed revealed a slight stress-induced increase in 
depression scores exclusively in S’/S’ genotypes, whereas in L’/L’ geno-
types stress even increased positive feelings of vigor. These findings 
seem to support previous assumptions of 5-HTTLPR s allele as a vulner-
ability factor in the development of depression and suggest that L’/L’ 
carriers are less susceptible to the negative effects of stress than S’/S’ 
genotypes. As already described in the introduction, 5-HT plays an im-
portant role in stress coping which may explain why l allele carriers are 
more resistant to the negative effects of stress compared to s allele car-
riers. This involvement of 5-HT in stress coping is supported by complex 
interactions between 5-HT and the neuroendocrine stress system (Porter 
et al., 2004). Acute stress increases 5-HT neurotransmission (De Kloet et 
al., 1982; De Kloet et al., 1983; Davis et al., 1995), which promotes stress 
adaptation by mediating negative feedback control of cortisol on the 
HPA axis (Nuller & Ostroumova, 1980; Van Praag, 2004). In accord with 
the current findings, s allele carriers are thought to be 5-HT vulnerable 
and to be susceptible to depression symptoms particularly in the face of 
stress (Caspi et al., 2003; Van Praag, 2004; Firk & Markus, 2007). Al-
though hypothetically, stress and enhanced HPA activation, particularly 
in s allele carriers, may further undermine 5-HT function, which then may 
lead to reduced stress coping and subsequently result in negative mood 
(e.g. Van Praag, 2004; Firk & Markus, 2007; Dayan & Huys, 2008). In fur-
ther support, Gotlib (2008) found that only girls homozygous for the s 
allele showed a cortisol response following acute stress exposure, which 
also supports the hypothesis that 5-HTTLPR affects HPA activity and 
hence, stress reactivity. 

Although the affective effects of acute stress exposure appear to be 
influenced by 5-HTTLPR, there was no additional effect of ATD. Assum-
ing that S’/S’ genotypes have a greater serotonergic vulnerability than 
L’/L’ genotypes, and that sufficient 5-HT function is a biological basis for 
stress coping, we expected that ATD would further increase the negative 
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effect of stress exposure in S’/S’ genotypes. This absence of interaction 
between ATD, stress and 5-HTTLPR on depression scores might well be 
explained by the apparent modest effect of the current acute stress task. 
Although the MPA stress task also affected mood in the current study, 
cortisol responses were not increased following stress exposure, sug-
gesting that the MPA task, in the present study, was only a brief and 
mild stressor. On the contrary, Gotlib et al (2008) found a 5-HTTLPR me-
diated change in cortisol responses by including a more severe and sus-
tained stress procedure. Therefore, ATD may only mediate stress-
induced affective changes in s allele carriers under highly emotionally 
(depression) relevant stressful conditions that require enhanced activa-
tion of 5-HT-involved adaptation mechanisms. Although in the current 
study design, stress may be confounded with fatigue effects over time, 
subjective mood ratings showed that fatigue decreases post-stress com-
pared to pre-stress, suggesting that stress was not meaningfully con-
founded by fatigue over time in the current study. 

Based on previous studies reporting memory (e.g. Rinck & Becker, 
2005) and attention bias (e.g. Murphy et al., 1999) toward negatively 
toned material in depressive patients, we expected a negative attention 
and memory bias for S’/S’ genotypes especially following ATD and stress 
exposure. On the AGNG task, we expected faster RTs when responding 
to sad words; however, slower RTs were found for sad words compared 
to happy words for S’/S’ genotypes. One possible explanation for this is 
that S’/S’ genotypes might have a pre-clinical baseline disposition to 
avoid negative information to counteract heightened amygdala respon-
sivity to negative information (Hariri et al., 2005; Heinz et al., 2005; 
Pezawas et al., 2005). In support of this theory, avoidance behavior is 
generally recognized as a mediating factor in anxiety disorders and in 
the onset of depression (Tull & Gratz, 2008). Another possible explana-
tion might be that S’/S’ genotypes spend more time on the elaboration 
of negative material which might increase their vulnerability to depres-
sion. In support of this, healthy individuals without any vulnerability to 
depression actively avoid elaboration of negative stimuli while de-
pressed patients fail to do so (Deveney & Deldin, 2004). This is also con-
sistent with a recently described neuro-computational model by Dayan 
and Huys (2008). In their model, 5-HT modulates behavioral inhibition as 
a Pavlovian control process suppressing negative representations that 
may lead to aversive states and consequences. By reducing brain 5-HT 
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through ATD, this control process will fail and subsequently will give free 
rein to negative thoughts and actions. Further, in terms of this model, 
ATD might decrease suppression of negative thoughts particularly in 
S’/S’ genotypes due to serotonergic vulnerability that is caused by 
higher 5-HT levels throughout life span development as a function of 
less sufficient 5-HT reuptake (Dayan & Huys, 2008). However, in the pre-
sent study, ATD did not affect RTs, and increased the number of errors 
during happy shift blocks only in S’/S’ genotypes, suggesting a slightly 
increased ATD vulnerability for S’/S’ genotypes in line with our expecta-
tions. Previous findings from ATD studies in healthy subjects were incon-
sistent; some showed a negative attention bias following ATD (Murphy 
et al., 2002), others reported a bias toward positive material following 
ATD (Hayward et al., 2005) and others did not find a differential effect of 
ATD on emotional processing (Rubinsztein et al., 2001; Roiser et al., 
2007). 

On the memory task, ATD impaired immediate recall of positive 
words in S’/S’ genotypes. This indeed resembles the mood-congruent 
memory bias that has been reported for depressed patients reflecting 
impaired memory for positive information (Matt et al., 1992). Memory 
performance following ATD has been investigated in previous studies 
reporting impaired recall of positive words following ATD in healthy sub-
jects (Klaassen et al., 2002) and impaired recall in healthy S’/S’ geno-
types independent of word valence (Roiser et al., 2007). Thus, ATD im-
pairs memory performance and in the present study even induces a de-
pressive-like memory pattern in S’/S’ carriers following ATD, supporting 
greater vulnerability of S’/S’ carriers to depression. 

To conclude, polymorphisms of the 5-HTTLPR differentially affects 
responses to mild stress and ATD, suggesting greater vulnerability of 
S’/S’ carriers to serotonergic manipulations and supporting increased 
depression vulnerability. The absence of interaction between ATD, stress 
and 5-HTTLPR, possibly due to the modest effect of the current acute 
stress task, merits further research using a stronger and a more sustained 
stress procedure. 
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CHAPTER 5 

Effect of different tryptophan sources on amino acids avail-

ability to the brain and mood in healthy volunteers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Based on: 
Markus, C.R., Firk, C., Gerhardt, C., Kloek, J., Smolders, G.F. (2008). Effect of different 
tryptophan sources on amino acids availability to the brain and mood in healthy volunteers. 
Psychopharmacology, 201, 107-114. 
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ABSTRACT 

Rationale 
Reduced brain serotonin (5-HT) function is acknowledged as a vulnerabil-
ity factor for affective disturbances. Since the production of 5-HT is lim-
ited by the availability of its plasma dietary amino acid precursor trypto-
phan (TRP), beneficial effects of TRP-rich alpha-lactalbumin whey protein 
(ALAC) have recently been studied. The effects of ALAC remain rather 
modest, and alternative protein sources of TRP may be more effective. 
Objectives 
We tested whether a TRP-rich hydrolyzed protein (HP) has greater effects 
on the plasma TRP:LNAA ratio and mood than intact ALAC protein in 
healthy volunteers. 
Methods 
In a double-blind, randomized cross-over study, plasma amino acids and 
mood were repeatedly measured in eighteen healthy subjects before 
and after intake of ALAC and HP as well as after placebo protein, pure 
TRP and a TRP-containing synthetic peptide. Except for the placebo pro-
tein, all interventions contained 0.8 g Trp. 
Results 
Significantly faster and greater increases in plasma TRP:LNAA were 
found after HP than after ALAC. In addition, the effects of HP on plasma 
TRP:LNAA were comparable with the effects of the TRP-containing syn-
thetic peptide and even exceeded the effect of pure TRP. Sixty minutes 
after intake, mood was improved only following intake of HP and pure 
TRP, whereas longer lasting mood effects were only found after intake of 
HP. 
Conclusion 
The use of a TRP-rich hydrolyzed protein source may be more adequate 
to increase brain TRP and 5-HT function as compared with intact alpha-
lactalbumin protein or pure TRP. 
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INTRODUCTION 

Brain serotonin (5-HT) receptors are widely distributed in the central 
nervous system and involve the regulation of several essential behavioral 
and physiological functions (e.g. mood, sleep, appetite, sexual behavior). 
Reduced 5-HT function is particularly recognized as a vulnerability factor 
involved in affective disorders, whereas increases in brain 5-HT are found 
to improve mood and to reduce affective disturbances in healthy and 
(sub)clinical subjects (Maes & Meltzer, 1995; Markus et al., 1999; Markus, 
2003; Van Praag, 2004). 

Since 5-HT is synthesised from the essential amino acid tryptophan 
(TRP), dietary manipulation of plasma TRP has been developed as a 
method to influence brain 5-HT synthesis. A significant increase in brain 
TRP and 5-HT can be accomplished by the intake of pure TRP, by in-
creasing carbohydrate intake or by consumption of TRP-rich alpha-
lactalbumin protein. These manipulations increase plasma concentra-
tions of TRP to the sum of the other Large Neutral Amino Acids 
(TRP:LNAA ratio) and give TRP the advantage in competition for access 
into the brain (Fernstrom & Wurtman, 1971; Fernstrom et al., 1973; Cur-
zon, 1985). These dietary effects on the plasma TRP:LNAA ratio have 
been demonstrated frequently (Lieberman et al., 1986; Rosenthal et al., 
1989; Markus et al., 1998; Markus, 2007) and clear associations have 
been found between plasma TRP:LNAA and brain 5-HT in animal as well 
as human studies after TRP depletion (Biggio et al., 1974; Carpenter et 
al., 1998; Nishizawa et al., 1997; Williams et al., 1999) and TRP augmen-
tation (Fernstrom and Wurtman, 1971; Markus et al., 2000; Orosco et al., 
2004). 

Although these dietary methods may seem to be useful to improve 
5-HT related affective functioning by increasing brain 5-HT, their effects 
seem to be rather modest. Hence, a 20-25% increase in plasma 
TRP:LNAA as found with carbohydrate-rich diets does not seem to be 
sufficient enough to initiate meaningful behavioral changes (Markus et 
al., 1998; Markus et al., 1999). In addition, only modest effects of carbo-
hydrates on mood are almost exclusively found in affected or sub-clinical 
subjects, whereas these effects are rather inconsistent or missing in 
healthy subjects (Markus, 2003). 
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Supplementing food with pure TRP is in many cases limited by regu-
latory restrictions. However, the use of alpha-lactalbumin (ALAC) was 
recently introduced as a dietary method to further increase brain 5-HT 
and improve cognitive-affective behavior. ALAC is a whey-derived pro-
tein that contains a higher TRP content than most food protein sources 
(Heine et al., 1996). Recent studies reveal 50-130% increases in plasma 
TRP:LNAA after ALAC intake (Markus et al., 2000a; Orosco et al., 2004; 
Markus et al., 2005; Merens et al., 2005; Booij et al., 2006; Scrutton et 
al., 2007). This TRP:LNAA increase improves brain 5-HT function (Markus 
et al., 2000a; Orosco et al., 2004) and mood or stress-related affective 
behavior (Markus et al., 2000a). It even reduces sleep disturbances in 
rats (Minet-Ringuet et al., 2004) and causes sleep-related improvement 
in behavioral and brain measures of concentration in human subjects 
(Markus et al., 2005). Using ALAC has a clear nutritional advantage over 
pure TRP and carbohydrates and can also be given for a longer period of 
time through daily consumption. Nevertheless, the beneficial effects of 
ALAC on cognitive-affective behaviour remain to be rather modest and 
are not always clearly found (Merens et al., 2005). It may be that the in-
crease in plasma TRP:LNAA by ALAC is too small to cause meaningful 
behavioral changes. Instead of using intact ALAC protein, a hydrolyzed 
protein with a TRP:LNAA ratio superior to ALAC or other food sources of 
TRP may lead to faster and greater increases in plasma TRP:LNAA and 
may therefore also cause faster and stronger increases in brain 5-HT and 
affective changes. 

The aim of the present study was to investigate the effects on plasma 
TRP:LNAA ratio and mood after consumption of a TRP-rich hydrolyzed 
protein (HP) as compared to other sources of TRP by healthy volunteers. 
During five experimental sessions, plasma amino acid concentrations 
were measured before and several times after intake of intact ALAC, HP 
and placebo protein, as well as after pure TRP and a TRP-containing syn-
thetic peptide as positive controls. In addition, mood was measured be-
fore and after intake. All of the interventions (except the placebo) con-
tained similar amounts of TRP, but differed in their content of other 
amino acids. 
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METHODS 

Subjects 

Eighteen healthy students (9 males and 9 females: age between 18-
30 years) at Maastricht University participated in the study. Exclusion cri-
teria for participation were chronic and current illness; history of psychi-
atric or medical illness; medication use; metabolic, hormonal or intestinal 
diseases; irregular diets or deviant eating habits; excessive use of alcohol 
(>2 units a day), cigarettes, coffee and/or drugs; aversion for sugar-rich 
products; pregnancy; and any discomfort with blood drawing proce-
dures; as assessed by health and lifestyle questionnaires. Subjects par-
ticipating in the experiment had a body-mass index in the normal range 
(BMI in kg/m2 between 20-25) and female subjects were matched for 
contraception. Women participated during their mid-late follicular phase 
(day 4-10), while women using contraception participated when they ac-
tually used the contraception pill. All subjects that participated in the 
experiment were non-smokers and non-drug users and were not allowed 
to drink alcohol starting two days before the experiment until the end of 
the experiment. The study was approved by the Medical Ethics Commit-
tee of the Academic Hospital Maastricht (Maastricht, The Netherlands) 
and the procedures followed were in accordance with the Helsinki Decla-
ration of 1975 as revised in 1983. All subjects gave their signed informed 
consent to participate in the experiment prior to their inclusion in the 
experiment and received a financial compensation for their participation. 

Procedure 

Approximately 600 students at Maastricht University received written 
information about the study and an invitation to participate. In addition, 
students who were interested to participate were requested to complete 
and return a questionnaire package concerning general information 
(health, smoking and drinking habits, caffeine consumption, weight and 
height, and use of psychoactive drugs) and several questionnaires con-
cerning psychopathology (mood disorders, family history of depression, 
medical complaints, etc). From the subjects showing interest in taking 
part in the experiment, eighteen healthy subjects were selected for the 
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experiment. Subsequently, subjects taking part in the experiment were 
invited at the lab to receive information about the study and to become 
familiar with the environment and experimental procedures. 

During five experimental morning sessions, subjects visited the labo-
ratory to monitor plasma TRP:LNAA concentrations and mood following 
intake of a drink containing different TRP:LNAA ratios (Figure 1A). The 
order of presentation of dietary conditions was counterbalanced and the 
four experimental days were separated by a one-week period. Before 
and 15, 30, 60, 90 120, 180 and 210 minutes after ingestion, blood sam-
ples were taken to measure the dose dependent effect (response-curve) 
of the different TRP or protein sources on plasma amino acid concentra-
tions and the TRP:LNAA ratio. In addition, mood was measured before, 
60 minutes and 210 minutes after intake (Figure 1B). 
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Figure 1. General design (A) and time schedule (B) of the experiment. 
 
On each experimental morning, six subjects arrived at the laboratory 

at 0830 am. Subjects had been instructed to fast overnight; only water or 
tea without sugar was permitted. In addition, subjects were not allowed 
to use any kind of drugs before and during the experiment (see selection 
criteria) or to drink alcohol the day before their participation and arrival 
at the laboratory. After arrival, subjects were allowed to rest for a while 
before an indwelling catheter was inserted in their non-preferred fore-
arm. Then all subjects were brought into a laboratory room containing 
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sitting areas with separated computer systems. Each subject was sepa-
rately seated in front of his or her personal computer screen and in-
structed about the experiment. Subsequently, subjects were exposed to 
a computerized version of the Profile of Mood state (POMS) (see for de-
tailed description below). After the first test session, subjects received a 
test drink containing different TRP:LNAA ratios. Before, 60 minutes and 
210 minutes after intake respectively a first, second and third mood 
measure was conducted. Before and 15, 30, 60, 90 120, 180 and 210 
minutes after intake, blood samples were taken to measure the dietary 
effects on plasma amino acid concentrations. Between measurements, 
all subjects stayed in the laboratory room to read or work on their own 
private computer. 

Diets 

On each experimental morning, a 312 ml drink was consumed con-
taining different TRP or LNAA concentrations. The reference condition 
included 20gram casein protein (PLC: DSM Delft; The Netherlands) with 
0.4g TRP and 10g LNAA, whereas the test conditions included 15 gram 
intact alpha-lactalbumin (ALAC) whey protein (BioPURE, Davisco Foods 
International, Inc.; USA) with 0.8g TRP and 9.4g LNAA, TRP-rich hydro-
lyzed protein (HP) (PeptoBalanceTM, DSM Delft; The Netherlands) with 
0.8g TRP and 4g LNAA, 0.8g pure TRP (TRP: Orthica, Almere; The Neth-
erlands) and 1.2g synthetic peptide (SYN: Ser-Trp, DSM Delft; Molecular 
formula C14H17N3O4) containing 0.8g tryptophan (Tables 1 and 2). 

 

 
 

Table 1. Composition of the standard protein (PLC), alpha-lactalbumin whey protein 
(ALAC), TRP-rich hydrolyzed protein (HP), pure TRP and synthetically depeptide (SYN) con-
dition. 

 
Source Product (g) TRP (g) TRP:LNAA       

(mol/mol)  
PLC 20g/312ml 0.4 0.04 
ALAC 15g/312ml 0.8 0.1 
HP 312ml 0.8 1.1 
pure TRP 0.8g/312ml 0.8 �∞ 
SYN 1.2g/312ml 0.8 �∞ 
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Table 2. Amino acid profile of the standard protein (PLC), alpha-lactalbumin whey protein 
(ALAC) and protein hydrolysate (HP) condition. 

 
Amino acid profile (g) HP PLC ALAC 
Isoleucine 1.004 1.800 2.012 
Leucine 0.745 2.733 3.306 
Phenylalanine 0.480 1.467 1.309 
Tyrosine 1.216 1.867 1.451 
Valine 0.554 2.133 1.322 
Total LNAA 3.999 10 9.4 
Tryptophan 0.8 0.4 0.8 

 
All drinks are prepared by mixing the powder with 0.10g sweetener 

(acesulfame) and were filled up by plaine water in order to reach a 
312mL drink. Research assistants blind to the dietary conditions con-
ducted the administration of the different drinks. 

Measurements 

Profile of Mood States (POMS). Changes in mood are measured us-
ing a computerized Dutch shortened version of the POMS questionnaire 
(Wald & Mellenbergh, 1990) as a VAS scale ranging from ‘strongly dis-
agree’ to ‘strongly agree’. The POMS was calculated by the total mood 
scores on five different subscales; ranging from Anger, Depression, Fa-
tigue and Tension that refer to a negative mood state, to Vigor concern-
ing a positive mood. 

Biochemical Analyses 

Blood samples were collected in duplicate in 5 ml Vacutainer tubes 
containing sodium heparin and centrifuged at 5000 rpm for 5 min at 4°C. 
Subsequently, the supernatants were directly stored at –80°C until analy-
sis. Before storage, the supernatant (100 μ l) was mixed with 4mg sul-
fasalicyl acid. Plasma amino acid analysis was conducted with High pres-
sure liquid chromatography (HPLC), making use of a 2-3 μ m Bischof 
Spherisorb ODS II column. The plasma TRP:LNAA ratio was calculated 
by dividing the plasma TRP concentration (in μmol/L) by the sum of the 
other LNAA’s, i.e. valine, isoleucine, leucine, tyrosine and phenylalanine. 
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Experimental design and statistical analysis 

The main research questions formulated in the introduction were 
analyzed by means of repeated measures multivariate and univariate 
analyses of variance (MANOVA and ANOVA) by using the General Linear 
Model (GLM: SPSS 12.0 for Windows) with one within-subjects factors 
“Condition“ (5 different conditions: PLC, ALAC, HP, pure TRP, SYN) on 
the several dependent measures from mood and plasma amino acids. 
Although we already counterbalanced for order of condition, this vari-
able was preliminarily taken as a between-subjects factor. Yet, because 
order of intervention did not contribute to any of the results, final analy-
ses were performed with only Condition as a within-subjects factor. For 
the effect of diet manipulation on blood samples, repeated measures 
multivariate analyses of variance was performed; with first- and second 
order polynomial contrasts. Only significant results revealed by these 
procedures were further examined by univariate tests. Huynh-Feldt or 
Greenhouse-Geisser corrected P values, their corresponding epsilons as 
well as the original, i.e. uncorrected, degrees of freedom are reported 
when the sphericity assumption was not met. The study, including valida-
tion of the group size, was designed to detect a large effect size ( μ 2 0.20) 
for a power of 0.80 at alpha=0.05 (requiring a group size of at least sev-
enteen subjects). All statistics were evaluated at a significance level of 
5%. Data are reported as means ± SD 

RESULTS 

Plasma TRP:LNAA 

A first repeated measures analysis of variance with Condition (PLC, 
ALAC, HP, pure TRP, SYN) and Time (0, 30, 60, 90, 120, 180 and 210 
min) as within-subjects factors on the plasma TRP:LNAA ratio revealed a 
main significant effect of Time [F(6,90)=122; P<0.0001] and Condition 
[F(4,60)=79,68; P<0.0001] and a significant interaction between Condi-
tion and Time [F(24,360)=41,50; P<0.0001]; indicating that the increase 
in plasma TRP:LNAA ratio across time differed between conditions. As 
shown in Figure 2, the highest significant increases in plasma TRP:LNAA 
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ratio were found 30-120min after SYN [F(6,96)=87,89; P<0.0001] and HP 
[F(6,90)=86,54; P<0.0001]. 
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Figure 2. Mean changes in plasma tryptophan as compared with the other large neutral 
amino acids ratio (TRP:LNAA) after intake of hydrolysed protein (HPROT), alpha-
lactalbumin (ALAC), casein protein (PLC), pure tryptophan (TRP) and tryptophan-containing 
synthetic peptide (SYN). A multivariate significant interaction of Condition by Time 
[P<0.0001] revealed the highest and fastest significant increases in plasma TRP:LNAA ratio 
30-120min after SYN [P<0.0001] and HPROT [P<0.0001]. 

 
There were no significant differences in peak TRP:LNAA responses 

between these two conditions; with the exception that peak (263%) in-
creases in TRP:LNAA after SYN appeared significantly faster (after 60 
min) than peak (255%) increases after HP (after 90 min) [F(3,14)= 3,66; 
P=0.04]. The increase in TRP:LNAA after HP and SYN was significantly 
faster and higher than after pure TRP [F(4,60)=4,56; P=0.003]. With pure 
TRP, a peak 191% increase in TRP:LNAA was found 120min after intake 
(P<0.0001). A significant increase in plasma TRP:LNAA was also found 
60-210min after ALAC [F(6,96)=72; P<0.0001], with a peak 67% increase 
120min after intake (p<0.0001), but this was significantly lower as com-
pared with HP [F(4,60)=60,4; P<0.0001] and pure TRP [F(4,64)=30,83; 
P<0.0001]. After PLC, there was a significant decline in TRP:LNAA start-
ing 60 min (-27%) until 210 min (<0.001) after intake [F(6,96)=32,95; 
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P<0.0001]. The amino acid concentrations of the different protein and 
peptide sources across time are given in Table 3 and the plasma 
TRP:LNAA ratios of different conditions across time are given in Table 4. 

 
Table 3. Plasma amino acid concentrations (μm/L) across time after protein (PLC), alpha-
lactalbumin protein (ALAC), protein hydrolysate (HPROT), pure tryptophan (TRP) and syn-
thetically depeptide (SYN) 

 
  Time 
Amino Acid Condition t0 t30 t60 t90 t120 t180 t210 
Isoleucine PLC 0.07 0.10 0.18 0.15 0.12 0.09 0.08 
 ALAC 0.08 0.12 0.20 0.22 0.18 0.12 0.11 
 HP 0.07 0.09 0.09 0.14 0.09 0.08 0.09 
 pure TRP 0.07 0.07 0.07 0.06 0.07 0.07 0.07 
 SYN 0.06 0.07 0.06 0.06 0.06 0.06 0.07 
Leucine PLC 0.12 0.19 0.31 0.26 0.22 0.17 0.16 
 ALAC 0.13 0.22 0.37 0.38 0.28 0.21 0.20 
 HP 0.13 0.14 0.14 0.13 0.13 0.13 0.14 
 pure TRP 0.13 0.13 0.12 0.12 0.12 0.12 0.13 
 SYN 0.13 0.14 0.12 0.12 0.12 0.12 0.13 
Phenylalanine PLC 0.06 0.08 0.10 0.08 0.08 0.06 0.06 
 ALAC 0.07 0.09 0.11 0.10 0.09 0.07 0.07 
 HP 0.07 0.07 0.07 0.06 0.10 0.06 0.07 
 pure TRP 0.07 0.07 0.06 0.06 0.06 0.06 0.06 
 SYN 0.06 0.07 0.06 0.06 0.06 0.06 0.06 
Tyrosine PLC 0.06 0.07 0.12 0.11 0.09 0.07 0.07 
 ALAC 0.06 0.08 0.12 0.12 0.10 0.08 0.08 
 HP 0.06 0.07 0.07 0.06 0.06 0.06 0.06 
 pure TRP 0.06 0.06 0.06 0.05 0.06 0.05 0.05 
 SYN 0.05 0.06 0.05 0.05 0.05 0.05 0.05 
Valine PLC 0.24 0.28 0.45 0.42 0.38 0.32 0.30 
 ALAC 0.26 0.30 0.38 0.42 0.35 0.29 0.28 
 HP 0.26 0.27 0.25 0.25 0.25 0.25 0.26 
 pure TRP 0.25 0.25 0.23 0.22 0.23 0.22 0.23 
 SYN 0.21 0.26 0.22 0.22 0.22 0.21 0.23 
Tryptophan PLC 0.06 0.07 0.08 0.08 0.07 0.06 0.05 
 ALAC 0.07 0.09 0.18 0.23 0.19 0.13 0.12 
 HP 0.07 0.13 0.21 0.23 0.20 0.14 0.13 
 pure TRP 0.07 0.07 0.17 0.18 0.18 0.13 0.11 
 SYN 0.06 0.13 0.21 0.18 0.15 0.11 0.10 
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Table 4. Plasma TRP:LNAA ratios (μm/L) across time after protein (PLC), alpha-lactalbumin 
protein (ALAC), TRP-rich hydrolyzed protein (HP), pure TRP and synthetically depeptide 
(SYN). 

 
  Time 
Plasma ratio Condition t0 t30 t60 t90 t120 t180 t210 
TRP:LNAA PLC 0.11 0.09 0.08 0.08 0.08 0.08 0.08 
 ALAC 0.12 0.12 0.15 0.18 0.2 0.18 0.17 
 HP 0.11 0.19 0.36 0.39 0.35 0.25 0.22 
 pure TRP 0.11 0.12 0.29 0.31 0.32 0.24 0.20 
 SYN 0.11 0.22 0.40 0.37 0.31 0.22 0.19 
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Figure 3. Mean differences in the total mood changes of the Profile Of Mood State 
(POMS) after intake of TRP-rich hydrolyzed protein (HP), alpha-lactalbumin (ALAC), casein 
protein (PLC), pure TRP and TRP-containing synthetic peptide (SYN). A significant interac-
tion of Condition by Time [P=0.009] indicated comparable mood improvements 60min 
after HP (P=015) and pure TRP (P=0.010) with the most durable mood improvements fol-
lowing HP 210min after intake (P=0.04). 

Mood 

Repeated measures analysis of variance with Condition (PLC, ALAC, 
HP, pure TRP, SYN) and Time (0, 60 and 210 min) as within-subjects fac-
tors on the total mood scores revealed a significant effect of Time 
[F(2,32)=3,27; P<0.05] and a significant interaction of Condition x Time 
[F(4,64)=3,68; P=0.009]; indicating that mood changes across time sig-
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nificantly differed between conditions. As shown in Figure 2, comparable 
improvements of mood were found 60 min after HP (P=0.015) and pure 
TRP (P=0.010) but only after HP mood further improved 210min after 
intake as compared with pure TRP (P=0.04). In contrast, no mood 
changes were found after PLC (P>0.2) and ALAC (P=0.2). Although 
mood also seem to improve after SYN, this was not significant (P>0.2). 

DISCUSSION 

The aim of the present study was to investigate whether a TRP-rich 
hydrolyzed protein (HP) has a greater effect on temporal increases in 
plasma TRP:LNAA and mood as compared with intact alpha-lactalbumin 
(ALAC) protein in healthy volunteers. In addition, a TRP-containing syn-
thetic peptide and pure TRP were included as positive controls. Signifi-
cantly faster and greater increases in plasma TRP:LNAA were found after 
HP intake than after intake of ALAC. In addition, the effects of HP on 
plasma TRP:LNAA were comparable with the effects of the TRP-
containing synthetic peptide and even exceeded the effect of pure TRP. 
Mood improved after HP and pure TRP 60 min after intake, and the most 
profound and durable mood improving effects were found with HP 210 
min after intake. 

In general, the changes of the TRP:LNAA ratios were consistent with 
the kinetics of TRP concentrations reported earlier (Domino, 1976; Yu-
wiler et al., 1981). There was a significantly greater increase in plasma 
TRP:LNAA after intake of HP (255%) as compared with ALAC (67%). This 
effect of HP on plasma TRP:LNAA was comparable with the TRP-
containing synthetic peptide (SYN) and even largely exceeded the 191% 
increase in plasma TRP:LNAA induced by pure TRP. Since all sources 
(except the negative control) contained equal amounts of TRP, it was 
anticipated that the differences found in plasma TRP:LNAA ratios should 
be due primarily to differences in LNAA content between the sources. 
Whereas this notion is substantiated by the results from the natural TRP 
sources, the findings from pure TRP and SYN show that other factors 
may play a role as well. Both, pure TRP and SYN have an infinitely high 
TRP:LNAA ratio, but SYN results in a substantially higher plasma 
TRP:LNAA ratio than pure TRP. We speculate that TRP in the form of 
small peptides has a better bioavailability than pure TRP as such. It has 
been suggested that a 40-70% variation in plasma TRP:LNAA could be 
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sufficient to change brain 5-HT content in animal as well as human; ei-
ther reducing brain 5-HT by lowering plasma TRP:LNAA after TRP deple-
tion (Biggio et al., 1974; Carpenter et al., 1998; Nishizawa et al., 1997; 
Williams et al., 1999) and increasing 5-HT by enhancing plasma 
TRP:LNAA after TRP augmentation (Fernstrom and Wurtman, 1971; Mar-
kus et al., 2000; Orosco et al., 2004) or increasing carbohydrates in nor-
mal meals. Since the current 255% rise in TRP:LNAA induced by con-
sumption of HP largely exceeds this threshold, and also based on find-
ings that TRP suppletion affected mood and behaviour in human (Markus 
et al., 2000; see for a review Markus, 2008), it is very likely that this 
causes a much greater rise in available brain TRP and 5-HT and a subse-
quent stronger psychological-emotional effect in the brain. 

A significant improvement in mood was found one hour after con-
sumption of HP, and intake of pure TRP. Moreover, only HP was able to 
induce a sustained mood-improvement until 210 min after intake. No 
significant effects were found with ALAC or SYN. The absence of a mood 
effect after consumption of ALAC is comparable with previous studies, 
showing that ALAC only induces beneficial effects on mood in stress-
vulnerable subjects under acute stress exposure (Markus et al., 2000a; 
Markus, 2003). Current results suggest that a large 255% increase in 
plasma TRP:LNAA may be sufficient to improve baseline mood in non-
vulnerable subjects as well. Nevertheless, the effects of HP may still be 
more profound in 5-HT-vulnerably subjects and/or when brain TRP sup-
ply is actually required. People differ in their sensitivity to alterations in 
the serotonergic system, and among the different factors involved in 
such brain 5-HT vulnerabilities, genetic proneness and chronically stress-
ful circumstances are the most frequently described (Markus et al., 
2000a; Markus, 2003; Firk & Markus, 2007; Jans et al., 2007). Thus, most 
beneficial effects of brain TRP supply may be expected in ’5-HT-
vulnerable’ subjects like people with a family history of depression, carry-
ing the susceptible short-allele serotonin transporter gene (5-HTTLPR), in 
chronically stressed subjects (Markus et al., 2000a; Markus, 2003; Firk & 
Markus, 2007; Jans et al., 2007) or in clinically depressed or remitted 
subjects who respond to selective serotonin reuptake inhibitors (SSRI’s). 
This intriguing hypothesis certainly deserves further investigation. 

Contrary to our expectations, there were no significant improve-
ments in mood after intake of SYN. Although mood tended to be im-
proved after SYN as compared with PLC and ALAC, this effect was not 
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statistically significant. This is surprising since the increase in plasma 
TRP:LNAA following intake of SYN was comparable to the increase 
found after consumption of HP and even exceeded the 191% increase in 
plasma TRP:LNAA as found after pure TRP. Although hypothetically, it 
may be that the brain bioavailability of TRP released from a synthetic 
dipeptide is somehow reduced. Alternatively, the power of the current 
study may not have been sufficient to detect a significant difference in 
the SYN condition. 

Current findings support the assumption that the use of a hydrolyzed 
TRP-rich protein may be a more adequate method to increase central 
TRP and 5-HT levels and brain function as compared to intact ALAC or 
pure TRP and, hence, to further improve 5-HT related affective behavior. 
Although the beneficial affective effects of TRP supply appear to be 
rather negligible in healthy subjects under normal circumstances, it is 
anticipated that the effects of the current HP may become more vivid 
when chronically administered, under high affecting circumstances that 
require enhanced TRP supply, and in clinically or 5-HT-vulnerable sub-
jects who are responsive to brain 5-HT manipulations. This should be 
explored in future research. 
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CHAPTER 6 

Mood and cortisol responses following tryptophan augmen-

tation and acute stress in healthy subjects with high and low 

cognitive reactivity to depression 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Based on: 
Firk, C., Markus, C.R. (in revision). Mood and cortisol responses following tryptophan aug-
mentation and acute stress in healthy subjects with high and low cognitive reactivity to 
depression. 
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ABSTRACT 

Background 
It is suggested that stress particularly in subjects with high cognitive re-
activity (CR), a psychological vulnerability marker of depression, may in-
crease or even induce serotonergic vulnerability, which in turn may lead 
to reduced serotonin (5-HT) function, decreased stress-coping and an 
increased risk to develop depressive symptoms. 
Objective 
The aim of the present study was to investigate the beneficial effects of 
5-HT augmentation through a tryptophan-rich hydrolyzed protein (HP) 
on mood and stress coping in subjects with high and low CR. We hy-
pothesized that subjects with high CR are more responsive to the bene-
ficial effects of HP than subjects with low CR particularly after acute 
stress exposure. 
Design 
In a placebo-controlled, double-blind, crossover study, participants’ 
mood and cortisol was assessed before and after acute stress exposure 
either following intake of HP or placebo. 
Results 
HP significantly increased positive mood in all subjects and dampened 
the cortisol response to acute stress. No differences were found be-
tween high and low CR subjects. 
Conclusions 
To conclude, dietary 5-HT augmentation with HP has beneficial effects 
on mood and stress-coping also in healthy non-vulnerable subjects sug-
gesting that HP may be a more adequate method to augment TRP and 
brain 5-HT compared to previously used TRP-rich proteins and to im-
prove 5-HT-related stress resilience. 
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INTRODUCTION 

Serotonin (5-Hydroxytryptamine, 5-HT) is involved in almost every 
conceivable physiological or behavioral function as for example in the 
regulation of emotion, sleep, appetite and aggression (Aghajanian & 
Sanders-Bush, 2002). Therefore serotonergic dysfunction is implicated in 
many psychological disorders and it is widely accepted that 5-HT plays a 
key role in the onset and course of depression (Maes & Meltzer, 1995; 
Neumeister et al., 2004c). Evidence comes from studies reporting lower 
plasma 5-HT precursor availability of tryptophan (TRP) for the brain, re-
duced cerebrospinal fluid (CSF) concentration of the serotonin metabo-
lite 5-hydroxyindoleacetic acid (5-HIAA) and decreased platelet 5-HT 
uptake in depressive patients, suggesting involvement of diminished 
brain 5-HT function in the onset of depression symptoms (Maes & Melt-
zer, 1995; Neumeister et al., 2004c). However, in spite of the fact that 
serotonergic dysfunction plays a major role in depression, it is unlikely 
that this neurotransmitter is entirely responsible for its pathogenesis 
(Maes & Meltzer, 1995) 

In the search for additional factors involved in the development of 
depression, stress has received particular attention. Stressful life events 
often precede the onset of depression (Brown et al., 1987; Heim & Ne-
meroff, 2001; Van Praag, 2004) and individuals with a genetic serotoner-
gic vulnerability respond more readily to stressful life events with de-
pressive feelings than individuals without a genetic vulnerability (Caspi et 
al., 2003). In this apparent interdependency between brain 5-HT, stress 
and depression, the hypothalamic-pituitary-adrenal (HPA) axis appears to 
play a major mediating role. In response to a physiological or psycho-
logical stressor, cell bodies at the level of the paraventricular nucleus of 
the hypothalamus are stimulated to release corticotropin-releasing hor-
mone which, in turn, activates the anterior pituitary gland to secrete 
adrenocorticotropic hormone (ACTH). ACTH is secreted into the sys-
temic circulation and stimulates the adrenal cortex to release glucocorti-
coid cortisol. Cortisol is the primary stress hormone, it re-establishes the 
internal balance of the nervous system and the body by exerting a vari-
ety of actions throughout the brain in order to terminate the stress-
response via negative feedback mechanisms, recover from stress and 
prepare the organism for stress coping (Sapolsky, 1992; Ursin & Olff, 
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1993; Dinan, 1994). There is ongoing evidence that the HPA system may 
be hyperactive in depression (e.g. De Kloet et al., 2005) and for complex 
inter-relationships between 5-HT and the HPA system (Arborelius et al., 
1999; Holsboer, 2000; Van Praag, 2004; Firk & Markus, 2007). Acute 
stress increases brain 5-HT turnover (e.g.De Kloet et al., 1982; De Kloet 
et al., 1983; Davis et al., 1995), which is important for the negative feed-
back control of cortisol on the HPA axis as a biological mechanism for 
stress adaptation (Nuller & Ostroumova, 1980; Van Praag et al., 2004), 
whereas chronic stress decreases 5-HT turnover (Lopez et al., 1998; 
Fuchs & Flugge, 2003), which may lead to an overactivation of the HPA 
axis and the onset of stress-related affective disorders (e.g. Markus, 
2003; Van Praag et al. 2004). As a consequence, it has been suggested 
that chronically stressed subjects may benefit more from brain 5-HT 
augmentation, particularly under stress exposure, due to HPA axis and 
brain 5-HT interactions that have resulted in reduced 5-HT levels and 
subsequent 5-HT receptor sensitization as a compensatory response 
(Markus et al., 1998; Markus et al., 2000a; Markus, 2008). For instance, 
brain 5-HT augmentation by TRP-rich protein is found to reduce the 
negative effects of stress on cortisol stress-responses and depressive 
symptoms in healthy but stress-susceptible subjects compared to con-
trols (Markus et al., 2000a; Markus et al., 2002). In accordance, Richell et 
al. (2005) reported that transient reduction of 5-HT concentrations 
through acute tryptophan depletion increases the negative effects of 
acute uncontrollable stress on mood. 

Besides serotonergic vulnerability and stress, cognitive reactivity, a 
cognitive-psychological vulnerability marker of depression, is also impli-
cated in depression (e.g. Teasdale, 1988; Van der Does, 2002; Lau et al., 
2004). During unique experiences across life span, we develop self-
referent memory structures (schemas) that contain information about 
ourselves and our environment. Depending on the frequency and sever-
ity of undesirable incidences or experiences, cognitive schemes may be-
come rather negative and dysfunctional with respect to self-efficacy and 
outcome-expectancies. The ease with which these dysfunctional cogni-
tions appear during sad mood or negative circumstances is labeled 
‘cognitive reactivity’ (CR). These cognitions are less active when the indi-
vidual is in remission, but may become more activate when the person 
feels sad or experiences sad events (Teasdale, 1988). Previous research 
demonstrated that CR can predict relapse in recovered depressed pa-
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tients (Segal et al., 1999; Segal et al., 2006). Furthermore, CR is associ-
ated with an increased affective sensitivity to reductions of 5-HT concen-
trations in remitted patients; supporting relationships between CR and 5-
HT function and suggesting enhanced serotonergic vulnerability in sub-
jects with high CR (Booij & Van der Does, 2007). 

Based on these findings, we suggest a relationship between CR, de-
pression, 5-HT and stress. In more detail, stress particularly in subjects 
with high CR may increase or even induce serotonergic vulnerability, 
which in turn may lead to reduced 5-HT function, decreased stress-
coping and an increased risk to develop depressive symptoms. As a con-
sequence, and contrary to 5-HT depletion, brain 5-HT augmentation may 
have particular beneficial effects in subjects with high CR under stress; by 
counteracting diminished 5-HT function. Brain 5-HT concentrations can 
be augmented by increasing the availability of its precursor TRP (Young 
& Gauthier, 1981). 5-HT is synthesized from the essential amino acid TRP 
which comes from protein in our diet. TRP is converted into 5-HTP (5-
hydroxytryptophan) by TRP-hydroxylase and then 5-HTP is converted 
into 5-HT by aromatic amino acid decarboxylase (AADC) (e.g. Fernstrom, 
1990) Thus, the rate of 5-HT synthesis depends on TRP availability, which 
is the rate limiting step. Yet, TRP entry into the brain and 5-HT synthesis 
do not depend on the total amount of plasma TRP but are regulated by 
the relative availability of TRP versus the other large neutral amino acids 
(LNAA‘s) that compete with TRP for transport across the blood-brain bar-
rier (Fernstrom & Wurtman, 1971, 1972; Curzon, 1985). A promising 
method to increase TRP availability and thereby 5-HT synthesis is by ad-
ministration of alpha-lactalbumin, which is a whey-derived protein that 
contains more TRP than most proteins (Heine et al., 1996). It has been 
demonstrated that alpha-lactalbumin causes a 50-130% increase in 
plasma TRP:LNAA ratio (Markus et al., 2002; Markus et al., 2005; Merens 
et al., 2005; Booij et al., 2006), increases brain 5-HT (Orosco et al., 2004) 
and increases prolactin concentrations and has mood improving effects 
in chronically stressed subjects following acute stress exposure (Markus 
et al., 2000a). Nevertheless, the beneficial effects of alpha-lactalbumin 
on mood and stress-coping are only modest and do not always appear 
(Merens et al., 2005; Markus, 2008) suggesting that the increase in 
TRP:LNAA ratio may not be sufficient to affect behaviour. Recently, a 
TRP-rich hydrolyzed protein was tested with a TRP content and a 
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TRP:LNAA ratio superior to alpha-lactalbumin revealing a positive effect 
on mood in healthy subjects (see Chapter 5). 

The aim of the present study was to investigate the effects of a TRP-
rich hydrolyzed protein (HP) on mood and stress coping in healthy sub-
jects with high CR as compared to low CR. Assuming serotonergic vul-
nerability in subjects with high CR, these subjects may be more respon-
sive to the beneficial effects of the TRP-rich hydrolyzed protein than sub-
jects with low CR after acute stress exposure. 

METHODS 

Participants 

Maastricht University students (n=150) filled in a questionnaire pack-
age concerning personal details (health, smoking and drinking habits, 
caffeine consumption, weight and height, and use of psychoactive 
drugs), several questionnaires concerning psychopathology (mood dis-
orders, family history of depression, medical complaints, etc) and the 
Leiden Index of Depression Sensitivity (LEIDS) (Van der Does, 2002), a 
measure of CR. From the subjects showing interest in taking part in the 
study, 18 subjects with a low CR score (LEIDS score < 24) and 20 sub-
jects with a high CR score (LEIDS score > 47) were selected for the ex-
periment. The low CR group (LCR) and the high CR group (HCR) did not 
differ with respect to sex, age and BMI scores (all p > .05). Demographic 
characteristics are presented in Table 1. 

Participants were excluded if they reported chronic and current ill-
ness; history of psychiatric or medical illness; medication use; metabolic-, 
hormonal- or intestinal diseases; irregular diets; or deviant eating habits 
and excessive alcohol or drug use. Participants’ health was checked with 
standardized medical questionnaires that were evaluated by a trained 
doctoral-level psychologist under the supervision of a medical doctor. 
Participants included in the study revealed normal body-mass indexes 
(BMI in kg/m2 between 20 and 25), and were requested not to use alco-
hol or any kind of drugs before and during the study. All subjects had to 
fast overnight, only water and tea without sugar was permitted. The 
study was approved by the Ethic Committee Psychology (ECP) of Maas-
tricht University and the procedures followed were in accordance with 
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the Helsinki Declaration of 1975 as revised in 1983. All subjects gave 
their signed informed consent to participate in the experiment and re-
ceived a financial compensation for their participation. 

 
Table 1. Demographic characteristics. Values represent mean (SD). 
 

 Cognitive Reactivity 
 high low 
Women 15 13 
Men 5 5 
Age 21.7 (1.9) 21.1 (2.1) 
BMI 21.3 (1.7) 21.8 (2.1) 
LEIDS 55.5 (7.3) 15.8 (5.0) 

Design 

A placebo-controlled, double-blind, crossover design was used. Dur-
ing two experimental morning sessions, participants’ mood and cortisol 
was assessed before and after acute stress exposure either following in-
take of HP or placebo (PLC). The order of presentation of the HP and 
PLC condition was counterbalanced within groups and both experimen-
tal sessions were separated by at least one week. 

Procedure 

On each experimental morning, participants arrived for testing at re-
spectively 08:30 a.m., 09:00 a.m., 09:30 a.m. and 10:00 a.m. Every sub-
ject was invited to two experimental morning sessions. After arrival, a 
first baseline mood measurement was taken which was followed by the 
administration of the protein drink (HP or PLC). The order of presentation 
of the two different diets was counterbalanced between subjects. Be-
tween intake of the amino acid mixture and exposure to laboratory tasks, 
the subjects were able to study or to read magazines in a separated pri-
vate room. They had free access to water and decaffeinated tea. 

At baseline, participants’ mood was assessed followed by the ad-
ministration of the protein drinks which had to be ingested within 15 
minutes. Two hours after intake of the protein drinks, a pre-stress cortisol 
sample (t0) was taken followed by a second mood assessment. Then, par-
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ticipants were exposed to the Trier Social Stress Test (TSST), again fol-
lowed by mood assessment and acquisition of two post-stress cortisol 
samples (immediately after the TSST (t+20) and following a 10 minutes 
relaxation period (t+30)) to measure stress-related activation of the HPA 
axis. 

Diets 

On both experimental morning sessions, a 312 ml drink was con-
sumed containing different tryptophan (TRP) or LNAA concentrations. 
The PLC condition included 0.4g TRP and 10g LNAA (DSM Delft; The 
Netherlands), whereas the HP condition (DSM Delft; The Netherlands) 
contained 0.8g TRP and 2.7g LNAA. The protein drinks were prepared 
by mixing the powder with 0.10g sweetener (acesulfame) and were filled 
up by plane water in order to reach a 312mL drink. Research assistants 
blind to the dietary conditions conducted the administration of the pro-
tein drinks.  

Subjective mood ratings 

Profile of Mood States (POMS). Changes in mood were measured us-
ing the Dutch shortened version of the POMS questionnaire (Wald & 
Mellenbergh, 1990) offered as a visual analogue scale (VAS) ranging 
from ‘strongly disagree’ to ‘strongly agree’. The POMS comprises five 
different subscales for mood; ranging from Anger, Depression, Fatigue 
and Tension that refer to a negative mood state, to Vigor concerning a 
positive mood. 

Positive and Negative Affect Scale (PANAS). The PANAS (Watson et 
al., 1988) consists of two 10 items mood scales, a positive mood scale 
and a negative mood scale. The 20 items are randomly presented and 
participants have to respond on a scale ranging from 1 (totally disagree) 
to 5 (totally agree). 
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Trier Social Stress Test 

Psychosocial stress was induced with the Trier Social Stress Test 
(TSST) (Kirschbaum et al., 1993), which is a laboratory paradigm that re-
liably elicits physiological and psychological stress (Kirschbaum et al., 
1993; Kirschbaum et al., 1999; Kudielka et al., 2004). It consists of a 
preparation period (10 min) followed by a video-taped test period (10 
min) during which the subject has to give a free speech (5 min) and per-
form mental arithmetic’s (5 min) in front of an audience. 

Measurement of salivary cortisol 

Cortisol samples were obtained by using the Salivette sampling de-
vice (Sarstedt ®, Etten-Leur; the Netherlands). With this procedure, saliva 
was collected in small cotton swabs and stored (-25° Celsius) immedi-
ately upon collection until centrifugation. Saliva samples were centri-
fuged at 2650gmax for three minutes at 20°C. Salivary free cortisol levels 
was determined in duplicate by direct radioimmunoassay (RIA; University 
of Liège, Belgium), including a competition reaction between 
125iodohistamine-cortisol and anti-cortisol serum made against the 3-
CMO-BSA conjugate. After overnight incubation at 4° Celsius of 100 μ l 
of saliva, separation of free and antibody-bound 125iodohistamine-
cortisol was performed via a conventional ‘second antibody’ method. In 
order to reduce sources of variability, all samples were analyzed in the 
same assay. 

Statistical analyses 

The main research questions were analyzed by means of repeated 
measures multivariate and univariate analyses of variance (MANOVA and 
ANOVA) by using the General Linear Model (GLM: SPSS 12.0 for Win-
dows). Analyses were conducted with CR (HCR vs. LCR) as between-
subjects factor and Treatment (HP vs. PLC) and Time (baseline vs. pre-
stress) or Stress (pre-stress vs. post-stress) as within-subjects factors on 
mood and salivary cortisol concentrations. Although we already counter-
balanced for Order of Treatment, Order and Gender were taken as cen-
tered covariates (Van Breukelen & Van Dijk, 2007). All statistics are 
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evaluated at a two-tailed significance level of 5%. Greenhouse-Geisser 
corrected P values are reported when the sphericity assumption is not 
met. Post hoc analyses for significant interactions were assessed by 
paired and unpaired t tests to aid interpretation. 

RESULTS 

Subjective mood ratings 

We conducted two repeated measures ANOVA with CR (HCR vs. 
LCR) as between-subjects factor and Treatment (HP vs. PLC) as within-
subjects factors for the subjective mood ratings. To investigate the ef-
fects of treatment and the effects of stress, separately, we included in 
the first analysis Time (baseline vs. pre-stress) and in the second analysis 
Stress (pre-stress vs. post-stress) as within-subjects factors. Data for the 
subjective mood rating scales are presented inTable 3. 
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Table 3. Subjective mood ratings. Values represent mean (SD). 

 
  High Cognitive Reactivity     

  PLC    HP   

Test Measure Baseline Pre-stress Post-stress  Baseline Pre-stress Post-stress 

PANAS         

 Positive 25.6 (7.2) 24.5 (7.6) 23.3 (7.8)  25.3 (7.5) 23.8 (8.2) 23.1 (8.8) 

 Negative 11.2 (1.3) 11.4 (2.0) 12.7 (2.9)  12.3 (4.4) 11.5 (2.8) 12.9 (3.7) 

POMS         

 Anger 50.5 (9.0) 50.7 (9.4) 48.4 (13.1)  50.2 (9.7) 49.2 (9.8) 48.7 (10.5) 

 Depression 60.1 (9.1) 59.7 (9.3) 57.8 (10.8)  59.6 (7.6) 60.8 (11.6) 58.3 (11.3) 

 Fatigue 37.7 (9.2) 38.8 (9.5) 37.7 (10.4)  35.8 (9.1) 36.1 (8.3) 38.7 (8.7) 

 Tension 44.1 (9.2) 44.2 (10.5) 41.2 (12.3)  43.1 (7.3) 45.0 (9.8) 40.6 (11.6) 

 Vigor 16.1 (7.6) 14.9 (6.8) 14.8 (6.2)  14.9 (6.5) 16.2 (8.0) 15.6 (6.9) 

 
  Low Cognitive Reactivity     

  PLC    HP   

Test Measure Baseline Pre-stress Post-stress  Baseline Pre-stress Post-stress 

PANAS         

 Positive 23.9 (5.7) 21.9 (6.3) 21.6 (6.1)  24.8 (8.0) 22.4 (6.5) 23.3 (5.9) 

 Negative 15.7 (4.9) 13.6 (4.1) 14.5 (4.8)  15.0 (3.9) 15.0 (4.03) 15.4 (5.3) 

POMS         

 Anger 45.0 (7.5) 45.2 (9.5) 43.3 (12.5)  43.4 (12.1) 44.4 (11.7) 42.5 (11.8) 

 Depression 52.9 (9.1) 51.8 (11.6) 52.1 (14.1)  50.5(10.1) 50.3 (12.6) 51.5 (12.3) 

 Fatigue 33.3 (10.4) 32.8 (12.2) 33.4 (12.8)  27.9 (10.6) 30.3 (11.9) 33.9 (11.0) 

 Tension 39.8 (9.9) 41.5 (12.4) 37.3 (12.6)  38.6 (9.8) 28.9 (10.9) 37.8 (11.7) 

 Vigor 20.0 (7.5) 18.6 (7.0) 19.2 (8.7)  21.2 (9.1) 23.1 (8.7) 19.8 (6.9) 

 

POMS. In the first analysis, MANOVA revealed a Treatment by Time 
interaction [F(5,30)=2.96, p = .027]. Univariate analysis revealed that the 
effect originated from the subscale vigor [F(1,34)=8.37, p = .007] show-
ing an increase in positive mood following HP [t(37)=2.1, p = .04] but not 
PLC [t(37)=1.49, p = .15]. The interaction is visualized in Figure 1. 

In the second analysis, MANOVA only showed a main effect of Stress 
[F(5,30)=3.93, p = .007] originating from the subscale tension 
[F(1,34)=11.14, p = .002] reflecting lower tension scores post-stress than 
pre-stress. 

PANAS. In the first analysis, we found a main effect of Time 
[F(1,34)=11.87, p = .002] on the positive scale of the PANAS reflecting 
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an overall slight decrease in positive mood across time. No effects were 
found for the negative scale of the PANAS. 

In the second analysis, we found no effect for the positive scale of 
the PANAS but a marginal significant main effect of stress [F(1,34)=4.09, 
p = .051] on the negative scale of the PANAS revealing a slight increase 
in negative mood post-stress compared to pre-stress. 
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Figure 1. Mood was improved following intake of HP as measured by higher scores on the 
vigor scale of the POMS. 

Cortisol 

Repeated measures analysis of variance with CR (HCR vs. LCR) as be-
tween-subjects factor and Treatment (HP vs. PLC) and Stress (t0 vs. t+20 
vs. t+30) as within-subjects factors on salivary cortisol concentrations re-
vealed a main effect of Stress [F(2,33)=6.86, p = .003], reflecting an in-
crease in cortisol following the TSST, and a main effect of Treatment 
[F(1,34)=10.15, p = .003] indicating lower cortisol concentrations follow-
ing HP than PLC. Further, we found a marginal significant Treatment X 
Stress interaction [F(2,68)=6.53, p = .067] reflecting no significant differ-
ence pre-stress [t(37)=1.8, p = .08] but higher cortisol concentrations 
post-stress following PLC than HP [t+20: t(37)=2.7, p = .01; t+30: t(37)=2.8, 
p = .008] (figure 2). Since the cortisol concentrations were highest 30 
minutes following stress onset (t+30), we conducted a second analysis in-
cluding the 2-level factor Stress with the pre-stress measure (t0) and the 
second post-stress measure (t+30) as within subjects factor. Analysis re-
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vealed a significant Treatment X Stress interaction [F(1,34)=4.34, p = 
.045], reflecting a dampened cortisol response following HP compared 
to PLC [t(37)=2.2, p = .037] (figure 2). Cortisol data can be found in table 
4. 
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Figure 2. No significant difference between treatments in cortisol concentrations pre-stress 
were found [t0: t(37)=1.8, p = .08] but higher cortisol concentrations post-stress following 
PLC than HP [t+20: t(37)=2.7, p = .01; t+30: t(37)=2.8, p = .008] reflecting a dampened corti-
sol response following HP compared to PLC. 
 
Table 4. Cortisol data (nmol/l). Values represent mean (SD). 

 
 Low Cognitive Reactivity  High Cognitive Reactivity 

 PLC HP  PLC HP 

Time      

  t0 (pre-stress) 4.8 (2.3) 4.5 (2.8)  4.8 (2.3) 4.3 (3.1) 

     t+20 (post-stress) 6.8 (4.6) 5.5 (4.6)  6.3 (4.2) 5.8 (4.5) 

     t+30 (post-stress) 8.1 (5.8) 6.7 (5.7)  8.3 (6.4) 6.8 (6.2) 

DISCUSSION 

The aim of the present study was to investigate the effects of a TRP-
rich hydrolyzed protein (HP) intake on mood and stress coping in healthy 
subjects and to examine whether subjects with high cognitive reactivity 
(CR) are more responsive to the beneficial effects of HP than subjects 
with low CR. 
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 Previous research including TRP-rich intact alpha-lactalbumin 
protein already indicated consistent significant 70-130% increases in the 
plasma TRP:LNAA ratio (Markus et al., 2002; Markus et al., 2005; Merens 
et al., 2005; Booij et al., 2006). Recently, a hydrolyzed and more purified 
TRP-rich protein was found to cause a much greater increase in plasma 
TRP:LNAA; largely exceeding the effects of alpha-lactalbumin protein 
(Markus et al., 2008). It has been suggested that a 40-70% variation in 
plasma TRP:LNAA could be sufficient to change brain 5-HT synthesis in 
animals as well as humans; either reducing brain 5-HT by lowering the 
TRP:LNAA ratio through ATD (Biggio et al., 1974; Nishizawa et al., 1997; 
Carpenter et al., 1998; Williams et al., 1999) or increasing 5-HT by en-
hancing the TRP:LNAA ratio trough TRP augmentation (Fernstrom & 
Wurtman, 1972; Markus et al., 2000a; Orosco et al., 2004). Since the re-
cently used TRP-rich hydrolyzed protein largely exceeded this threshold 
(Markus et al., 2008), it is very likely that also the current HP causes a 
much greater rise in 5-HT availability and consequently also has a 
stronger effect on behavior and affect. 

In line with our previous findings (see Chapter 5), we found an in-
crease in positive mood following HP, which we assume is caused by a 
substantial increase in TRP:LNAA ratio and subsequent increased brain 
5-HT function. In support, 5-HT synthesis is positively correlated with 
positive mood and negatively correlated with negative mood (Perreau-
Linck et al., 2007) and whole blood 5-HT concentrations have been 
found to predict mood in healthy individuals (Williams et al., 2006). Thus, 
the beneficial effects of HP on mood in healthy subjects suggest that the 
substantial increase in TRP:LNAA and 5-HT synthesis is sufficient to affect 
behaviour also in non-clinical populations in contrast to previously used 
TRP-rich proteins such as alpha-lactalbumin whey-protein that only af-
fected mood after acute stress exposure in chronically stressed subjects 
(Markus et al., 2000a). 

Further, we explored the beneficial effects of HP on stress coping. 
Following acute stress exposure, we found a slight increase in negative 
mood and a clear-cut cortisol response > than 2.5 nmol/l. This resembles 
earlier findings reporting psychological and physiological stress follow-
ing the TSST (Kirschbaum et al., 1993; Kirschbaum et al., 1999; Smeets 
et al., 2006). Furthermore, we found a treatment by stress interaction 
revealing a dampened cortisol response (< 2.5 nmol/l) following HP 
compared to PLC regardless of CR, which may be attributed to en-
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hanced stress resilience due to HP. This may be caused by increased 5-
HT synthesis supporting the proposal that dietary-induced increases in 
TRP:LNAA ratio have beneficial effects on stress coping and is in line 
with evidence of 5-HT involvement in stress coping (Porter et al., 2004). 
Acute stress increases 5-HT neurotransmission (De Kloet et al., 1982; De 
Kloet et al., 1983; Davis et al., 1995), which promotes stress adaptation 
by mediating negative feedback control of cortisol on the HPA axis 
(Nuller & Ostroumova, 1980; Van Praag, 2004). Deakin and Graeff (1991) 
suggested that particularly the 5-HT pathway originating from the me-
dian raphe nucleus (MRN) and projecting to the dorsal hippocampus 
may mediate resilience to repeated stress. In line with our findings, 
Richell et al. (2005) reported lower mood following acute uncontrollable 
stress after ATD, which decreases the TRP:LNAA ratio and reduces 5-HT 
synthesis (Fernstrom & Wurtman, 1972; Young et al., 1985). In further 
support, dietary-induced 50-70% increases in TRP:LNAA ratio by alpha-
lactalbumin have been found to reduce cortisol responses and lower 
mood in chronically-stressed subjects following an uncontrollable mental 
arithmetic stress task (Markus et al., 2000a; Markus et al., 2002). It was 
hypothesized that increases in TRP:LNAA ratio and 5-HT synthesis only 
positively affected chronically stressed subjects due to stress-induced 
receptor sensitization of their brain 5-HT system. In the current study, 
however, dietary 5-HT augmentation by the use of a hydrolyzed protein 
with a superior effect on the TRP:LNAA ratio than intact alpha-
lactalbumin and pureTRP (Markus et al., 2008) also dampened the 
physiological stress response in healthy non-vulnerable subjects support-
ing the assumption that the use of HP may be a more adequate method 
to further augment brain TRP and 5-HT at a more meaningful level and 
to improve 5-HT-related stress resilience (Markus et al., 2008). 

Our second aim was to explore whether subjects with high CR are 
more responsive to the beneficial effects of HP than subjects with low 
CR. As already mentioned in the introduction, CR is the ease with which 
dysfunctional cognitions appear during sad mood and previous studies 
have shown that CR predicts depressive relapse (Segal et al., 1999; 
Segal et al., 2006) and serotonergic vulnerability (Booij & Van der Does, 
2007). Contrary to our expectation that HP may be more effective in in-
dividuals with high CR due to serotonergic vulnerability, CR did not me-
diate the beneficial effects of HP in the current study. It should be noted 
that the association between CR and serotonergic vulnerability has been 
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found in an ATD study with depressive patients in remission (Booij & Van 
der Does, 2007), which may explain our negative findings in healthy non-
vulnerable subjects. Furthermore, ATD induces depressive relapse by 
transiently decreasing 5-HT synthesis, whereas HP improves mood by 
enhancing 5-HT synthesis. CR, as assessed by the LEIDS, predicts access 
to dysfunctional schemas during low mood, which is thought to repre-
sent a trait marker for depression vulnerability (Booij & Van der Does, 
2007). Therefore, we suggest that individuals with high CR may benefit 
from HP to a greater extent during sad mood, which may be explored in 
future studies. 

In conclusion, HP positively affects mood and stress coping in 
healthy non-vulnerable subjects. In future studies, clinical or sub-clinical 
individuals should be included to further explore the beneficial effects of 
5-HT augmentation in these populations and to determine whether this 
dietary manipulation may have therapeutic potential in 5-HT related dis-
orders such as depression. 
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AIM OF THE DISSERTATION 

The main aim of this dissertation was to investigate the interaction 
between stress and brain serotonergic vulnerability as a risk factor for 
depression. Serotonergic vulnerability has been defined as sensitivity of 
the serotonergic system to alterations or disruptions, which increases the 
likelihood of developing disorders that are related to the serotonergic 
system, such as depression (Jans et al., 2007). Serotonergic vulnerability 
has been postulated for individuals with an increased risk for depression 
including individuals with a family history of depression (FH+) (Benkelfat 
et al., 1994; Klaassen et al., 1999), individuals with allelic variation in 
genes that encode transporter-proteins that are critical in determining 
the overall level of serotonergic neurotransmission (e.g. Neumeister et 
al., 2002), and individuals with a cognitive reactivity to depression (Booij 
& Van der Does, 2007). However, a major problem is that serotonergic 
vulnerability is not the only factor involved in the development of de-
pression. Many individuals with a serotonergic vulnerability do not de-
velop depression, suggesting that the relationship between serotonin (5-
HT) dysfunction and depressive symptoms is not direct, but involves an 
additional factor. One factor that has been proposed to play an impor-
tant role in the development of depression is stress. Depression is often 
preceded by stress and epidemiological studies suggest that serotoner-
gic vulnerability predisposes individuals to depression only in the con-
text of stress (e.g. Caspi et al., 2003). Further, it has been suggested that 
stress may potentiate serotonergic vulnerability and that a vulnerable 
serotonergic system and stress may mutually increase the risk of depres-
sion. In support of this assumption, interactions between the serotoner-
gic system and the stress response have been clearly reported and chal-
lenges of either system may reduce the function of the other (e.g. Porter 
et al., 2004; Van Praag et al., 2004; Firk & Markus, 2007). Nevertheless, 
the interaction between serotonergic vulnerability and stress has not yet 
been investigated experimentally in depression-vulnerable individuals 
despite extensive epidemiological studies that propose a link between 
serotonergic vulnerability, stress, and the development of depression. 
Therefore, in this research project, the interaction between serotonergic 
vulnerability, stress resilience, and depressive symptoms in individuals 
with increased risk for depression was investigated in several double-
blind placebo-controlled experimental designs. In these studies, depres-
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sion-prone subjects with assumed serotonergic vulnerabilities related to 
a positive family history of depression (FH+), a low expressing 5-HTTLPR 
s allele, or a cognitive reactivity (CR) to depression were compared with 
control participants for cognitive-affective (mood, memory, attention) 
and biological (cortisol, plasma amino acids) changes under laboratory 
stress either following acute tryptophan depletion (ATD), tryptophan 
(TRP) augmentation, or placebo. In the following sections, the main re-
search findings are summarized and discussed, methodological ques-
tions are raised, and directions for future research are given. 

SUMMARY AND DISCUSSION OF THE FINDINGS 

As previously described, the main rationale of the present research 
project was to explore interactions between serotonergic vulnerability, 
stress, and depressive symptoms in individuals with an increased risk for 
depression. To summarize and interpret the findings, the following two 
questions will be addressed: 1) do depression-prone subjects (i.e., indi-
viduals with a family history of depression, with the s allele of the 5-
HTTLP, or with high CR to depression) indeed exhibit serotonergic vul-
nerability? and 2) do depression-prone individuals exhibit increased 
stress vulnerability, particularly following 5-HT depletion, and decreased 
stress vulnerability following 5-HT augmentation? 

Serotonergic vulnerability 

Serotonergic vulnerability, or the sensitivity of the serotonergic sys-
tem to alterations or disruptions, in depression-vulnerable individuals 
was examined by means of two different experimental manipulations, 
either depleting brain 5-HT by ATD or increasing brain 5-HT by dietary 
TRP augmentation. ATD has been shown to lower brain 5-HT synthesis 
and activity by depletion of its precursor TRP relative to the sum of the 
other large neutral amino acids (LNAAs) with which TRP competes for 
uptake into the brain (Fernstrom & Wurtman, 1972; Young et al., 1985). 
This was accomplished through administration of a gelatin-based hydro-
lyzed collagen protein (CP) that contains the entire range of amino acids 
except for L-TRP (Evers et al., 2005; Sambeth et al., 2008). Previous stud-
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ies have clearly demonstrated that in humans, ATD successfully reduces 
brain 5-HT function by decreasing the plasma TRP:LNAA ratio (Nishizawa 
et al., 1997; Carpenter et al., 1998; Williams et al., 1999). In Chapters 2, 
3, and 4 it has been shown that the CP ATD method lowered the 
TRP:LNAA ratio by 65-77%, which is comparable to previous studies us-
ing the same CP method (Evers et al., 2005; Sambeth et al., 2008) or the 
classic ATD mixture (Van der Does, 2001). In Chapter 2, it was found 
that individuals with FH+ were slightly more vulnerable to ATD (longer 
RTs on the affective go/no-go (AGNG) task to happy words on non-shift 
blocks) than control participants, which is consistent with earlier findings 
reporting ATD vulnerability in FH+ individuals (Benkelfat et al., 1994; 
Klaassen et al., 1999). In Chapter 4, ATD lowered mood in all subjects 
independent of genetic vulnerability but impaired immediate recall of 
positive words in genetic 5-HT-vulnerable S/S genotypes only. In addi-
tion, ATD increased the number of errors during happy shift blocks on 
the AGNG task only in 5-HT-vulnerable S/S genotypes. These findings 
seem to support the assumption of increased serotonergic vulnerability 
and clearly resembles the mood-congruent memory bias that has often 
been reported in depressive patients, reflecting impaired memory for 
positive information (Matt et al., 1992). 

Brain 5-HT augmentation was accomplished through the use of a 
TRP-rich hydrolyzed protein that has been shown to increase the 
TRP:LNAA ratio (Chapter 5). This increase in TRP:LNAA ratio largely ex-
ceeds the effect of pure TRP (Chapter 5) and is much greater than that 
for previously used TRP-rich proteins (Markus et al., 2002; Markus et al., 
2005; Merens et al., 2005; Booij et al., 2006). Furthermore and contrary 
to previously used intact TRP-rich proteins, the hydrolyzed TRP-rich pro-
tein increased positive mood in healthy non-vulnerable subjects (Chap-
ters 5 and 6). Since 50-70% increases in plasma TRP:LNAA are already 
found to be sufficient to increase brain 5-HT function (Markus et al., 
2000a; Orosco et al., 2004), the beneficial effects of a hydrolyzed TRP-
rich protein on mood in healthy subjects are most likely due to increased 
5-HT synthesis (Markus et al., 2008). Contrary to our expectation that 
TRP augmentation may be more effective in individuals with high CR due 
to serotonergic vulnerability, this mediating effect of CR was not found. 
It should be noted that the association between CR and serotonergic 
vulnerability has been suggested in an ATD study including depressive 
patients in remission (Booij & Van der Does, 2007), which may explain 
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our negative findings in healthy non-vulnerable subjects following die-
tary TRP augmentation. After all, TRP augmentation improves mood by 
enhancing 5-HT synthesis, whereas ATD lowers mood by transiently de-
creasing 5-HT synthesis and CR predicts access to dysfunctional schemas 
during low mood, a trait marker for depression vulnerability (Booij & Van 
der Does, 2007). Hence, individuals with high CR may benefit from TRP 
augmentation to a greater extent during sad mood, which may be ex-
plored in future studies. Further, we suggest that future studies should 
also include clinical or sub-clinical populations to further examine the 
association between CR and serotonergic vulnerability and investigate 
the beneficial effects of 5-HT augmentation in these populations as, hy-
pothetically, CR may be associated with serotonergic vulnerability only in 
depressive patients in remission. After all, previous studies have shown 
that CR can predict depressive relapse in these populations (Segal et al., 
1999; Segal et al., 2006). 

Based on these findings, it can be concluded that FH+ individuals 
and individuals with the 5-HTTLPR s allele are slightly more vulnerable to 
affective consequences of serotonergic manipulations than healthy con-
trol participants. Yet, the effects appear to be small and should be inter-
preted with caution, particularly regarding clinical relevance. On the con-
trary, healthy individuals with high CR do not seem to benefit more from 
5-HT augmentation than healthy individuals with low CR, suggesting that 
CR is not associated with serotonergic vulnerability as found in FH+ sub-
jects and 5-HTTLPR s allele carriers. However, CR, as compared to FH+ 
and S/S 5-HTTLPR, is more directly related to the ease with which dys-
functional thoughts are activated during sad mood. Therefore, seroton-
ergic vulnerability in CR subjects may only become visible during low 
mood and may, therefore, be explored in future ATD studies. 

Serotonergic vulnerability, stress, and depression 

The major aim of the current studies was to explore whether depres-
sion-vulnerable individuals exhibit stress vulnerability and whether sero-
tonergic vulnerability for depression may particularly manifest itself un-
der stress and whether this is further affected by brain 5-HT manipula-
tions. To investigate this interaction between stress, 5-HT vulnerability, 
and depression experimentally, physiological and psychological stress 
was induced in the current studies. This was achieved by means of two 
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experimental stress procedures: the Markus-Peters computerized mental 
arithmetic task (MPA) (e.g. Markus et al., 1998) and the Trier Social Stress 
Test (TSST) (Kirschbaum et al., 1993). In Chapters 2, 3, and 4, the MPA 
task was used to induce physiological and psychological stress. In Chap-
ter 2, reaction times (RTs) on the AGNG task significantly decreased af-
ter the stress task. In Chapter 4, stress increased negative mood scores, 
resulting in longer RTs on the AGNG task and lowered delayed recall. 
Although the MPA stress task affected mood and behavior, cortisol re-
sponses were not increased following stress exposure, suggesting that 
the MPA task was only a brief and mild stressor in the current designs 
(Chapter 4). In Chapter 6, the TSST was used to induce acute stress. 
Following the TSST, we found an increase in negative mood and a clear-
cut cortisol response > 2.5 nmol/l, in line with earlier findings reporting 
psychological and physiological stress following the TSST (Kirschbaum et 
al., 1993; Kirschbaum et al., 1996; Smeets et al., 2006). 

In Chapter 3, we found a genotype by stress by shift interaction on 
the AGNG task, indicating fewer omissions for targets on non-shift 
blocks post-stress compared to pre-stress for individuals with the l/l 
genotype. In Chapter 4, we found a stress-induced increase in depres-
sion scores exclusively in s/s genotypes, whereas in l/l genotypes stress 
even increased positive feelings of vigor. These findings seem to support 
previous assumptions of 5-HTTLPR s allele as a vulnerability factor in the 
development of depression and suggest that l/l carriers are less suscep-
tible to the negative effects of acute stress than those with s/s geno-
types. As already discussed in the general introduction, 5-HT plays an 
important role in stress coping, which may explain why l allele carriers 
are more resistant to the negative effects of stress compared to s allele 
carriers. This involvement of 5-HT in stress coping is supported by com-
plex interactions between 5-HT and the hypothalamic-pituitary-adrenal 
(HPA) stress response (Porter et al., 2004). Acute stress increases 5-HT 
neurotransmission (De Kloet et al., 1982; De Kloet et al., 1983; Davis et 
al., 1995), which promotes stress adaptation by mediating negative 
feedback control of cortisol on the HPA axis (Nuller & Ostroumova, 
1980; Van Praag, 2004). In compliance with the current findings, 5-
HTTLPR s allele carriers are at increased risk of depression, particularly in 
the face of stress (e.g. Caspi et al., 2003). In further support, Gotlib 
(2008) found that only girls homozygous for the s allele showed a cortisol 
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response following acute stress exposure, which also supports the hy-
pothesis that 5-HTTLPR affects HPA activity and, hence, stress reactivity. 

In Chapter 2, individuals without a family history of depression 
showed stress-induced slowed responses to happy words in non-shift 
blocks on the AGNG task only following ATD, whereas the FH+ group 
showed this pattern after ATD (pre- and post-stress) as well as after 
stress following PLC. These findings suggest that FH- subjects may be 
more stress-resilient than FH+ subjects and may become susceptible to 
stress only after ATD. This may be attributed to enhanced stress suscep-
tibility caused by ATD-related (transient) dysfunction of the 5-HT-
mediated resilience system (Richell et al., 2005). Deakin and Graeff 
(1991) suggested that the 5-HT pathway originating from the median 
raphe nucleus (MRN) and projecting to the dorsal hippocampus may par-
ticularly mediate resilience to repeated stress. Psychosocial stress may, 
therefore, predispose individuals to depression mainly by attenuating 5-
HT1A receptor functioning in the MRN resilience system via stress hor-
mone mechanisms. Although acute psychosocial stress increases hippo-
campal 5-HT concentrations, as a biological condition for stress adapta-
tion, chronic stress is found to downregulate 5-HT1A hippocampal recep-
tors in animals (Lopez et al., 1998; Fuchs & Flugge, 2003). Consistently, 
5-HT challenge in chronically-stressed subjects, but not in controls, in-
creased prolactin responses and improved mood and performance after 
acute stress (Markus et al., 2000a; Markus et al., 2002), and depressed 
patients show decreased 5-HT1A receptor binding (Drevets et al., 1999; 
Sargent et al., 2000) and reduced hippocampal volume (Sheline et al., 
2003) . 

In support of the serotonergic vulnerability by stress interaction hy-
pothesis, we found a dampened cortisol response to an acute stressor 
(TSST) following TRP augmentation (Chapter 6), which we suggest may 
be attributed to enhanced stress resilience due to increased 5-HT avail-
abilty. This supports the proposal that dietary-induced increases in 
TRP:LNAA ratio have beneficial effects on stress coping (Markus, 2008) 
and is in line with the 5-HT-mediated resilience system (Richell et al., 
2005). 

In sum, the present findings support the role of stress as an impor-
tant predecessor in the development of depression. Moreover, negative 
effects of stress on depression-related cognitive-affective changes were 
found to depend on FH and 5-HTTLPR genotypes. Individuals with FH+ 
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were found to be more susceptible to the negative affective effects of 
stress than FH- individuals. Furthermore, individuals homozygous for the 
s allele of the 5-HTTLPR show higher depression scores after stress, 
whereas in individuals homozygous for the l allele, stress even increased 
positive mood. In further support, 5-HT augmentation enhanced stress-
resilience in line with evidence of 5-HT involvement in stress coping. 
These findings clearly support the assumed interaction between sero-
tonergic vulnerability, stress, and depression. Nevertheless, these inter-
action effects appeared to be small, which also raises methodological 
questions regarding the experimental manipulations. 

METHODOLOGICAL ISSUES 

Although the findings summarized and discussed above support the 
interaction between serotonergic vulnerability, stress, and depression, 
effects were rather modest, which may be related to the experimental 
manipulations (i.e., 5-HT manipulations and stress manipulations). The 
current findings suggest that brain 5-HT manipulations (i.e., brain 5-HT 
depletion (through ATD) and brain 5-HT augmentation (through TRP 
augmentation)) have been sufficiently conducted. After all, previous 
studies have shown that a 40-70% variation in plasma TRP:LNAA is suffi-
cient to change brain 5-HT synthesis and function in animals as well as 
humans (Fernstrom & Wurtman, 1972; Biggio et al., 1974; Nishizawa et 
al., 1997; Carpenter et al., 1998; Williams et al., 1999; Markus et al., 
2000a; Orosco et al., 2004). Since ATD resulted in a 65-77% decrease in 
TRP:LNAA ratio (Chapters 2, 3, and 5) and TRP augmentation resulted 
in a 255% increase in TRP:LNAA ratio (Chapter 5), it seems to be safe to 
conclude that both manipulations were successful in causing a sufficient 
increase or decrease in brain TRP and 5-HT and, subsequently, to have 
an effect on cognitive-affective behavior. 

On the contrary, the current stress manipulations may have been too 
mild to find strong evidence for interactions between serotonergic vul-
nerability, stress, and depression in depression-vulnerable subjects. To 
explore these interactions, laboratory stress tasks were used that were 
thought to activate the HPA stress response. Based on previous studies 
showing successful stress initiation by the MPA task and the TSST, in the 
present studies these tasks were included as acute stress manipulations 
(e.g. Kirschbaum et al., 1993; Markus et al., 1998; Markus et al., 2000a). 
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In the current experiments, both stress tests affected mood but a cortisol 
response was only found in reaction to the TSST. According to Lupien 
(2007), stress can be relative or absolute in nature. Absolute stress is a 
real threat that elicits a stress response in every person (e.g., earth-
quake), whereas relative stress is an implied threat that is induced by the 
interpretation of a situation as stressful. Therefore, giving a speech in 
front of an audience, as during the TSST, or performing unsolvable men-
tal arithmetic problems, as during the MPA task, may be very stressful for 
some individuals but not for all individuals. In accord, large inter-
individual variations in the stress response to relative stress situations 
have been reported (e.g. Kirschbaum et al., 1999; Kudielka et al., 2004; 
Smeets et al., 2006). Lupien (2007) argued that absolute stressors, due to 
their life-threatening nature, will automatically lead to a physiological 
response, whereas relative stressors require a cognitive interpretation in 
order to elicit a stress response. Therefore, the cognitive evaluation of a 
given situation is responsible for the activation of the stress response. 
Psychological factors that influence cognitive stress perception are nov-
elty, unpredictability, and uncontrollability (Mason, 1968). The MPA as 
well as the TSST have both uncontrollable and unpredictable compo-
nents; however, the repeated measures design may decrease feelings of 
novelty, uncontrollability, and unpredictability, which may, in turn, re-
duce cognitive stress evaluation. According to Dickerson and Kemeny 
(2004), social evaluative threat (i.e., the threat that task performance 
could be negatively evaluated by others) also activates the HPA system 
based on the self-preservation theory assumption that individuals moni-
tor their environment for threats to their social esteem or status. There-
fore, in Chapter 4, to increase social evaluative threat, the MPA task was 
performed under supervision of the experimenter. Nonetheless, this was 
still insufficient to activate the HPA axis and we suggest that, in future 
studies, particularly in repeated measures design, the TSST should be 
used instead. 

In the general introduction, it has been proposed that stress in indi-
viduals with a serotonergic vulnerability may induce depressive symp-
toms. In the present research project, we modelled this by inducing se-
rotonergic vulnerability through ATD and acute stress by means of the 
MPA. It was hypothesized that following ATD, 5-HT does not increase 
under acute stress (because 5-HT synthesis is dependent on TRP avail-
ability), causing ATD-related (transient) dysfunction of the 5-HT-
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mediated resilience system. Therefore, we expected that participants 
may have been more vulnerable to stress following ATD. This has also 
been supported by lowered mood in healthy subjects following ATD and 
uncontrollable stress (Richell et al., 2005) and by increased cardiovascu-
lar and psychological stress responses following ATD in recovered pa-
tients with anxiety disorders (Davies, 2006). In the present research pro-
ject, interactions between ATD and stress were only rarely found, which 
may be related to the mild acute nature of the stressors. In the ATD 
studies, the MPA stress task (likely) did not activate the HPA axis as indi-
cated by the missing cortisol response (Chapter 4). However, it was ex-
pected that decreased 5-HT synthesis would negatively effect stress cop-
ing particularly due to the fact that 5-HT plays an important role in regu-
lating HPA axis activity and supporting the negative feedback control of 
cortisol on the HPA axis (Porter et al., 2004). Therefore, the interaction 
between ATD and acute stress in 5-HT-vulnerable individuals should be 
investigated in future studies including a more severe stress task. Yet, it 
may be questioned whether acute stress is a good instrument to model 
every-day life stress or stressful life events. After all, epidemiological 
studies that proposed an interaction between serotonergic vulnerability, 
stress, and depression concentrated on stressful life events. Further, it is 
very likely that stressful life events are more intense than an acute labora-
tory stressor. Pre-clinical and clinical studies suggest that, in particular, 
early stressful life events have long-lasting effects on the HPA axis as im-
plied by chronic increases in glucocorticoids and ACTH levels and en-
hanced neuroendocrine response to stressors in adulthood that are pos-
sibly due to CRH overdrive (see for reviews Heim & Nemeroff, 2001; 
Heim et al., 2008). In support, a recent experimental study has found 
that the combination of early life stress and chronic stress during adoles-
cence was the best predictor of cortisol response to an acute stressor 
(Rao et al., 2008). Therefore, future research projects may also focus on 
the development of experimental designs investigating the interaction 
between (early) stressful life events and/or chronic stress, serotonergic 
vulnerability, and depression. 

CONCLUSION 

The central focus of this research project was to investigate the inter-
action between serotonergic vulnerability, stress, and depressive symp-
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toms in individuals with increased risk for depression in several double-
blind placebo-controlled experimental designs. The first main question 
of the present studies was to explore whether subjects with a family his-
tory of depression, subjects with the s allele of the 5-HTTLP, and sub-
jects with a high cognitive reactivity to depression, who were considered 
to have an increased risk of developing depression due to a 5-HT vul-
nerable system, indeed, show evidence of serotonergic vulnerability. The 
second aim of the current studies was to determine whether depression- 
(5-HT-) vulnerable individuals are prone to the negative effects of acute 
stress, particularly following depleting 5-HT through ATD, and whether 
negative effects of stress can be counteracted by increasing 5-HT avail-
ability through TRP augmentation. 

In sum, results from the present project revealed that FH+ individuals 
and individuals with the 5-HTTLPR s allele are slightly more vulnerable to 
serotonergic manipulations than healthy non-vulnerable control partici-
pants. Negative effects of stress may depend on family history of de-
pression and 5-HTTLPR genotype, supporting the interaction between 
serotonergic vulnerability, stress, and depression. In support, dietary-
induced increases in TRP:LNAA ratio through a hydrolyzed TRP-rich pro-
tein enhanced stress coping and mood in healthy subjects. 

Future research projects may also focus on the development of ex-
perimental designs investigating the interaction between (early) stressful 
life events, serotonergic vulnerability, and depression. After all, early life 
stress seems to have long-lasting effects on the HPA axis and is associ-
ated with enhanced adrenal reactivity to acute psychosocial stress. Fur-
ther, future research is needed to explore whether TRP augmentation 
through a hydrolyzed TRP-rich protein may even be more relevant in af-
fected or vulnerable subjects and may have therapeutic potential in 5-
HT-related disorders. 

 Taken together, the present studies were the first to experimen-
tally investigate the interaction between serotonergic vulnerability and 
stress in depression-vulnerable (5-HT-vulnerable) individuals. The infor-
mation provided in this dissertation contributes to the understanding of 
early risk factors for depression, suggests interactions between biological 
and psychological factors that are indicated in determining vulnerability 
to stress and depression, and, further, presents promising ideas for fu-
ture research. 
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Affective disorders such as depression are one of the most common 
disease burdens throughout the world and are associated with severe 
medical consequences and mortality. Finding risk factors for depression 
is, therefore, a major challenge today. Among the different factors in-
volved, a genetic predisposition appears to be a potential risk factor for 
the development of depression. Although the exact neurobiological 
equivalent of this genetic predisposition remains unclear, it seems as 
though the brain serotonin (5-HT) system plays an important mediating 
role. Evidence suggests that individuals with a serotonergic vulnerability, 
which has been defined as vulnerability or sensitivity of the serotonergic 
system to alterations or disruptions, have an increased risk of developing 
affective disorders that are related to the serotonergic system, such as 
depression (Jans et al., 2007). Serotonergic vulnerability has been postu-
lated for individuals with a family history of depression (FH+) (Benkelfat 
et al., 1994; Klaassen et al., 1999) and for individuals with allelic variation 
in genes that encode 5-HT transporter proteins (5-HTTLPR polymor-
phism) that are critical in determining the overall level of serotonergic 
neurotransmission (e.g. Neumeister et al., 2002). A major problem, how-
ever, is that the role of brain 5-HT in depression is complex and that a 5-
HT-related innate vulnerability, by itself, does not appear to be sufficient 
enough to cause a depressive episode. In the search for additional fac-
tors, stress has received particular attention. Stressful life events influ-
ence and precede the onset of depression. Furthermore, depression is 
associated with stress hormone dysregulation and bi-directional interac-
tions are thought to occur between stress-related changes in the neuro-
endocrine stress system and the 5-HT system. Even though a variety of 
impressive epidemiological studies support this intriguing assumed in-
teraction between stress, serotonergic vulnerability, and depression, this 
interaction has not yet been investigated in experimental designs. There-
fore, the aim of this dissertation was to experimentally investigate the 
interaction between stress and serotonergic vulnerability as a risk factor 
for depression. 

Different population groups that are suggested to have an increased 
risk of depression due to serotonergic vulnerability (i.e., those with a 
family history of depression, 5-HTTLPR s allele carriers, and individuals 
with a cognitive vulnerability to depression) were exposed to serotoner-
gic manipulations (i.e., either increasing or reducing brain 5-HT) and 
acute stress to explore the interaction between serotonergic vulnerabil-
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ity, stress, and depressive symptoms. In Chapters 2, 3, and 4, brain 5-
HT synthesis and activity was lowered by acute tryptophan depletion 
(ATD), which reduces the amount of plasma tryptophan (TRP) relative to 
the sum of the other large neutral amino acids (LNAAs) with which TRP 
competes for uptake into the brain (Fernstrom & Wurtman, 1972). This 
ATD was accomplished through administration of a balanced TRP-free 
amino acid mixture, which contains all essential amino acids except for 
TRP. This reduces the amount of plasma TRP as compared to the LNAAs 
(TRP:LNAA ratio) and, thus, increases competition of the LNAAs with 
which TRP competes for uptake into the brain (e.g. Gessa et al., 1974; 
Moja et al., 1991; Maes & Meltzer, 1995). In Chapters 5 and 6, brain 5-
HT synthesis and activity was enhanced by increasing the plasma 
TRP:LNAA ratio through a hydrolyzed TRP-rich protein. To induce acute 
stress, the Markus-Peters computerized mental arithmetic task (MPA) was 
used in part of the experiments (Chapters 2, 3, and 4) and the Trier So-
cial Stress Test (TSST) was used in Chapter 6. Both stress procedures 
have been frequently demonstrated to induce psychological and physio-
logical stress (e.g. Kirschbaum et al., 1993; Markus et al., 2000b; Markus 
et al., 2002). 

 In Chapter 2, healthy individuals with a family history of depres-
sion (FH+) and healthy controls (FH-) were tested in a double-blind pla-
cebo-controlled design for affective processing under acute stress expo-
sure following ATD or placebo. Acute stress reduced responsiveness to 
happy words, which has been previously demonstrated for depressed 
patients (Murphy et al., 1999; Deveney & Deldin, 2004; Erickson et al., 
2005), supporting the hypothesis of stress as an important predecessor 
in the development of depression (Brown et al., 1987; Heim & Nemeroff, 
2001; Van Praag, 2004). Data from this study further revealed that the 
negative effects of stress on (reducing) positive affective bias may de-
pend on family history of depression and may be influenced by ATD and 
task-shifting. It was concluded that FH+ individuals may be more suscep-
tible than FH- individuals to the negative effects of stress as well as to 
the negative effects of ATD. 

In Chapter 3, we investigated the effects of ATD in subjects with dif-
ferent genetic 5-HTTLPR variants before and after stress exposure on 
affective processing. Subjects were genotyped for s allele and l allele 5-
HTTLPR variants and monitored for affective processes before and after 
stress exposure either following ATD or placebo (PLC). Data revealed 
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fewer mistakes (omissions) during affective processing (on the affective 
go/no-go shift blocks) post-stress compared to pre-stress only in l/l 
genotype. Even though 5-HTTLPR genotype did not mediate the effects 
of ATD, affective processing in l allele homozygotes was less affected by 
acute stress relative to s allele homozygotes. 

In Chapter 4, we investigated the effects of ATD in subjects with dif-
ferent genetic 5-HTTLPR profiles before and after stress exposure on 
affective and cognitive-attentional changes in a double-blind placebo-
controlled crossover design. Contrary to the study described in Chapter 
3, the current study accounted for the recently identified functional vari-
ants within the l allele of the 5-HTTLPR that may have underestimated 
the effects of 5-HTTLPR in previous studies (Hu et al., 2006; Zalsman et 
al., 2006). ATD lowered mood in all subjects independent of genotype. 
Only in S’/S’ genotypes, mild acute stress increased depressive mood, 
whereas in L’/L’ genotypes, it improved feelings of vigor. Furthermore, 
ATD impaired immediate recall of positive words only in S’/S’ genotypes 
and S’/S’ also differed from L’/L’ genotypes on measures of attention 
independent of treatment. We concluded that 5-HTTLPR differentially 
mediates responses to mild stress and ATD, suggesting greater 5-HT 
vulnerability of S’/S’ carriers to serotonergic manipulations and support-
ing increased depression vulnerability. 

In Chapter 5, we explored whether a TRP-rich hydrolyzed protein 
has greater effects on the plasma TRP:LNAA ratio and mood in healthy 
volunteers and, thus, might be a better method to increase brain 5-HT in 
future studies than pure TRP and previously used intact TRP-rich alpha-
lactalbumin whey protein. In a double-blind randomized cross-over 
study, plasma amino acids and mood were repeatedly measured before 
and after intake of intact alpha-lactalbumin and a TRP-rich hydrolyzed 
protein as well as after placebo protein, pure TRP, and a TRP-containing 
synthetic peptide. We found much greater (>250%) increases in plasma 
TRP:LNAA after the TRP-rich hydrolyzed protein than after intact alpha-
lactalbumin (67%) and pure TRP (190%), and mood only improved fol-
lowing intake of the TRP-rich hydrolyzed protein and pure TRP. Based on 
this data, it was concluded that a TRP-rich hydrolyzed protein may be the 
most adequate method to increase brain TRP and 5-HT function in future 
studies. 

 In Chapter 6, we investigated the beneficial effects of a TRP-rich 
hydrolyzed protein on mood and stress coping in subjects with high and 
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low cognitive reactivity (CR) to depression. CR is the ease with which 
dysfunctional schemas are activated during sad mood, which is a trait 
marker for depression vulnerability. In a placebo-controlled double-blind 
crossover study, participants’ mood and cortisol was assessed before 
and after acute stress exposure either following intake of a TRP-rich hy-
drolyzed protein or placebo. The TRP-rich hydrolyzed protein signifi-
cantly increased positive mood in all subjects and dampened the cortisol 
response to the acute stressor. No differences were found between high 
and low CR subjects. We concluded that a TRP-rich hydrolyzed protein 
has beneficial effects on mood in healthy non-vulnerable subjects and 
improves stress coping (likely) by improving 5-HT-related stress resil-
ience. 

Based on the results of the studies reported in the different chapters, 
it was concluded (Chapter 7) that FH+ individuals and individuals with 
the 5-HTTLPR s allele are, indeed, more vulnerable to serotonergic ma-
nipulations than healthy non-vulnerable control participants. In addition, 
these serotonergic vulnerable subjects also exhibited enhanced suscep-
tibility to the negative affective effects of acute stress exposure, support-
ing the assumed interaction between serotonergic vulnerability, stress, 
and depression. In further support of this theory, dietary-induced in-
creases in brain 5-HT enhanced stress coping and mood in healthy sub-
jects. Nevertheless, these interaction effects appeared to be small, which 
may be due to the mild nature of the stressors and should, therefore, be 
interpreted with caution, particularly regarding clinical relevance. Future 
research projects may include a more severe and sustained stress task or 
may focus on the development of experimental designs investigating the 
interaction between (early) stressful life events, serotonergic vulnerabil-
ity, and depression. 
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Affectieve stoornissen zoals depressie behoren wereldwijd tot één 
van de meest voorkomende ernstige ziektes welke gepaard gaan met 
aanzienlijke medische consequenties en toenemende mortaliteit. Het 
vinden van risicofactoren voor het ontstaan van depressie wordt tegen-
woordig dan ook gezien als één van de meest belangrijke uitdagingen 
binnen de psychologie en de biologische psychiatrie. Een van de ve-
ronderstelde potentiële risicofactoren voor depressie is een genetische 
kwetsbaarheid of predispositie. Hoewel de exacte neurobiologische ba-
sis van een dergelijke genetische predispositie nog onvoldoende duide-
lijk is, blijkt de serotonine (5-HT) neurotransmitter activiteit in de herse-
nen een belangrijke rol te spelen. Op grond van tal van onderzoeks-
bevindingen werd recentelijk een zogenaamde ‘serotonerge 
gevoeligheid’ voor depressie verondersteld. Hiermee duidt men op een 
toegenomen kwetsbaarheid binnen het serotonerge systeem dat het 
risico op affectieve stoornissen doet toenemen; in het bijzonder aan-
doeningen als depressie die in hoge mate gerelateerd zijn aan een ver-
stoorde serotonerge werking (Jans et al., 2007). Dit zien we bijvoorbeeld 
bij mensen met een familiegeschiedenis van depressie (Benkelfat et al., 
1994; Klaassen et al., 1999) of bij mensen met specifieke genotypische 
variaties binnen het serotonine transporter gen (5-HTTLPR polymorfisme) 
(o.a. Neumeister et al., 2002). Het grote probleem is echter dat de rol 
van 5-HT in depressie verre van eenduidig is en dat een depressieve 
aandoening niet direct kan worden toegeschreven aan louter een 
(aangeboren) serotonerge gevoeligheid. Nieuw recent onderzoek doet 
echter vermoeden dat een serotonerge kwetsbaarheid niet zozeer direct 
maar voornamelijk onder stress de kans op een depressie aanzienlijk zal 
vergroten. Deze interessante veronderstelling past goed bij algemeen 
geaccepteerde bevindingen dat stressvolle gebeurtenissen veelal vooraf 
gaan aan de ontwikkeling van een depressie en dat dit wordt 
toegeschreven aan verstoorde interacties tussen het neuroendocrine 
stress system en het serotonerge system. Hoewel een dergelijke interac-
tie tussen stress, serotonerge gevoeligheid en depressie wordt onder-
steund door verschillende epidemiologische studies, werd deze interac-
tie nog niet experimenteel onderzocht. Doelstelling van dit proefschrift 
is dan ook om de veronderstelde interactie tussen stress en serotonerge 
gevoeligheid als risicofactor voor depressie experimenteel te onder-
zoeken en te toetsen binnen een reeks van humane studies.  
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Om de interactie tussen stress, serotonerge gevoeligheid en de-
pressie te onderzoeken werden gezonde proefpersonen met een ve-
ronderstelde depressieve en serotonerge gevoeligheid vanuit verschil-
lende kwetsbare  populaties (eerstegraads familieleden van depressieve 
patiënten, 5-HTTLPR s-allel dragers, en individuen met een verhoogde 
depressieve reactiviteit) getest na serotonine verhogende (TRP-
suppletie) en verlagende (TRP depletie) manipulaties.  

In de studies beschreven in hoofdstukken 2, 3, en 4 werd de 5-HT 
synthese en activiteit verlaagd aan de hand van de acute tryptofaan de-
pletie (ATD) methode waarbij proefpersonen een aminozuur drankje nut-
tigen bestaande uit alle essentiële aminozuren met uitzondering van 
tryptofaan (TRP: precursor van serotonine). Inname van dit drankje vero-
orzaakt een drastische afname van de hoeveelheid beschikbare plasma 
TRP ten opzichte van de andere concurrerende aminozuren of LNAAs 
(TRP:LNAA ratio) voor opname in de hersenen waardoor een drastische 
serotonine depletie plaatsvindt (o.a. Gessa et al., 1974; Moja et al., 
1991; Maes & Meltzer, 1995). In de studies beschreven in hoofdstukken 
5 en 6, werd de 5-HT synthese juist gestimuleerd door de hoeveelheid 
beschikbare plasma TRP voor opname in de hersenen te verhogen via 
consumptie van gehydrolyseerde TRP-rijke eiwitten. Om acute stress te 
induceren werd zowel de Markus-Peters computergestuurde mentale 
rekentaak (MPA: hoofdstuk 2, 3, en 4) als de Trier Social Stress Test 
(TSST: hoofdstuk 6) gebruikt. Beide stress procedures worden standaard 
gebruikt voor de inductie van psychologische en fysiologische stress 
(o.a. Kirschbaum et al., 1993; Markus et al., 2000b; Markus et al., 2002). 

In hoofdstuk 2 werden gezonde proefpersonen met (FH+) of zonder 
(FH-) een familiare (serotonerge) gevoeligheid voor depressie getest op 
affectieve veranderingen onder acute stress na ATD of placebo. Resul-
taten laten zien dat acute stress de responsiviteit op positieve woorden 
vertraagd; hetgeen ook eerder is waargenomen bij depressieve mensen 
(Murphy et al., 1999; Deveney & Deldin, 2004; Erickson et al., 2005). 
Deze bevindingen ondersteunen de hypothese dat stress een belangri-
jke voorloper is bij het ontstaan van depressie (Brown et al., 1987; Heim 
& Nemeroff, 2001; Van Praag, 2004). Onderzoeksresultaten laten vervol-
gens zien dat deze negatieve effecten van stress op positieve woord-
herkenning (affectieve bias) afhankelijk is van familiegeschiedenis van 
depressie en tevens beïnvloedt wordt door ATD. Uitgaande van de aan-
name dat personen met een familiare geschiedenis van depressie (FH+) 
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serotonerg gevoeliger zijn dan controle proefpersonen (FH-), wordt op 
grond van deze uitkomsten verondersteld dat FH+ individuen gevoeliger 
zijn voor de negatieve effecten van stress en serotonine depletie van-
wege een verlaagde of aflatende serotonerge functionaliteit.  

In hoofdstuk 3 zijn de affectieve effecten van ATD en stress getest 
bij proefpersonen met en zonder een veronderstelde genetisch-
veroorzaakte serotonerge gevoeligheid. Proefpersonen werden gescre-
end en genotypisch gerangschikt op de aanwezigheid van het korte (s) 
of lange (l) allel binnen het zogenaamde ‘5-HT transporter linked poly-
morphic region’ (5-HTTLPR). Vervolgens werden bij de serotonerg-
gevoelige (s-allel 5-HTTLPR) en controle (l-allel) proefpersonen de-
pressie-gerelateerde affectieve processen gemeten voor en na blootstel-
ling aan acute stress na ATD of placebo (PLC). Bevindingen laten zien 
dat mensen met het l-allel (controle proefpersonen) minder fouten 
maken tijdens affectieve verwerking onder acute stress (op de affectieve 
go/no-go shift blocks) dan mensen met het serotonerg gevoelige s-allel. 
Hoewel er geen interactie tussen 5-HTTLPR en ATD werd gevonden, 
blijken affectieve processen in l-allel genotypen dus minder negatief 
beïnvloed te worden door acute stress dan in s-allel genotypen. Met an-
dere lijkt de afwezigheid van genetische serotonerge gevoeligheid (in l-
allel dragers) juist bescherming te bieden tegen de negatieve affectieve 
effecten van stress.  

In hoofdstuk 4 werden eveneens de effecten van ATD en stress ge-
test op verschillende depressie-gerelateerde cognitieve en affectieve 
veranderingen bij mensen met verschillende genetisch gevoelige 5-
HTTLPR profielen. In tegenstelling tot de vorige studie, werd hierbij 
rekening gehouden met een recentelijk geïdentificeerde functionele 
variant binnen het l-allel 5-HTTLPR (de zogenaamde Lg variant) dat 
overeenkomt met het s-allel (en waardoor eerdere bevindingen van 5-
HTTLPR onderschat zouden kunnen zijn; Hu et al., 2006; Zalsman et al., 
2006). ATD verlaagde de stemming bij alle proefpersonen, onafhankelijk 
van genotype. Echter, acute stress veroorzaakte alleen in s-allel (S’/S’) 
genotypen een depressieve stemming, terwijl stress in l-allel (L’/L’) geno-
typen juist de positieve stemming verhoogde. Bovendien verslechterde 
ATD de directe herinnering (immediate recall) van positieve woorden 
alleen in s-allel (S’/S’) genotypen maar niet in l-allel (L’/L’) genotypen en 
vertoonde de s-allel genotypen afwijkende aandachtsprocessen ten op-
zichte van l-allel genotypen. Deze bevindingen ondersteunen wederom 
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de aanname dat s-allel 5-HTTLPR genotypen gevoeliger zijn voor de 
negatieve affectieve effecten van stress en ATD en dus tevens de aan-
name dat 5-HTTLPR de serotonerge gevoeligheid beïnvloed.  

In hoofdstuk 5 werd gekeken of een TRP-rijk proteïne hydrolysaat 
grotere effecten heeft op de beschikbare tryptofaan voor opname in de 
hersenen (grotere stijging van de plasma TRP:LNAA ratio en dus 5-HT) 
en de stemming in gezonde vrijwilligers dan intacte alpha-lactalbumine 
proteïne. Het belang van deze studie was om te komen tot een betere 
suppletie methode ter verhoging van serotonine in de hersenen zodat 
deze methode vervolgens in volgende studies kan worden toegepast. In 
deze studie werd de beschikbare plasma TRP (in vergelijking met de an-
dere aminozuren; TRP/LNAA ratio) en stemming herhaaldelijk gemeten 
voor en na inname van intacte TRP-rijke alpha-lactalbumine proteïne, 
gehydrolyseerde TRP-rijke proteïne, pure TRP, een synthetische TRP-rijk 
peptide en een placebo proteïne. Resultaten laten een aanzienlijke ho-
gere stijging in de plasma TRP:LNAA ratio zien na inname van het gehy-
drolyseerde TRP-rijke proteïne in vergelijking met intacte TRP-rijke alp-
ha-lactalbumine proteïne en zelf pure TRP. Verder werd een verbetering 
van de stemming geconstateerd alleen na inname van het gehydroly-
seerde TRP-rijke proteïne en pure TRP. Gebaseerd op deze bevindingen 
werd geconcludeerd dat een gehydrolyseerde TRP-rijke proteïne de 
meest adequate methode is om de TRP:LNAA ratio, en dus de TRP en 5-
HT in de hersenen, te verhogen.  

In hoofdstuk 6 werden de positieve effecten van een TRP-rijk proteï-
ne hydrolysaat op stemming en stress coping getest bij proefpersonen 
met een hoge of lage cognitieve reactiviteit (CR) voor depressie. Cogni-
tieve reactiviteit is een gebruikelijke vertaling van het gemak waarmee 
negatieve zogenaamde ‘dysfunctionele’ gedachten of cognitieve de-
pressogene schema’s worden geactiveerd tijdens onplezierige stem-
mingsverlagende momenten; hetgeen kenmerkend is voor de-
pressiegevoeligheid. Als gevolg hiervan, in aanvulling op proefpersonen 
met een familiare depressieve geschiedenis of met een s-allel 5-HTTLPR 
zoals gehanteerd in de vorige studies, worden proefpersonen met een 
hoge CR ook verondersteld serotonerg gevoelig te zijn. In deze studie 
werd eveneens de stemming en de stress responsiviteit gemeten voor 
en na acute stress; echter nu na 5-HT suppletie middels inname van een 
TRP-rijk proteïne hydrolysaat (in vergelijking met een placebo). In tegen-
stelling tot placebo, verbeterde de inname van het TRP-rijk proteïne hy-
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drolysaat zowel de stemming als de stress coping (lagere stress cortisol 
response) in alle proefpersonen ongeacht de CR. Deze gunstige effecten 
van het TRP-rijk proteïne hydrolysaat op de stresscoping werden toege-
schreven aan een verbeterde 5-HT functionaliteit. De afwezigheid van 
een effect van CR werd toegeschreven aan de mogelijkheid dat CR in 
mindere mate dan bijvoorbeeld 5-HTTLPR een serotonerge 
gevoeligheid typeert.  

Op grond van de resultaten van onderzoeken die in de verschillende 
hoofdstukken zijn gerapporteerd, werd geconcludeerd (hoofdstuk 7) dat 
gezonde mensen met een familiaire geschiedenis van depressie (FH+) of 
met een s-allel 5-HTTLPR gevoeliger reageren op serotonerge manipula-
ties dan controle proefpersonen. Ook blijken zij gevoeliger of vatbaarder 
te zijn voor de negatieve effecten van acute stress. Deze bevinding 
ondersteunen niet alleen de aanname dat familiaire geschiedenis van 
depressie en 5-HTTLPR serotonerge gevoeligheid stimuleert voor stress 
en depressie, maar juist ook dat een dergelijke gevoeligheid met name 
onder stress de kans op depressie zou kunnen vergroten. Verder blijkt 
het aannemelijk dat dieetgeïnduceerde verhogingen in 5-HT stress co-
ping en stemming verbeteren en dat het mogelijk zou kunnen zijn dat dit 
nog gunstiger werkt bij mensen met een familiaire en/of genetisch sero-
tonine gevoeligheid (dit is in het huidige proefschrift niet onderzocht). 
De in dit proefschrift gevonden interactie effecten tussen serotonine 
gevoeligheid, stress en depressie zijn niettemin klein, wat veroorzaakt 
zou kunnen zijn door de relatief milde aard van de gehanteerde stres-
soren en zou daarom voorzichtig geïnterpreteerd moeten worden (met 
name omtrent klinische relevantie). Als vervolg op de huidige studies, 
zou toekomstig onderzoek daarom dan ook een meer krachtige of real-
istische stressinductie taak moeten includeren en zich tevens moeten 
gaan richten op de interactie tussen (vroege) chronische stressvolle 
levensgebeurtenissen, serotonerge gevoeligheid en depressie.  
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