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General introduction
Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine neurotransmitter, together with 
the catecholamines dopamine, norepinephrine, and epinephrine. Since the discovery of 
serotonin in the nervous system by Twarog and Page in 1953, serotonin has been impli-
cated in the regulation of almost all types of behaviour. This is not surprising, because the 
serotonergic system has a widespread distribution in the central nervous system (Stein-
busch, 1981) and exerts a modulatory function on other neurotransmitter systems. 

Serotonin is synthesized from the essential amino acid tryptophan (TRP). The level 
of TRP in blood plasma depends on the balance between the dietary intake of TRP and 
its removal from the plasma for protein synthesis. Most of the TRP in plasma is protein-
bound, with only 5% available for transport into the central nervous system. Free TRP is 
taken up from the blood and transported into the brain across the blood-brain barrier by 
an active protein shuttle for which five other large neutral amino acids (LNAAs: valine, 
leucine, isoleucine, phenylalanine, tyrosine) also compete. The ratio of TRP and these 
other LNAAs (TRP/ΣLNAA ratio) is thought to be a more sensitive index of brain tryp-
tophan availability than plasma TRP (Wurtman et al., 1980, Fernstrom, 1981), because it 
is this ratio that determines the amount of tryptophan that can enter the brain. Figure 1a 
shows that the consumption of both proteins and carbohydrates can influence the TRP/
ΣLNAA ratio and thus the amount of TRP that can enter the brain.

Once in the brain, TRP is converted into 5-HT by a two-step process catalysed by 
the enzymes tryptophan hydroxylase and aromatic amino acid decarboxylase (Figure 
1b). In the first step of the synthesis TRP is hydroxylated by the enzyme tryptophan 
hydroxylase into 5-hydroxytryptophan (5-HTP). Tryptophan hydroxylase is not fully 
saturated at normal brain TRP levels, therefore the availability of TRP is the limiting fac-
tor in the synthesis of 5-HT. Because of this, factors that influence brain TRP levels can 
influence the rate of 5-HT synthesis. 5-HTP is transported to the axonal nerve terminals 
where it is rapidly decarboxylated into 5-HT by aromatic amino acid decarboxylase. 

Dietary protein

Amino acids

Plasma 
TRP

Plasma 
LNAA

Plasma ratio 
TRP/ LNAA Brain TRP

Dietary carbohydrate

Insuline

promotes

reduces

a b Tryptophan

5-hydroxytryptophan

5-hydroxytryptamine
(5-HT, serotonin)

Tryptophan
hydroxylase

Aromatic L-amino 
acid decarboxylase

Figure 1a. From food intake to brain tryptophan level and 1b. The synthesis of serotonin from tryptophan.
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General introduction

Serotonin and the other monoamines have been implicated in depression since the 
discovery of the first antidepressants in the 1950s. The tricyclic antidepressant (TCA) 
imipramine (Kuhn, 1958) inhibits the synaptic reuptake of monoamine neurotransmit-
ters, whereas the monoamine oxidase inhibitor (MAOI) iproniazine (Crane, 1957) in-
hibits monoamine oxydase, an enzyme that takes part in the inactivation of monoamine 
neurotransmitters after their release into the synapse. In this way, both drugs prolong 
the presence of monoamine neurotransmitters in the synapse and enhance monoamine 
neurotransmission, which has been associated with their antidepressant effects. In the 
following years, evidence suggesting a role of serotonin and the other monoamines in the 
aetiology of depression was found, which resulted in the hypothesis that low 5-HT levels 
and neurotransmission are associated with affective disorders (Coppen, 1967, Coppen, 
1972). The original hypothesis that low serotonin has a direct role in depression has been 
through several modifications and low 5-HTergic neurotransmission is now thought to 
operate as a biological risk factor, that may play an important role in the triggering and 
maintenance of mood disorders (Maes and Meltzer, 1995). Recently, serotonergic func-
tioning has been proposed as a vulnerability factor in the development of depression and 
other 5-HT related symptoms and disorders (Jans et al., 2007; see Chapter 2). According 
to this view, the serotonergic functioning of an individual determines the vulnerability 
of that individual to develop 5-HT related disorders. 

Serotonergic vulnerability can be demonstrated by challenging the 5-HT system; 
vulnerable and non-vulnerable subjects will react differently to these manipulations. One 
way to challenge the serotonergic system is with acute TRP depletion, a non-invasive 
method that causes a transient reduction of central TRP and 5-HT levels. Because of these 
characteristics, the method can be applied in both humans and rats. We used the method 
of acute TRP depletion to measure serotonergic vulnerability. To induce acute TRP deple-
tion, we used a gelatin-based protein that contains the entire range of amino acids (AAs) 
in the form of peptides, as found in regular food. Carbohydrates were added to the mix-
ture to provide the rats with the necessary nutrients in a standardised manner. Carbohy-
drates are known to raise peripheral insulin levels, which increases protein synthesis and 
thus stimulates the uptake of branched amino acids such as leucine, isoleucine and valine 
into muscle tissue, changing the plasma ratio of AAs in favour of TRP (Figure 1a). How-
ever, due to the large amount of protein in the mixture it is unlikely that the level of TRP 
depletion is affected by the addition of carbohydrates, because the ingestion of protein 
counteracts the effects of the carbohydrates (Fernstrom and Fernstrom, 1995).

Aim and outline of the thesis
The aim of this thesis was to find evidence for the concept of serotonergic vulnerability in 
animal studies applying the method of acute TRP depletion. Rats were repeatedly treated 
with the gelatin-based protein-carbohydrate mixture and the effects of this method of 
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acute TRP depletion on depression- and anxiety-related behaviour and cognition were 
evaluated by testing the rats in several behavioural tests. 

First, the concept of serotonergic vulnerability is outlined (Chapter 2). A definition 
of serotonergic vulnerability is proposed and several factors that may cause serotonergic 
vulnerability are discussed. Methods to study serotonergic vulnerability are described 
and an overview is given of results of such experiments.

To further investigate the pharmacokinetic effects of acute TRP depletion, several 
experiments were carried out in males and females to investigate time and dose effects of 
acute TRP depletion in plasma amino acid levels. (Chapter 3)

The following chapters describe experiments that were carried out to study sero-
tonergic vulnerability using the method of acute TRP depletion in specific groups that 
were hypothesized to show signs of serotonergic vulnerability. Female rats are one of 
these groups, because in the human population depression is higher in women than in 
men and the female oestrous cycle is associated with fluctuations in mood. Therefore the 
effects of acute TRP depletion in male and female Wistar rats were studied. (Chapter 4)

It is known that genetic factors and a family history of depression are can increase 
the risk to develop depression. To test the hypothesis that different rat strains may differ 
in serotonergic vulnerability, Sprague Dawley and Brown Norway rats were treated with 
acute TRP depletion. (Chapter 5)

There is an obvious association between stress and depression. Depression is often 
preceded by stressful life events and stress increases the chance to develop depression. To 
investigate whether stress can increase serotonergic vulnerability, we studied the influ-
ence of exposure to chronic mild stress on the effects of acute TRP depletion. (Chapter 6) 

During the last decade the serotonin transporter has been a major focus of atten-
tion in the genetic factors involved in depression. In humans, a form of a serotonin trans-
porter polymorphism resulting in less transporter efficiency has been associated with an 
increased risk to develop depression. The effects of acute TRP depletion in homozygous 
and heterozygous serotonin transporter knockout rats and their wildtype littermates are 
described in Chapter 7.
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Abstract
In recent years, the term serotonergic vulnerability (SV) has been used 
in scientific literature, but so far it has not been explicitly defined. This 
review article attempts to elucidate the SV concept. SV can be defined as 
increased sensitivity to natural or experimental alterations of the seroto-
nergic system. Several factors that may disrupt the serotonergic system 
and hence contribute to SV are discussed, including genetic factors, fe-
male gender, personality characteristics, several types of stress and drug 
use. It is explained that SV can be demonstrated by means of manipula-
tions of the serotonergic (5-HTergic) system, such as 5-HT challenges or 
acute tryptophan depletion (ATD). Results of 5-HT challenge studies and 
ATD studies are discussed in terms of their implications for the concept 
of SV. A model is proposed in which a combination of various factors 
that may compromise 5-HT functioning in one person can result in de-
pression or other 5-HT related pathology. By manipulating 5-HT levels, 
in particular with ATD, vulnerable subjects may be identified before pa-
thology initiates, providing the opportunity to take preventive action. 
Although it is not likely that this model applies to all cases of depression, 
or is able to identify all vulnerable subjects, the strength of the model is 
that it may enable identification of vulnerable subjects before the 5-HT 
related pathology occurs.
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Involvement of serotonin in depression
Mood disorders are one of the most prevalent forms of mental illness (Nestler et al., 
2002). According to the DSM-IV, the lifetime risk for major depressive disorder is be-
tween 10% and 25% for women and between 5% and 12% for men (APA, 1994). De-
pression has been studied intensively during the last few decades, but the psychologi-
cal and neurobiological determinants of depression have not yet been precisely defined. 
Although several factors are known to contribute to the aetiology of depression, it is not 
clear how these factors cause depression, and why some subjects become depressed while 
others remain unaffected. In terms of biological factors in the aetiology of depression, 
there are several hypotheses. These include neurotransmitter dysfunctions (serotonin, 
5-HT; dopamine, DA; norepinephrine, NE); dysregulations in hypothalamic-pituitary-
adrenal (HPA) axis activity; and immune system imbalance. The aim of this article is not 
to discuss all of these hypotheses in detail, but to evaluate the role that serotonin may 
play within these hypothesized mechanisms.

It is widely accepted that diminished serotonergic (5-HTergic) function is involved 
in the onset and course of depression (Heninger et al., 1984, Heninger, 1995). The 5-
HTergic system is a large and complex system. Although nearly all cell bodies of 5-HTer-
gic neurons are located in the raphe nuclei in the brain stem, the axons of these neurons 
innervate almost the entire brain. The actions of 5-HT are mediated by sixteen types and 
subtypes of receptors (Naughton et al., 2000). As the 5-HTergic system is assumed to be 
a modulatory system, the exact function of 5-HT is not easy to define (Stanford, 2001). 
However 5-HT is known to be involved in many physiological and behavioural processes, 
including mood, appetite, sleep, activity, suicide, sexual behaviour, and cognition; all of 
which are affected in depression (Leonard, 1997). Alterations in 5-HTergic function have 
been observed in many clinical conditions, including affective disorders, anxiety, obses-
sive-compulsive disorders, eating disorders, aggression, suicide, impulsive disorders, al-
cohol abuse, and premenstrual syndrome (Heninger, 1995, Jacobs and Fornal, 1995).

Several altered 5-HT system indices have been reported in depression, including de-
creased plasma tryptophan levels (Coppen et al., 1973, Cowen et al., 1989) and decreased 
levels of 5-hydroxyindolacetic acid (5-HIAA; metabolite of 5-HT) in cerebrospinal fluid 
(CSF) (Asberg et al., 1976a), suggesting decreased 5-HT metabolism in the central nervous 
system (CNS). Furthermore, brain imaging studies have reported a reduction in 5-HT1A 
receptor binding, both pre- and postsynaptically, that failed to normalize after remission 
(Drevets et al., 1999, Sargent et al., 2000). Decreased availability of 5-HT reuptake sites in 
mid-brain and brainstem regions has also been found in patients with major depression 
(Malison et al., 1998). Evidence for functional serotonergic abnormalities comes from 
studies showing that depletion of tryptophan – and consequent lowering of brain 5-HT- 
can cause transient depressive symptoms in individuals that are vulnerable to depression, 
based on their personal or family history of depression (Ellenbogen et al., 1999, Klaassen 
et al., 1999, Moreno et al., 1999, Neumeister et al., 2004b). Furthermore, depressed and 
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remitted patients show blunted neuroendocrine responses to drugs that stimulate 5-HT 
turnover, suggesting decreased 5-HT responsiveness (Flory et al., 1998, Kapitany et al., 
1999, Bhagwagar et al., 2002). Some 5-HT abnormalities are also seen in remitted de-
pressed patients or in subjects with a family history of depression, suggesting that either 
some dysfunction in 5-HT systems or an increased sensitivity of the 5-HT system is a trait 
abnormality in depression. It should be mentioned, however, that not all depressed pa-
tients show all these abnormalities in serotonergic functioning (van Praag, 2004).

The first monoamine theories of depression proposed that depression was caused 
by monoamine deficiency. By now, however, the model of a deficit in 5-HTergic neu-
rotransmission being primary in the causation of depressive disorders, and predictive 
of therapeutic response to drugs enhancing 5-HTergic neurotransmission has become 
obsolete: not all depressed patients present with 5-HT abnormalities, not all patients 
benefit from drugs enhancing 5-HTergic neurotransmission, and several drugs that are 
devoid of major effects on 5-HTergic neurotransmission are known to be effective anti-
depressants. The categorical view – low 5-HT is specific for depression – has gradually 
been replaced by a dimensional approach: low 5-HT explains in part the vulnerability to 
mood liability across diagnoses, rather than depression per se. Hence, the thinking has 
progressively evolved from one of an absolute deficit to a high-risk model: low 5-HTergic 
neurotransmission is now thought to operate as a biological risk factor, resulting from 
innate and/or environmental factors, neither sufficient nor necessary, yet when com-
bined may play an important role in the triggering and maintenance of mood disorders 
(Maes and Meltzer, 1995). In other words, 5-HT can be considered as a vulnerability 
factor for developing depression. 

 Serotonergic vulnerability
In essence, serotonergic vulnerability (SV) means that the there is a vulnerability or sen-
sitivity to alterations or dysregulations in the serotonergic system (based upon: Maes and 
Meltzer, 1995, van Praag, 1996, Aberg-Wistedt et al., 1998, Bhagwagar et al., 2002, Booij 
et al., 2002, Neumeister et al., 2002, Riedel et al., 2002b, Sobczak et al., 2002a, Sobczak 
et al., 2002b). Thus, the idea is that the 5-HTergic functioning of an individual deter-
mines the vulnerability of that individual to develop disorders that are related to 5-HT. 
This assumption implies that there are differences in 5-HT functioning between differ-
ent individuals, and that the development of depression is associated with the presence 
of a priori abnormalities in the functioning of this system. Abnormalities in the seroto-
nergic system could occur at one or more of several levels, including the availability of 
L-tryptophan (TRP), 5-HT synthesis, release, reuptake or metabolism, or at the level 
of pre- or postsynaptic receptors. 

SV can be demonstrated by challenging the 5-HT system; vulnerable and non-
vulnerable subjects will react differently to these manipulations. The 5-HT system can 
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be challenged using tryptophan depletion or 5-HT challenges. In general terms, 5-HT 
challenge studies can show that the neuroendocrine response to a 5-HT related stimulus 
is blunted or enhanced in 5-HT vulnerable subjects as compared to non-vulnerable sub-
jects. In acute tryptophan depletion (ATD), tryptophan – the precursor of 5-HT – is de-
pleted, resulting in lower central 5-HT levels. ATD studies generally report the effects of 
lower 5-HT on behaviour (Klaassen et al., 1999, Riedel et al., 2002b).

The focus of this review is on the concept of serotonergic vulnerability. We advo-
cate that serotonergic vulnerability is one answer to the question why some people be-
come depressed, for example when exposed to stress, while others do not. In this article, 
possible causes of SV are discussed. Furthermore, it is discussed how SV can be studied 
and what results have been found in studies manipulating the 5-HTergic system. Is there 
enough evidence to justify the use of the SV concept? Apart from the scientific impor-
tance, more knowledge about SV may be relevant from a clinical point of view. When 
serotonergic vulnerability can be demonstrated in individuals, vulnerable subjects may 
be identified before they become ill. This may enable early intervention, perhaps mini-
mizing the risk or preventing the occurrence of depression or other disorders (Moreno 
et al., 1999), hence decreasing personal suffering, social and occupational dysfunction, 
and health care expenditures. In addition, knowledge about the causes of depression may 
in time help to find the optimal treatment.

Factors that may cause serotonergic vulnerability
Any factor that has a long-lasting influence on the serotonergic system may make the 
system vulnerable. Several factors are known to be capable of causing abnormalities in 
5-HTergic function. Some of these factors are innate, some occur early in life, others can 
occur at any age. 

Innate factors

Family History

Family studies show a familial aggregation of depression (Sullivan et al., 1996, Kendler 
et al., 1997, Sullivan et al., 2000). The presence of one depressed first-degree relative in-
creases the relative risk for major depression by twofold (Sullivan et al., 2000). Although 
family history (FH) is a risk factor for depression with high clinical relevance, it is not di-
rectly related to either genetic or environmental factors and can, therefore, not elucidate 
the mechanisms by which these factors may cause SV and/or depression. 

It is interesting, however, that in many cases, subjects with a FH of depression 
also report other disorders in their family members, including affective psychosis, obses-
sive-compulsive phenomena, panic attacks, eating disorders, and alcoholism/substance 
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abuse (Cadoret et al., 1996, Stallings et al., 1997, Michalak et al., 2002). Perhaps there is 
a general vulnerability factor involved in these disorders. Serotonergic functioning may 
be a good candidate, because 5-HT is involved in all these disorders (Heninger, 1995).

Genetic factors

The inheritability of liability to major depression in most twin studies ranges from 31 
to 42% (Sullivan et al., 2000). Because depression is related to several altered serotoner-
gic indices in the brain and CSF, numerous genes involved in the regulation of 5-HT 
synthesis, release, uptake and metabolism, or receptor activation, are candidate genes 
in association studies of depression. Genetics can affect 5-HTergic activity, given that 
heritability has been reported to account for approximately 35% of the variance in CSF 
5-HIAA levels (Beck et al., 1984, Oxenstierna et al., 1986). Thus, alterations in the 5-
HTergic system that are associated with psychiatric disorders may be inheritable, and 
could represent heritable vulnerability factors for developing psychopathology. 

5-HT transporter In the search for genetic factors related to depression, the serotonin 
transporter (5-HTT) has received particular attention, because it is the primary mode of 
action for selective serotonin reuptake inhibitors (SSRIs). The 5-HTT is involved in the 
reuptake of 5-HT from the synapse, returning it to the presynaptic neuron where it can 
be degraded or retained for release later. In this way, the 5-HTT determines the magni-
tude and duration of the 5-HT synaptic signal and thus plays an important role in the 
regulation of serotonergic neurotransmission. 5-HTT abnormalities are widely reported 
in depression (Mann et al., 2000, Neumeister et al., 2002). Both functional imaging (Mal-
ison et al., 1998) and postmortem brain studies (Mann et al., 2000) have reported fewer 
5-HTT sites in the brain of depressed patients, indicating less 5-HTT binding. Since the 
binding to the 5-HTT and the 5-HT uptake capacity remain low after recovery, low 5-
HTT activity has been proposed as a trait marker for affective disorders (Lesch, 2001a).

The most important 5-HTT polymorphism in this perspective is the deletion/in-
sertion polymorphism in the 5-HT transporter gene-linked promoter region (5-HTTL-
PR) (Heils et al., 1996, Lesch et al., 1996). Two 5-HTTLPR alleles have been identified: 
a 484-base pair denoted as short (s), and a 528-base pair denoted as long (l). The l-vari-
ant is more active than the s-variant, resulting in higher 5-HTT expression and function 
(Heils et al., 1996, Lesch et al., 1996). As a result, the s/s and s/l genotypes are associated 
with 40% fewer 5-HTT binding sites than the l/l genotype (Mann et al., 2000). Conse-
quently, the finding of fewer 5-HTT sites in depression can perhaps be explained by an 
association between the s-allele and major depression (Mann et al., 2000). 

Regarding an association between 5-HTTLPR genotype and depression, results 
have been mixed. Some studies reported no association (Ohara et al., 1998, Mann et al., 
2000, Minov et al., 2001), others found an association between the s-allele and depres-
sion (Collier et al., 1996, Lesch and Mossner, 1998, Neumeister et al., 2002, Joiner et 
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al., 2003, Hoefgen et al., 2005), while others conclude that the l-allele is associated with 
depression (Moreno et al., 2002). However, most evidence seems to suggest an associa-
tion between the s-allele of 5-HTTLPR and depression. The lower 5-HT uptake activity 
caused by the s-allele may result in increased levels of 5-HT in the vicinity of the se-
rotonergic cell bodies and dendrites in the raphe complex. This increased extracellular 
5-HT may bind to somatodendritic 5-HT1A receptors, exerting negative feedback that 
leads to an overall decrease of 5-HT neurotransmission in subjects with the s-allele 
(Lesch, 2001b, Lesch, 2001a). Evidence for this mechanism comes from studies with 5-
HTT knockout mice (-/- and +/-) that exhibit no (-/-) or lower (+/-) 5-HTT binding. These 
mice show reduced 5-HT tissue concentrations and increased extracellular concentra-
tions of 5-HT in the striatum and probably other structures (for review see Murphy et 
al., 2001). The l-allele of the 5-HTTLPR polymorphism is associated with better SSRI 
antidepressive effects than the s-allele (Moreno et al., 2002, Yu et al., 2002, Tsai et al., 
2003). and with faster response to several SSRI’s (Pollock et al., 2000, Durham et al., 
2004). Combined treatment with a 5-HT1A blocker to prevent negative feedback at the 
somatodendritic level compensated for the worse antidepressant effect of SSRIs in s/s 
and s/l genotypes (Smeraldi et al., 1998), suggesting higher 5-HT1A negative feedback 
in s-allele genotypes.

5-HT1A receptor Human 5-HT1A receptors are expressed presynaptically on 5-HT cell 
bodies in the raphe (somatodendritic autoreceptors) and postsynaptically in other brain 
regions. Presynaptic 5-HT1A autoreceptors play a key role in the regulation of 5-HT 
transmission, they reduce the firing rate of the 5-HT neuron by exerting negative feed-
back. Although several studies failed to find a clear association between polymorphisms 
in the 5-HT1A receptor gene and depression (for review see Neumeister et al., 2004c), 
Lemonde et al. (2003) linked a common polymorphism in the human 5-HT1A promoter 
region (Wu and Comings, 1999) to depression and suicide. The homozygous G(-1019) 
genotype of this polymorphism may cause impaired repression of presynaptic 5-HT1A 
autoreceptors, resulting in increased expression of these receptors. This may ultimately 
cause reduced 5-HT neurotransmission, perhaps predisposing individuals to depression 
and suicidal behaviour (Lemonde et al., 2003). Keeping in mind that the abnormalities 
in 5-HT1A receptor binding are not specific for depression (Neumeister et al., 2004a), 
this finding may reflect a general vulnerability factor for psychopathology, including 
affective and anxiety-related disorders. 

Tryptophan hydroxylase 2 Tryptophan hydroxylase (TPH) is the rate-limiting en-
zyme for the synthesis of serotonin (Harvey et al., 2004). TPH catalyzes the oxygenation 
of tryptophan to 5-hydroxytryptophan, which is then decarboxylated to form 5-HT 
(Bellivier et al., 1998). Walther et al.(2003) discovered a new brain-specific TPH isoform, 
called TPH2. Biochemical studies in mice (Zhang et al., 2004) and human (Zhang et al., 
2005) suggest that a TPH2 polymorphism results in decreased 5-HT synthesis. Zhang 



Chapter 2

20

et al.(2005) reported that in a group of elderly patients with a history of major depres-
sion, 10% carried the mutated gene variant encoding the poor producer of serotonin, 
compared with just 1.4% of the non-depressed controls. Furthermore, the controls car-
rying the mutant allele, although not diagnosed with depression, did report problems, 
such as generalized anxiety, mild depression, or family histories of alcohol abuse or men-
tal illness. Zill et al.(2004) also found evidence to suggest that polymorphisms in the 
TPH2 gene represent risk factors in the development of major depression. 

The mutation may help to predict treatment effectiveness, since depressed patients 
with the mutant TPH2 allele do not respond well to SSRIs (Cervo et al., 2005, Zhang 
et al., 2005). TPH2 represents an interesting candidate gene for affective disorders, but 
more research is needed in this area before more reliable conclusions can be drawn.

Personality

As was mentioned before, the heritability of liability to depression in most twin studies 
ranges from 31 to 42% (Sullivan et al., 2000). However, it is unclear whether depres-
sion itself is inherited or some personality traits that cause vulnerability for developing 
mood disorders. Personality traits appear to have a considerable heredity component 
(Loehlin et al., 1998) and it has been suggested that a certain type of personality or tem-
perament represents a risk factor for developing major depression (Boyce et al., 1991, 
Kendler et al., 1993). 

Depression has been associated with higher scores on neuroticism (N) and the 
temperament dimension harm avoidance (HA), the tendency to respond to signals 
of adverse stimuli with behavioural inhibition (Brown et al., 1992, Joffe et al., 1993, 
Kendler et al., 1993, Duggan et al., 1995, Strakowski et al., 1995, Nelson et al., 1996, 
Richter et al., 2000, Hodgins and Ellenbogen, 2003, Kendler et al., 2004). Also, low 
self-directedness (the ability to regulate one’s behaviour and commit to chosen goals; 
SD) and cooperativeness (the ability to identify with and accept other people; C) have 
been found in depressed patients (Hansenne and Ansseau, 1999, Richter et al., 2000), 
which may increase after treatment (Black and Sheline, 1997). SD and C have been as-
sociated with 5-HTergic activity (Bond, 2001). The fact that antidepressant treatment 
also leads to increased SD scores (Tse and Bond, 2001) and decreased aggression and 
negative affect (Knutson et al., 1998) in healthy volunteers, might suggest that 5-HT 
is the causal factor (Bond, 2001). A reduction in HA has been reported in depressed 
patients after 5-HTergic antidepressant treatment (Chien and Dunner, 1996, Dunner 
et al., 1996), indicating that some personality change, mainly related to HA and N, 
is related to clinical improvement (Bond, 2001). 

Higher scores on HA may be related to lower central serotonergic turnover or low 
central basal 5-HT levels (Nelson et al., 1996, Hansenne et al., 1997, Peirson et al., 1999), 
lower 5-HT2A receptor binding in the cortex (Moresco et al., 2002) and lower platelet 
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5-HT2A receptor number (Nelson et al., 1996). Low brain 5-HT turnover, indicated by 
low CSF 5-HIAA, is characteristic for a subgroup of depressed subjects, who have a his-
tory of serious suicide attempts (Asberg et al., 1976b). Low CSF 5-HIAA is associated 
with increased impulsivity and impaired control of aggressive behaviours (Linnoila et al., 
1983, van Praag et al., 1987) and with impulsive aggression and suicidal behaviour (for 
review see Asberg, 1997). Studies with non-human primates have shown that CNS 5-HT 
functioning is trait-like, with low CSF 5-HIAA being stable over time and across settings 
(Higley et al., 1991, Higley et al., 1993, Higley and Linnoila, 1997). In non-human pri-
mates, low CSF 5-HIAA is associated with impaired impulse control, less competent so-
cial behaviour and impulsive and unrestrained aggression (Higley and Linnoila, 1997).

In conclusion, personality factors may be involved in SV, but it is far from clear 
how personality factors may cause SV and whether the personality factors cause seroto-
nergic abnormalities or vice versa. 

Gender

Epidemiological studies have shown that major depression is more common in females 
than in males (for review see Piccinelli and Wilkinson, 2000). This is found in sever-
al countries and ethnic groups (Weissman et al., 1996). Artefactual factors, including 
more help-seeking and illness behaviour in women, may enhance the female prevalence 
to some extent, but the gender difference in depression appears to be genuine (Picci-
nelli and Wilkinson, 2000). The gender difference in the prevalence of depression begins 
around puberty and persists until midlife. During puberty, women enter their reproduc-
tive years (Kessler et al., 1993), while at the same time the frequency of traumatic events 
increases and social roles are changing (Nolen-Hoeksema, 2001). All these factors may 
be involved in the gender difference in prevalence of depression.

Besides the prevalence of depression, there are also gender differences in the pre-
sentation of the disorder. Men commonly have classical neurovegetative symptoms of 
depression, such as decreased appetite and insomnia and have higher incidence of co-
morbid alcohol and substance abuse. Women on the other hand are more likely to pres-
ent with sleep disturbance, psychomotor retardation, somatization, comorbid psychiatric 
disorders, mostly anxiety and eating disorders, and atypical symptoms such as increased 
appetite and weight gain (for review see Kornstein, 2003). There are several possible 
causes of these sex differences in depression, to which 5-HT may be directly or indirectly 
related. Sex differences in 5-HT system and sex hormones are discussed in this section, 
whereas sex differences in stress exposure and stress responsivity will be discussed later.

5-HT differences between males and females Reports of sex differences related to 
the 5-HTergic system come from animal and human studies. Female rats exhibit in-
creased 5-HT activity in the dorsal raphe nuclei (Dominguez et al., 2003), higher  
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5-HT levels in the brain stem and limbic forebrain (Carlsson and Carlsson, 1988), high-
er 5-HT synthesis (Haleem et al., 1990) and turnover (Rosencrans, 1970). The average 
firing activity of 5-HT neurons has also been found to be higher in males than in cycling 
females (Klink et al., 2002).

Human CSF studies suggest that the rate of brain 5-HT metabolism is higher in fe-
males than in males (Young et al., 1980, Agren et al., 1986) while 5-HT2 receptor bind-
ing capacity in some brain regions (Biver et al., 1996) and whole brain 5-HT synthesis 
(Nishizawa et al., 1997) are lower in women than in men. Women also appear to have 
lower 5-HTT binding than men (Mann et al., 2000). Possibly, sex differences in 5-HT are 
related to higher SV in females.

There is some data indicating that the decrease in 5-HT transporter availability ob-
served in depression (Malison et al., 1998) is sex dependent. Staley et al. (2006) reported an 
overall decrease of transporter availability in depressed patients. However, this decrease 
was explained by a substantial decrease in women, with hardly any decrease in men. 

Sex hormones Oestrogen may play a neuromodulatory role on several neurotrans-
mitter systems, including the serotonergic system (Osterlund and Hurd, 2001). It has 
been shown, for example, that 5-HT concentrations fluctuate throughout the rodent 
oestrous cycle (Gundlah et al., 1998, Maswood et al., 1999). Oestrogen has been report-
ed to increase TPH production in non-human primates (Bethea et al., 2000). Further-
more, oestrogen can alter the expression of genes involved in the serotonergic system 
and can enhance serotonergic activity (Weigel, 1996, Fink et al., 1998, Joffe and Cohen, 
1998, Sumner and Fink, 1998, McEwen and Alves, 1999). This raises the possibility that 
oestrogen may alter the risk for depression through its effect on serotonergic function 
(Weigel, 1996, Fink et al., 1998, Joffe and Cohen, 1998, Sumner and Fink, 1998, McE-
wen and Alves, 1999).

Oestrogen acts on the central nervous system through two different oestrogen 
receptors, the oestrogen receptor α (ER-α), and the oestrogen receptor β (ER-β). ERα 
may be involved in automatic and reproductive functions, emotional expression and 
mood regulation, since this receptor subtype is predominantly expressed in hypothala-
mus and amygdala (Ostlund et al., 2003). ERβ is highly expressed in hippocampus and 
thalamus, suggesting a role in cognition and memory. Compared to wildtype littermates, 
female ERβ knockout mice have been found to have significantly lower 5-HT and do-
pamine content in several brain regions, including reduced 5-HT in the hippocampus 
and a trend towards decreased 5-HT content in the dorsal raphe nucleus (Imwalle et al., 
2005). On a behavioural level, these knockout mice showed increased anxiety.

The effects of oestrogen appear to have protective effects in some women, while 
conferring an added risk for mood disorders in others (Joffe and Cohen, 1998). 
Oestrogen levels vary along the oestrous cycle, perhaps transiently increasing SV in 
some women. This may be related, for example, to symptoms of premenstrual syn-
drome (Rubinow et al., 1998).
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Environmental factors

Stress

Depression is likely to result from a combination of innate and environmental fac-
tors that each modify the risk of an individual to become depressed. Stress is one of 
the most potent environmental factors (Markus, 2003). Stress is a difficult concept to 
define. It consists of a threatening of homeostasis to which the organism reacts with 
adaptive responses. There is a psychological aspect to stress, in which predictability, 
control, and coping are involved; and a biological aspect, consisting of the activation 
of specific brain and neuroendocrine circuits (Lopez et al., 1999). There is an obvious 
connection between depression and stress. Depression is often preceded by stressors 
(van Praag, 2004) and chances to develop a depressive episode are increased five or six 
fold after stressful life events (Connor and Leonard, 1998). 

The response to stress varies vastly across individuals (Kofman, 2002); stress 
responsivity is the result of complex interactions between genetic susceptibility and 
environmental stress (Huizink et al., 2004). Various types of situations can be per-
ceived as stressful. In general, typical stressful events include ending personal rela-
tionships, job loss, moving to another town, and long-lasting situations including 
financial problems and problems at work. There are some individual differences in 
exactly what situations are stressful. A situation that is perceived as stressful activates 
the stress system and results in several physiological changes. In medical students, 
for example, academic examinations increased cortisol levels only in students who 
perceived stress (Malarkey et al., 1995). The biological changes caused by stress are 
probably an adaptive response, serving to sustain well-being (Anisman and Merali, 
2003, Markus, 2003). Stressors challenge the capacity of an individual to cope. A per-
son may adapt to the stressor by responding in a way that reduces the impact of the 
stressor (Prickaerts and Steckler, 2005). If this coping fails, various events can result 
in a long-lasting state of distress, which is reflected in abnormal HPA axis activity and 
altered limbic function, increasing the risk of developing depression (de Kloet et al., 
2005a). When the stress-state is long-lasting and cortisol levels remain high, negative 
consequences may occur.

Stress and depression Depressed patients show higher levels of circulating stress 
hormones (Sachar et al., 1973, Holsboer, 2000, van Praag, 2004) and abnormalities in 
various hormonal challenge tests (van Praag, 2004), indicating HPA axis hyperactivity 
that appears to be depression-related rather than stress-related. This HPA overactivity 
is a consistent finding, although it is not found in all patients (van Praag, 2004).

During stress, activity of the brain 5-HT system and HPA activity rises. Serotonin 
can modulate the HPA axis, 5-HT overdrive increases corticotrophin-releasing factor 
(CRF) and corticosteroid release (van Praag, 2004). Increased cortisol levels initially 
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cause higher CNS 5-HT turnover by increasing tryptophan availability and stimulation 
of tryptophan hydroxylase activity (Davis et al., 1995, Maccari et al., 2003) and increased 
responsivity of the 5HT1A receptor system (Meijer and de Kloet, 1994, Young et al., 1994). 
However, when cortisol/corticosterone levels remain high, 5-HT turnover and 5-HT1A 
sensitivity and mRNA expression will be reduced (van Praag, 2004). 

Given that high cortisol levels initially cause higher CNS 5-HT turnover, hypo-
thetically, during continuous or frequent exposure to stress, availability of brain TRP and 
serotonin may diminish and vulnerability to pathology may increase (Anisman et al., 
1993, Markus, 2003). Stress-induced depletion of brain serotonin has been shown in 
animal research (for review see Markus, 2003). As serotonin enhances the negative 
feedback control of cortisol on the release of CRF and adrenocorticotrophic hormone 
(ACTH), reduced tryptophan availability and 5-HT depletion may reduce this feedback 
control, causing increased cortisol concentrations in the blood (Markus, 2003, Porter 
et al., 2004), perhaps by reducing activation of 5-HT1A receptors in the hippocampus 
(Porter et al., 2004). 

There is evidence to indicate that impaired glucocorticoid receptors (GR)-medi-
ated feedback may be involved in the pathophysiology of depression (Holsboer, 2000, 
Pariante et al., 2001). The changes in expression and function of GR and mineralo-
corticoid receptors (MR) in the hippocampus may be mediated by the increased 5-
HT release that is evoked by exposure to stress (Semont et al., 1999, Lai et al., 2003, 
Robertson et al., 2005). Furthermore, chronic stress and glucocorticoids induce neural 
atrophy in limbic structures, mainly the hippocampus, and reduce cell proliferation and 
neurogenesis in the hippocampus (Watanabe et al., 1992, Sapolsky, 1996, Gould et al., 
1997, Magarinos et al., 1997, McEwen and Magarinos, 1997, Gould and Tanapat, 1999, 
Malberg and Duman, 2003). These changes have been related to the development of 
depression, including the cognitive symptoms of this disorder (McEwen, 2004). Antide-
pressants can increase GR function and expression (Pariante et al., 2001) and normal-
ization of the HPA axis could be important for clinical improvement and prediction of 
relapse (Holsboer, 2000). 

Altered HPA axis feedback inhibition may be a trait marker for vulnerability to 
depression, since reduced HPA axis suppression by dexamethasone has also been shown 
in first-degree relatives of depressed patients (Modell et al., 1998). In healthy individuals 
with family history of depression, the combined dex/CRF test showed cortisol responses 
that were intermediate between depressed individuals and healthy controls (Modell et 
al., 1998), indicating that this family history is accompanied by subtle changes in HPA 
axis functioning, resulting in increased risk of developing depression. 

In conclusion, stress causes CRF and corticosteroid overdrive, in time resulting 
in decreased 5-HT turnover and 5-HT1A responsivity. In this way inability to cope with 
a chronic stressor (McEwen, 1999) or exposure to a single acute life event can cause 
changes in HPA axis activity and corticosteroid action (de Kloet et al., 2005b), imposing 
a risk for depression and other diseases (de Kloet et al., 2005a).
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Prenatal stress Exposure of a pregnant woman to physical and/or psychological stress 
(prenatal stress; PS) can have structural, behavioural and pharmacological effects on the 
offspring (Kofman, 2002, Maccari et al., 2003, Huizink et al., 2004). A large body of evi-
dence relates stress-induced disturbances in the maternal HPA axis activity to impaired 
development. In humans, paternal death, malnutrition or drug use during pregnancy, 
and familial or marital problems can predispose individuals to the development of af-
fective and anxiety disorders in adulthood (for review see Kofman, 2002, Maccari et al., 
2003, Morley-Fletcher et al., 2003). It has been reported, for example, that the prevalence 
of depression was increased in children prenatally exposed to the earthquake in Tang-
shan, China, in 1976 (Watson et al., 1999).

In rat studies, PS has been reported to result in developmental abnormalities that 
may have long-term detrimental consequences for brain functioning and may lead to 
increased susceptibility to psychopathology, including depression, in adulthood (Wein-
stock, 1997, Van den Hove et al., 2006). Prenatal stressors such as repeated saline injec-
tions, daily restraint stress, or crowding (for review see Kofman, 2002, Maccari et al., 
2003) have been associated with several deficits in the offspring, such as reduced birth 
weight, increased infant morbidity, locomotor and cognitive retardation, circadian ab-
normalities and sleep disturbances, alterations in sexual or social behaviour, and learn-
ing deficits (Maccari et al., 1995, Huizink et al., 2004). Rat PS offspring show enhanced 
response to stress (Hayashi et al., 1998, Kofman, 2002, Maccari et al., 2003, Morley-
Fletcher et al., 2003, Huizink et al., 2004) and higher behavioural emotionality in several 
stressful situations (Deminiere et al., 1992, Maccari et al., 1995, Poltyrev and Weinstock, 
1997, Vallee et al., 1997, Dugovic et al., 1999, Morley-Fletcher et al., 2003). Adult PS 
offspring show many characteristics similar to those seen in depressed humans (Bhatna-
gar et al., 2005) including HPA dysregulations and anhedonic behaviours (Carroll et al., 
1976, Mortola et al., 1987). Abnormalities in brain neurotransmitter systems have also 
been reported, most importantly low central 5-HT activity in adult offspring after high 
maternal and fetal 5-HT (Hayashi et al., 1998).

The mechanisms accounting for the impact of PS on postnatal life are not yet fully 
understood. Investigations on the putative mechanisms involved have focused mainly on 
the HPA axis. The generally held hypothesis is that PS leads to activation of the maternal 
HPA axis and elevated plasma levels of glucocorticoids in the pregnant animal, which 
influences fetal brain development. This results in downregulated glucocorticoid recep-
tors in the fetal hippocampus, altered receptor sensitivity, and neurotoxic effects on hip-
pocampal cells, finally causing decreased negative feedback in the PS offspring (Kofman, 
2002, Maccari et al., 2003, Huizink et al., 2004).

Since glucocorticoids may play a role in brain development, PS may result in 
alterations of other biochemical systems in the brain, including 5-HT (Huizink et al., 
2004). The 5-HTergic system develops early in the mammalian brain and is widespread, 
therefore it can influence the maturation of many other cells in the brain (Gaspar et al., 
2003). In addition to influencing the development of target regions, 5-HT also has a neg-
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ative feedback effect on the developing fetal 5-HT neurons (Whitaker-Azmitia, 2005).  
As 5-HT neurons develop, 5-HT levels increase until a point is reached at which the 
growth is curtailed through a negative feedback mechanism (Whitaker-Azmitia, 2005). 
When 5-HT levels are high early in development, when the blood-brain barrier is not 
fully formed yet, 5-HT can enter the brain of a developing fetus and thus cause loss 
of serotonin terminals through negative feedback. In this way, increased 5-HTergic 
activity during development causes loss of 5-HT terminals in the adult (Whitaker-
Azmitia, 2005). Several drug treatment studies have shown this negative feedback of 
5-HT on development of 5-HTergic neurons (Shemer et al., 1988, Shemer et al., 1991, 
Akbari et al., 1992, Huether et al., 1992, Whitaker-Azmitia et al., 1994, Feenstra et al., 
1996, Cabrera-Vera et al., 1997, Cabrera-Vera and Battaglia, 1998, Owesson et al., 2002, 
Yan, 2002, Koprich et al., 2003). Alterations in 5-HTT function (Slotkin et al., 1996) 
and hypothalamic 5-HT levels (Muneoka et al., 1997) may be in part responsible for 
altered HPA axis activity in adult PS offspring (Owen et al., 2005). PS may lead to an 
altered set-point of the HPA axis and 5-HT system, increasing susceptibility to later 
(depressive) disorders (Huizink et al., 2004). 

Early life experiences Aversive or stressful early life experiences, such as childhood 
neglect, childhood sexual or physical abuse, exposure to war, or parental loss, are 
important environmental factors contributing to the development of psychiatric disor-
ders, including depression, anxiety, impulsive behaviour and substance abuse in adult-
hood (Heim and Nemeroff, 1999, Heim and Nemeroff, 2001, Vazquez et al., 2002, 
Heim et al., 2004). Alterations in mother-infant interactions also have major influences 
on development and subsequent functioning of the HPA axis (Meaney, 2001, Gunnar 
and Donzella, 2002). 

Human children, as well as rodent pups, are characterized by a stress hypo-re-
sponsive period, developing gradually during the first year of life (Sapolsky and Meaney, 
1986, de Kloet et al., 2005b). Healthy newborn infants react to stressors with an adre-
nocortical response (Gunnar, 1998), but the HPA axis of a 12–18 months old child does 
not respond to mild stressors (Ramsay and Lewis, 1994, Gunnar et al., 1996), although 
the child does show a behavioural response to such a stressor. More severe stress, how-
ever, will cause an acute rise in corticosterone levels during the stress-hyporesponsive 
period (Huot et al., 2002).

The effects of early life experiences depend on their nature. Rodents exposed to the 
mild stress of short periods of neonatal handling show decreased HPA responsivity to 
stress in adulthood (Meaney et al., 1996), although a sex difference in this effect has 
been reported, with an increase in the ability to cope with stressful stimuli in males 
and a decrease in females after neonatal handling (Papaioannou et al., 2002). The more 
severe stress of maternal deprivation, on the other hand, causes behavioural abnormali-
ties resembling symptoms of depression and anxiety in adulthood (Huizink et al., 2004, 
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Ruedi-Bettschen et al., 2004, Ruedi-Bettschen et al., 2005). these negative effects may be 
more marked in males than in females (Ruedi-Bettschen et al., 2004). 

In rodents, early-life stress induces serotonergic dysfunctioning and persistent 
changes in HPA responsiveness and CRF expression (Heim et al., 2004, de Kloet et al., 
2005a, de Kloet et al., 2005b). Adverse early life experiences appear to interact with 
chronic stress in adulthood to alter physiology and behaviour (Bhatnagar and Meaney, 
1995). The release of corticosterone in response to mild stress is heightened and pro-
longed in adult male rats that were maternally deprived as pups, indicating impaired 
glucocorticoid-mediated feedback sensitivity (Huot et al., 2004) that may results from 
down-regulation of hippocampal GR (Sutanto et al., 1996). 

Another long-term effect of stressful experiences during development, is that they 
can permanently affect neurogenesis (Karten et al., 2005). Inhibition of adult neurogene-
sis in the dentate gyrus might play a role in depressive illness (Sapolsky, 2004), since sev-
eral antidepressant treatments increase neurogenesis with a delay that parallels clinical 
improvement (Malberg et al., 2000, Malberg and Duman, 2003). Early adverse experi-
ence inhibits structural plasticity via hypersensitivity to glucocorticoids and diminishes 
the ability of the hippocampus to respond to stress in adulthood (Mirescu et al., 2004).

Immune system and cytokines 

Psychological, physical, and systemic stressors, the latter including infection, chronic 
inflammation and tissue injury, have been reported to influence cytokine production 
(Leonard and Song, 1999, Watkins et al., 1999, Anisman et al., 2002, Anisman et al., 2003, 
Capuron and Dantzer, 2003). Cytokines are the signalling molecules of the immune sys-
tem, and may also act to signal the CNS about the presence of an immunological chal-
lenge. They can be divided into two general categories, i.e. anti-inflammatory cytokines 
and proinflammatory cytokines, the latter including interleukin (IL)-1, IL-6, interferon-
gamma (IFN-γ), and tumour necrosis factor-alpha (TNF-α) (Schiepers et al., 2005). 

Dysregulated activity of the immune system in depression, with increased proin-
flammatory activity, has repeatedly been demonstrated (Kronfol et al., 1983, Irwin and 
Gillin, 1987, Maes, 1995, Maes, 1999, Nunes et al., 2002). In addition, inflammatory dis-
eases are typically associated with depressed mood (Yirmiya, 2000, Wright et al., 2005). 
Administration of proinflammatory cytokines (e.g. in cancer or hepatitis C therapy) has 
been found to induce depressive symptoms. Several studies in healthy volunteers have 
suggested that increased concentrations of IL-6, but also of TNF-α and IL-1 receptor 
antagonist (IL-1Ra) may cause depressed mood (Reichenberg et al., 2001, Strike et al., 
2004, Wright et al., 2005). The increase of several proinflammatory cytokines appear to 
correlate with the severity of depressive symptom (Maes, 1995, Maes, 1999, Yirmiya, 
2000, Bonaccorso et al., 2001, Wright et al., 2005). The “cytokine theory of depression” 
implies that proinflammatory cytokines, acting as neuromodulators, represent the key 
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factor in the (central) mediation of the behavioural, neuroendocrine, and neurochemi-
cal features of depressive disorders (Yirmiya et al., 1999, Schiepers et al., 2005).

Proinflammatory cytokines increase 5-HT turnover, which may lead to depletion of 
5-HT in combination with several other mechanisms that lower 5-HT (Maes, 1999, Schi-
epers et al., 2005). First, proinflammatory cytokines may induce tryptophan depletion by 
reducing food intake (Plata-Salaman, 1998, Reichenberg et al., 2001). A second possibility 
is that they set off depressive symptoms by modulating the activity of the HPA axis (Capu-
ron and Dantzer, 2003, Schiepers et al., 2005). Proinflammatory cytokines may disturb the 
negative feedback inhibition of corticosteroids on the HPA axis, causing HPA axis hyperac-
tivity (for review see Schiepers et al., 2005). Thirdly, cytokines may induce depressive symp-
toms by downregulating the synthesis of serotonin. Several cytokines, including IL-1, IL-2, 
IL-6, and INFs reduce TRP availability by activating the TRP-metabolizing enzyme indole-
amine 2,3-dioxygenase (IDO), the rate-limiting enzyme in the TRP-kynurenine pathway 
that converts L-TRP to N-formylkynurenine (Wichers and Maes, 2004). In this way, there 
is less TRP available for serotonin synthesis, which may lead to depletion of serum TRP and 
reduction of 5-HT synthesis (Heyes et al., 1992, Stone and Darlington, 2002). Along with 
the cytokine-induced stimulation of IDO, the production of certain metabolites of the IDO-
mediated kynurenine pathway increases, including 3-hydroxy-kynurenine (3OH-KYN) 
and quinolinic acid (QUIN). These are neurotoxic substances and may cause hippocampal 
volume loss, loss of glucocorticoid receptors and increased HPA activity (Maes et al., 2002, 
Wichers and Maes, 2004). Furthermore, proinflammatory cytokines also stimulate the uti-
lization of TRP and other peripheral amino acids for synthesis of positive acute-phase pro-
teins (APPs) (Kubera and Maes, 2000, Stone and Darlington, 2002). Moreover, it has been 
suggested that proinflammatory cytokines result in reduced extracellular 5-HT levels (Maes 
et al., 2001, Bonaccorso et al., 2002a, Bonaccorso et al., 2002b, Capuron and Dantzer, 2003) 
based on the finding that several proinflammatory cytokines have been shown to upregulate  
5-HTT expression (Ramamoorthy et al., 1995, Morikawa et al., 1998, Mossner et al., 1998). 
Ultimately, neurotrophic factors such as brain derived neurotrophic factor (BDNF) may 
be affected. The activation of proinflammatory cytokines and/or inhibition of anti-inflam-
matory may be involved in depression by means of processes related to neuroplasticity 
(McDonald et al., 2003, Hayley et al., 2005). It is possible that cytokines contribute to the 
pathogenesis of depression through their actions on 5-HT and BDNF, which co-regulate 
each other (Mattson et al., 2004, Hayley et al., 2005).

Stressors, including cytokine challenges, can proactively influence the response to 
later challenges. Neuronal systems may sensitize, so that later exposure results in exagger-
ated neurochemical changes (Anisman et al., 2003). Cytokine administration increases 
the response to stressors or further cytokine exposure (Tilders et al., 1993, Schmidt et al., 
1995, Tilders and Schmidt, 1999, Hayley et al., 2002, Anisman et al., 2003). It is possible 
that exposure to stress, including the activation of the inflammatory immune system, 
may result in greater vulnerability to stressor-related pathology (for review see Connor 
and Leonard, 1998, Hayley et al., 2005). 
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Preexisting vulnerability may also affect the outcome of acute immune challenge 
(Simmons and Broderick, 2005). For example, some reports showed that pretreatment 
depression scores and past psychiatric history were predictive for the occurrence of de-
pression-like changes over the course of chronic cytokine therapy (Valentine et al., 1998, 
Capuron and Ravaud, 1999, Capuron and Dantzer, 2003). 

Drug use

Hypothetically, any drug that influences the serotonergic system may cause that system 
to become vulnerable. Some popular drugs that may influence the 5-HTergic system 
are discussed. 

MDMA ±3,4-methylenedioxymethamphetamine (MDMA) is a popular recreational drug 
taken for its acute effects, which include euphoria, increased sociability and energy (Verhey-
den et al., 2002). Acutely, MDMA causes the release of stored 5-HT from nerve terminals, 
prevents reuptake of 5-HT from the synaptic cleft, and inhibits tryptophan hydroxylase, 
thereby inhibiting the synthesis of replacement 5-HT (McKenna and Peroutka, 1990). These 
acute effects are followed by a temporary attenuation of central 5-HT (Schmidt, 1987).

There is evidence to indicate that MDMA has neurotoxic effects on the serotonergic 
system in animals (Ricaurte et al., 2000) and humans (Semple et al., 1999, Reneman et 
al., 2001a), mainly characterized by a decreased number of serotonin transporters (Ren-
eman et al., 2001a, Reneman et al., 2001b). Animal studies have indicated that MDMA 
administration results in long-term attenuation of brain 5-HT and 5-HIAA as well as 
attenuated tryptophan hydroxylase activity and reductions in the density of 5-HT uptake 
sites (for review see Curran and Verheyden, 2003) and there is evidence to indicate that 
recovery may remain incomplete for several years (Scheffel et al., 1998, Hatzidimitriou et 
al., 1999). In human studies the decreased 5-HTT binding is generally reported to be at 
least partly reversible (Gerra et al., 2000, Reneman et al., 2001a, Reneman et al., 2001b, 
Thomasius et al., 2003). However, it should be mentioned that the recovery of SERT den-
sities does not necessarily guarantee normal functioning (de Win et al., 2004). Studies 
on the functional consequences of MDMA induced 5-HT neurotoxicity show converg-
ing evidence of memory impairments (Reneman et al., 2000). There are several reports 
indicating that current and former heavy MDMA use results in negative effects on mood 
and depression, results are mixed (Gerra et al., 1998, Gamma et al., 2000, Gamma et al., 
2001, MacInnes et al., 2001, Morgan et al., 2002, Thomasius et al., 2003, de Win et al., 
2004, Guillot and Greenway, 2006).

Alcohol Alcohol dependence and depression co-occur commonly in clinical popula-
tions (Powell et al., 1982, Hesselbrock et al., 1985). Presumably, a deficit in serotonergic 
transmission is involved in the aetiology and maintenance of alcoholism and 5-HT may 
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mediate ethanol intake (for review see LeMarquand et al., 1994b, LeMarquand et al., 
1994a). Distinguishing the effects of long-term alcohol intake from putative premorbid 
5-HT dysfunction is a problem (LeMarquand et al., 1994a). Alcohol can damage the 
nervous system, either directly or indirectly through damage to other organs (Oscar-
Berman et al., 1997). Chronic alcohol intake may have neurotoxic effects on the 5-HT 
system (Halliday et al., 1993) that may result in loss of central 5-HTergic function and 
negative mood states (Heinz et al., 1998).

Overall evidence suggests that acute ethanol facilitates 5-HTergic neurotransmis-
sion (for review see LeMarquand et al., 1994a), although there is some evidence that 
alcohol may have a biphasic effect on the serotonergic system, with an initial facilita-
tion of 5-HTergic activity followed by a decrease several hours later (Badawy and Ev-
ans, 1976, Morland et al., 1985). Animal studies suggest that acute and chronic ethanol 
result in transient increases in 5-HT levels and functioning, but withdrawal of chronic 
ethanol causes a decrease in 5-HT and 5-HIAA levels and serotonergic functioning 
(for review see LeMarquand et al., 1994b). Low CSF 5-HIAA and low plasma TRP 
availability have been reported in alcoholics, suggesting lowered central 5-HT neuro-
transmission (for review see LeMarquand et al., 1994a) and it has been demonstrated 
that heavy drinkers can experience mood symptoms as a consequence of their heavy 
drinking (Vaillant et al., 1983). 

Heinz et al.(1998) found a significant reduction in the availability of brainstem  
5-HTT in alcoholics after 3-5 weeks of withdrawal compared to healthy controls, that 
was correlated with ratings of depression and anxiety during the withdrawal. The re-
duction in raphe 5-HTT also correlated with lifetime alcohol consumption, suggested 
that this reduction in transporter density may be caused by the cumulative toxic effects 
of ethanol consumption (Heinz et al., 1998). 

Cannabis There is evidence to indicate that heavy or problematic cannabis users have 
an increased chance of developing depression (for review see Degenhardt et al., 2003). 
One hypothesis to explain this increased risk is that large doses of the primary psy-
choactive ingredient of cannabis, delta-9-tetrahydrocannabinol (THC) affect 5-HT and 
other neurotransmitters (Degenhardt et al., 2003). THC acts upon the cannabinoid 
system, a neuromodulatory system in the brain that is involved in regulating some 
of the same physiological processes as the 5-HTergic system. Acutely, THC has been 
reported to suppress 5-HT neurotransmission in the hippocampus by inhibiting 5-HT 
release (Egashira et al., 2002). Long-term cannabinoid administration can affect the 
response to a single challenge of a 5-HT1A and 5-HT2A receptor agonist. Twelve days of 
pretreatment with a cannabinoid receptor agonist resulted in an apparent upregulation 
of 5-HT2A receptor activity and a down-regulation of 5-HT1A receptor activity (Hill et 
al., 2006). The effects of THC on 5-HTergic functioning and receptor activity resemble 
the changes seen in depressed patients. 
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Cocaine Cocaine binds to all three monoamine transporters, and acutely inhibits the 
reuptake of monoaminergic neurotransmitters into presynaptic neurons (Reith et al., 
1983, Ritz et al., 1990). This causes an initial increase in extracellular neurotransmitter 
concentrations, which leads to compensatory decreases in cell firing and neurotransmit-
ter synthesis (for review see Levy et al., 1994). During cocaine withdrawal, symptoms of 
depression are common (Gawin and Kleber, 1986).  Repeated exposure to cocaine 
may alter functioning of monoamine neurotransmitter systems. Cocaine appears to re-
sult in subsensitive postsynaptic 5-HT1A receptors and supersensitive 5-HT2 receptors 
(Levy et al., 1994, Baumann and Rothman, 1995, Baumann and Rothman, 1998).

Biopsychological interactions

It is likely that interactions between innate (genetics, gender, personality, prenatal stress) 
and environmental factors (postnatal stress, drug use) determine the vulnerability to de-
velop depression. Figure 1 presents an overview of the factors that may contribute to SV. 

 Evidence appears to suggest that the 5-HTTLPR s-allele increases sensitivity to 
the depressogenic effects of environmental insults ranging from stress to MDMA use 
and neurochemical challenges such as ATD. The s-allele may predispose for a more re-
active arousal system. The s-allele appears to predispose towards increased anxiety and 
exerts a negative influence on the capacity to cope with stress (for review see Hariri and 
Holmes, 2006). It has been shown that carriers of the s-allele have an elevated risk of 
depression in the context of environmental adversity (Caspi et al., 2003, Kendler et al., 
2004, Kendler et al., 2005). Furthermore, in rhesus macaques, which have the same 
5-HTTLPR length variations as humans, the s-allele is associated with decreased se-
rotonergic function, indicated by lower CSF 5-HIAA concentrations, only in monkeys 
reared in stressful conditions (Bennett et al., 2002). In addition, s-allele carriers showed 
increased activation of the amygdala in response to fearful or threatening stimuli (Hariri 
et al., 2002, Hariri et al., 2005, Heinz et al., 2005). In terms of interactions between genes 
and MDMA, Roiser et al.(2005) reported that 5-HTTLPR genotype mediates emotional 
processing in ecstasy users, as only ecstasy users carrying the s-allele showed abnor-
mal emotional processing. Interestingly, the abnormalities in emotional processing were 
similar to those reported in healthy volunteers after ATD (Rubinsztein et al., 2001). 

The l-allele of the 5-HTTLPR may account for a certain flexibility in the 5-HTergic 
system, or the possibility to react and adapt to changes that are imposed on the system. 
First, alcoholics carrying the s-allele showed no difference in 5-HTT availability, whereas 
l/l genotype alcoholics show a reduction in raphe 5-HTT availability (Little et al., 1998, 
Heinz et al., 2000). Second, the l/l genotype is associated with an initially low response to 
alcohol (Schuckit et al., 1999). Third, l-allele carriers have better antidepressant response 
to SSRI treatment than s-allele carriers (Yu et al., 2002). Subjects carrying the s-allele ap-
pear to respond less to these environmental factors. 
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Personality factors may also determine how an individual interacts with the en-
vironment. An association exists between 5-HTTLPR genotype and some personality 
factors, given that carriers of the s-allele are more likely to demonstrate anxiety-related 
personality traits, including neuroticism and harm avoidance, than l/l genotypes (Lesch 
et al., 1996, Mazzanti et al., 1998, Greenberg et al., 2000, Van Gestel et al., 2002). It is un-
clear whether personality can directly cause SV. For example, it is also possible that cer-
tain personality traits simply co-occur with SV or depression, or that they represent the 
state of SV. Neuroticism scores, however, appear to predict future depression and 55% 
of the genetic risk of depression appears to be shared with neuroticism (Kendler et al., 
1993). Personality characteristics are known to interact with other factors, because they 
influence the interpretation of events, the ability to cope with stress and the experienced 
level of cognitive control over a stressful situation. To make matters even more complex, 
individuals with a genetic risk for depression are not only more susceptible to the depres-
sive episode-triggering effects of an adverse event, but may also be more likely to expose 
themselves to such an adverse event (Kendler et al., 1999). 

Several types of stressors, for example psychological stress and the systemic stress 
caused by proinflammatory cytokine activation, may result in HPA axis overactivity, de-
creased 5-HT turnover and reduced 5-HTergic functioning. Prenatal stress and adverse 
early life events may lead to an altered set-point of the HPA axis and 5-HT system, influ-
encing the response to later stressors and hence increase vulnerability to psychopathology. 
Stress reactivity in adulthood is influenced by genetic background and early life experi-
ences. Genetic background can modulate the response to adversity in early life as well as in 
adulthood (de Kloet et al., 2005a). Adversity early in life may also influence personality. 

Sex hormones or sex differences in 5-HTergic activity and the 5-HTergic system 
may be directly responsible for higher SV in women. Sex differences in exposure and 
response to stress may also affect SV. Women are more likely than men to develop de-
pression following a stressful life event early in life (Weiss et al., 1999) and their HPA 
axis is more susceptible to PS-induced programming (Weinstock et al., 1992, McCor-
mick et al., 1995, Szuran et al., 2000). Women have a lower mean rate of 5-HT synthesis 
compared to men, while men and women appear to have similar stores of brain 5-HT 
(Nishizawa et al., 1997). Thus, in times of increased 5-HT utilization, a lower rate of 
synthesis in women may cause 5-HT levels to decline more in women than in men, 
possibly increasing vulnerability to depression (Nishizawa et al., 1997). Some types of 
stressful events may be more common in women than in men. The rates of childhood 
sexual abuse, for example, are higher in girls than in boys, and as a result, as much as 35% 
of the gender difference in adult depression could be explained by this higher incidence 
of childhood abuse of girls compared to boys (Cutler and Nolen-Hoeksema, 1991). Fur-
thermore, there are some indications that women may experience more chronic stress in 
everyday life than men (Nolen-Hoeksema, 2001, Matud, 2004). 

Some studies found an association between the s-allele and stress only in women 
(Grabe et al., 2005). The effects of adverse life experiences are mediated by personality 
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characteristics, attributional style and coping (Brewin, 1996, Hanninen and Aro, 1996). 
Several authors have suggested the possibility that women appraise some threatening 
events as more stressful than men (Miller and Kirsch, 1987, Ptacek et al., 1992). It has also 
been reported that for women, life events appear to be less controllable and more nega-
tive (Matud, 2004). There is evidence to indicate that there is a sex difference in response 
to stress. In rats, exposure to an acute stressful event can facilitate learning in males, but 
impairs performance in female rats (Wood et al., 2001, Shors and Miesegaes, 2002). Fur-
thermore, exposure to an elevated plus-maze, a rodent anxiety test, leads to decreased 
5-HTergic activity in the dorsal raphe nuclei in female rats, but to decreased 5-HTergic 
activity in the medial raphe nuclei in males (Dominguez et al., 2003). There is also data 
to indicate that male rats may adapt better to stress than females (Kennett et al., 1986). 
Furthermore, the female HPA axis may be more reactive to stress, possibly due to sex 
hormones (Weiss et al., 1999). In terms of coping styles, women have been reported 
to use more emotion-focused coping than men, while men more often use rational and 
problem-focused coping (Matud, 2004). Women appear to be more likely than men to 
respond to stress with rumination – focusing inward on feelings of distress and personal 
concerns rather than taking action to relieve their distress (Nolen-Hoeksema, 2001).

Gender may also interact with drug use. Subjective MDMA response (Liechti et 
al., 2001), the effects of MDMA on 5-HTT densities (Reneman et al., 2001a) and reduc-
tions in CSF 5-HIAA concentrations caused by MDMA (McCann et al., 1994) have been 
reported to be stronger in women than in men. 
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Figure 1. The aetiology of SV and depression. The factors that may cause SV and possible interactions between these 

factors are depicted on the left. On the right are the possible pathological outcomes of SV. As the figure shows, the 

nature of the outcome may depend on personality variables and the gender of the individual, as well as on the loca-

tion of the 5-HT aberration.
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Possible pathological outcomes of SV

In terms of the pathology in which the SV finally becomes manifest, there may be several 
factors involved. First, it is possible that the location of the vulnerability-causing factor 
within the 5-HT system plays a role. There is some evidence to indicate that abnor-
malities in the 5-HT1B receptor are related to substance abuse, impulsive aggression and 
motor impulsivity (Ramboz et al., 1996, Brunner and Hen, 1997) while disturbances in 
5-HT1A neurotransmission have been associated with less reactivity and higher anxiety 
(Lesch and Mossner, 1999, Zhuang et al., 1999) and 5-HTT abnormalities with depres-
sion (Malison et al., 1998). Gender may also be involved in forms of manifestation of SV, 
with substance abuse, aggression and impulsivity being more common in men while 
anxiety and depression are more common in women. Furthermore, personality traits ap-
pear to be involved, since mood lowering after ATD tends to occur in subjects with mean 
baseline depression scores at the upper end of the normal range (Ellenbogen et al., 1999, 
Bell et al., 2001). Furthermore, TRP depletion produces a marked rise in the ratings of 
aggression during provocation in subjects with high trait aggression, but has little effect 
in subjects with low-trait aggression (for review see Young and Leyton, 2002).

Experimental manipulations of 5-HT in relation 
to SV factors

Challenge studies

Serotonergic challenge tests are used to measure serotonergic responsivity in vivo. These 
tests involve the administration of a 5-HTergic probe and the subsequent assessment 
of one or more anterior pituitary hormones, such as cortisol, ACTH, growth hormone 
and prolactin (Flory et al., 1998, Kapitany et al., 1999). The secretion of prolactin is 
regulated by serotonergic mechanisms in the brain (Gala, 1990, Van de Kar et al., 1996). 
Therefore, increased plasma prolactin can be interpreted as an index of enhanced brain 
serotonin function (MacIndoe and Turkington, 1973, Cowen and Charig, 1987) and 
hypersensitivity of the serotonergic system (Clemens et al., 1980, Delgado et al., 1989). 
Neuroendocrine responses to 5-HT agonists are an indication of postsynaptic receptor 
sensitivity, with relatively high hormonal responses being indicative of receptor hy-
persensitivity while relatively low hormonal responses suggest receptor hyposensitivity 
(Riedel et al., 2002a).

Many substances with different sites of action have been used in serotonergic 
challenge studies, including L-tryptophan (Charney et al., 1982), fenfluramine (Siever 
et al., 1984, Asnis et al., 1988, Maes et al., 1991, O’Keane and Dinan, 1991, Lichtenberg 
et al., 1992), buspirone (Meltzer et al., 1983), meta-chlorophenylpiperazine (m-CPP) 
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(Charney et al., 1987) and several serotonergic reuptake inhibitors (Laakmann et al., 
1984, Golden et al., 1992, Reist et al., 1996). 

Administration of d-fenfluramine results in a dose-dependent rise in prolactin lev-
els (Kavoussi et al., 1998), which has been used as an index of central 5-HT responsivity 
(Quattrone et al., 1983, Newman et al., 1998, Sher et al., 2003). The prolactin response 
to fenfluramine in depression has been studied extensively, with mixed results (for re-
view see Kavoussi et al., 1998). Studies that compare prolactin response to fenfluramine 
in depressed patients before and after antidepressant treatment have yielded mixed re-
sults (Kasper et al., 1990, O’Keane et al., 1992, Shapira et al., 1993).

Citalopram is a highly selective 5-HT reuptake inhibitor that produces dose-re-
lated increases in prolactin and cortisol in normal subjects (Seifritz et al., 1996, Atten-
burrow et al., 2001). Intravenous challenge with citalopram has been reported to result in 
a blunted prolactin response in depressed patients compared to healthy controls (Hen-
inger et al., 1984, O’Keane and Dinan, 1991), while cortisol secretion was reported not 
to differ between groups (Kapitany et al., 1999). Bhagwagar et al.(2002) showed that the 
prolactin response to citalopram was blunted similarly in both acutely depressed and 
recovered drug-free euthymic subjects. The cortisol responses, however, were blunted 
in the acutely depressed patients, but not in the recovered subjects. These data support 
the notion that some aspects of impaired 5-HT neurotransmission, such as the blunted 
5-HT-mediated prolactin release, may be trait markers of vulnerability to depression, 
since they persist into clinical remission. However, it could be a consequence of having 
been depressed or treatment with antidepressants, rather than a marker of vulnerability 
(Bhagwagar et al., 2002). 

Studies measuring hormonal responses to L-TRP infusion generally demonstrate 
attenuated prolactin and growth hormone responses in patients with major depres-
sion, indicating an impairment in postsynaptic 5-HT1A receptor function (for review 
see Porter et al., 2003). 

Nutrients can influence 5-HT synthesis, with carbohydrate ingestion generally in-
creasing 5-HT synthesis, while protein ingestion has been reported to decrease 5-HT 
synthesis or not to change it (Fernstrom and Wurtman, 1971, Fernstrom, 1985, Fern-
strom, 1990). The amount of TRP available to the brain can be increased with alpha-
lactalbumin (LAC), a whey protein with high TRP content (Heine et al., 1996, Markus 
et al., 2002), leading to enhanced 5-HT synthesis. While TRP availability to the brain 
influences 5-HT synthesis (Fernstrom, 1985, Fernstrom, 1990), extracellular 5-HT levels 
reflect the neuronal activity of release and reuptake of the neurotransmitter (Kalen et al., 
1988). LAC ingestion not only affects 5-HT synthesis, but also its release. Long-term 
LAC diet was reported to elevate extracellular 5-HT and may induce beneficial effects on 
mood (Orosco et al., 2004).

In humans, LAC has been reported to increase the plasma TRP/LNAA ratio by 
43–48% in subjects with high and low stress vulnerability (Markus et al., 2000b, Markus 
et al., 2002). This increase in plasma TRP-LNAA ratio is considered to be an indirect in-
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dex of elevated brain TRP and 5-HT concentrations (Markus et al., 2002). However, LAC 
had a positive effect on mood (Markus et al., 2000a) and cognitive performance (Markus 
et al., 2002) only in the group of high stress-vulnerable subjects. These results may sug-
gest that high stress-vulnerability is related to poor 5-HTergic functioning, in a way that 
the stress-vulnerable subjects appear to need more 5-HT than they have, in order to 
keep up performance under stress conditions. The LAC intake may compensate for this 
deficiency by enhancing brain 5-HT function. 

In short, a blunted neuroendocrine response to serotonergic agonists has been 
found in depressed patients (Heninger et al., 1984, Siever et al., 1984, O’Keane and Di-
nan, 1991, Mann et al., 1995). The consensus is that 5-HT neurotransmission is impaired 
in unmedicated depressed patients, but it is unclear whether this abnormality persists 
following clinical recovery (Bhagwagar et al., 2002). Results are mixed and it is difficult 
to distinguish possible trait markers of vulnerability to depression from abnormalities 
that occur as a result of having been depressed.

Blunted prolactin responses to fenfluramine have been reported in euthymic men 
and women with a personal history of depression, indicating persistent disturbances of 
serotonergic activity in these subjects (Flory et al., 1998). Heavy drinkers also show bunt-
ed prolactin responses to fenfluramine challenge compared to healthy controls, suggest-
ing impaired central serotonergic neurotransmission in heavy drinkers (Balldin et al., 
1994). During withdrawal from chronic cocaine use, hormone responses to some specific 
5-HT challenges are altered (for review see Baumann and Rothman, 1998, Levy et al., 
1994). Furthermore, healthy 5-HTTLPR l/l individuals show significantly greater prolac-
tin responses than s/s individuals after challenge with the tricyclic antidepressant clomip-
ramine (Whale et al., 2000) or the SSRI citalopram (Smith et al., 2004). Thus, it appears 
that heavy drinking, withdrawal from cocaine use and 5-HTTLPR genotype are associ-
ated with altered hormonal responses to 5-HT challenges, which may indicate SV.

Acute tryptophan depletion

Serotonin is synthesized from its amino acid precursor tryptophan (TRP), which is taken 
up from the blood. Most of the TRP in plasma is protein-bound, with only 5% being left 
free and available for transport into the CNS. This free TRP is transported into the brain 
across the blood-brain barrier by an active transport system for which TRP competes with 
five other large neutral amino acids (LNAAs; valine, leucine, isoleucine, phenylalanine, ty-
rosine) (Fernstrom and Wurtman, 1972). Once in the brain, TRP is converted into 5-HT. 
The availability of free plasma TRP is a limiting factor in the synthesis of serotonin. There-
fore, ATD can be used to study the effects of lower 5-HT. In humans, an amino-acid based 
mixture is used for ATD, whereas in rats a protein-mixture is used (Lieben et al., 2004). 
ATD lowers plasma TRP (Young et al., 1985) and alters 5-HT synthesis, metabolism, and 
release (Stancampiano et al., 1997). Brain 5-HT levels are temporarily lowered (Biggio et 
al., 1974, Moja et al., 1989) and there is a decrease in brain 5-HT synthesis (Nishizawa et 
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al., 1997), CSF 5-HT (Bel and Artigas, 1996) and 5-HIAA concentrations (Stancampiano 
et al., 1997, Carpenter et al., 1998, Williams et al., 1999). Nishizawa et al.(1997) studied the 
effects of ATD on 5-HT synthesis and found that the rates of 5-HT synthesis were reduced 
by ATD by a factor of about 9.5 in men and a factor of about 40 in women. Apparently, the 
effect of ATD on 5-HT synthesis is larger in women than in men. 

In rats, ATD can cause changes in cognitive functions and depression- and anxi-
ety-like behaviour (Blokland et al., 2002). In humans, ATD has cognitive effects and 
can cause mild, transient mood effects. Although ATD causes approximately the same 
decrease in TRP levels in all subjects, not all subjects experience symptoms like mood 
lowering following ATD. Mood lowering in response to ATD demonstrates individual 
vulnerability of the serotonergic system (Delgado et al., 1994, Aberg-Wistedt et al., 1998, 
Booij et al., 2002, Riedel et al., 2002b, Sobczak et al., 2002a, Sobczak et al., 2002b).

In currently depressed untreated patients, ATD does not cause any mood-lower-
ing (for review see Maes and Meltzer, 1995, Bell et al., 2001, Young and Leyton, 2002). 
However, ATD can cause mood changes in subjects with a personal history of mood dis-
orders (Young and Leyton, 2002). Remitted depressed patients can experience lowered 
mood after ATD, especially when they had more than one depressive episode (Booij et 
al., 2002) and/or were treated with SSRIs or MAOIs (Van der Does, 2001a, Young and 
Leyton, 2002). Duration of treatment and/or remission may also play a role (for review 
see Bell et al., 2001, Van der Does, 2001a). Patients with a history of self-injury or sui-
cidal activity are also more likely to report mood-lowering effects after ATD (for review 
see Booij et al., 2002, Young and Leyton, 2002, Van der Does, 2001a).

Of the healthy subjects, some report mood lowering after ATD, while others do 
not. Female gender (Ellenbogen et al., 1996, Smith et al., 1997) and a positive family 
history for affective illness (Benkelfat et al., 1994, Klaassen et al., 1999) are associated 
with mood effects on ATD. Higher baseline depression score also increase chances of 
ATD-induced mood lowering (for review see Bell et al., 2001, Van der Does, 2001a). 
MDMA use may also influence the effects of ATD, as Taffe et al.(2003) demonstrated 
that monkeys exposed to a short-course, high-dose repeated regimen of MDMA showed 
no observable effects of the MDMA under unchallenged conditions 1 year later, but did 
show alterations in electrophysiological and behavioural sensitivity to ATD.

The extent of TRP depletion is not consistent across studies, which may explain some 
mixed results and negative findings. There is evidence to indicate that a threshold exists 
that needs to be exceeded before behavioural effects occur (Spillmann et al., 2001, Van der 
Does, 2001b). Van der Does (2001b) reviewed several ATD studies and suggests that the 
threshold for possible mood effects to occur lies somewhere around a 60% reduction of free 
plasma TRP. In a study comparing high and low dose ATD in remitted depressed patients, 
Booij et al.(2005a) reported impaired processing of positive information in all and return 
of depressive symptoms in some of the participants in the high depletion group (80–90% 
depletion of plasma TRP levels). Participants in the low depletion group (40–50% deple-
tion) did not show effects on mood or impaired processing of positive information. 
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Proposed model and conclusions
There appear to be various factors that can disrupt 5-HT functioning in any person. The 
factors that may cause SV have one common final result: a change in 5-HTergic activity, 
mostly reduced 5-HT indices or reduced 5-HTergic activity. The proposed model is one 
in which each factor results in some disturbance in the 5-HTergic system, making the 
system more vulnerable. Depression is hypothesized to result from the combination of 
several factors in one person. As long as the number of vulnerability factors is limited, 
the disturbances in the 5-HTergic system can be compensated for and there are no overt 
signs to indicate the vulnerability. However, when several vulnerability factors occur in 
one individual, a threshold is reached where the system can no longer compensate and 
depression or other 5-HT related disorders occur. This may be similar to the threshold 
hypothesis stated by Van der Does (2001b), which claims that a certain level of TRP 
depletion is required in order for mood changes to occur after ATD. Some 5-HT chal-
lenge and ATD studies appear to confirm the model and the threshold hypothesis. Both 
models state that the 5-HT system requires a significant amount of challenging for symp-
toms of depression or other 5-HT related disorders to occur. 

This model may be able to provide an explanation for the issue why one person 
becomes depressed after, for example, a stressful life event, while other individuals may 
appear unaffected. In individuals with an existing SV -probably caused by genetics and/
or early life events- such a stressor may cause depression, but in subjects without this 
pre-existing vulnerability the stressor will not cause depression. However, this stressor 
may influence 5-HTergic functioning in this person, resulting in increased vulnerability 
to develop depression in reaction to further adversity. In other words, a stressor may 
cause depression in one subject, and SV in another. In this way, the stressor can have very 
different effects in different individuals, depending on their 5-HTergic functioning when 
encountering the stressor. 

The aetiology of both depression and SV are complex, and both can be caused by 
various factors. In depressed patients, it is often difficult to pinpoint the possible causes 
of the depression. Although the same is true for SV, the main advantage of the concept 
of SV is that SV can be demonstrated in individuals before behavioural and emotional 
symptoms occur. The amount of adversity or compromising of the 5-HT system that is 
needed to make the system vulnerable probably varies per individual, but with 5-HT 
manipulations vulnerable subjects can be identified at a point in time where disorders 
may be prevented. 5-HT manipulation studies can indicate whether a person is close to 
the threshold where the system can no longer compensate for the compromising factors. 
This is important because SV will not necessarily lead to pathology, symptoms will only 
occur if adversity continues to affect the 5-HTergic system. Identifying vulnerable sub-
jects before 5-HT related pathology occurs provides the opportunity to take preventive 
action. In these vulnerable subjects, pathology may be prevented by improving coping 
skills or by increasing TRP intake in times of stress (Markus et al., 2000a).
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A mood response to ATD appears to be the best way to identify subjects with 
SV, because this mood response indicated that the 5-HTergic system lacks the abil-
ity to compensate for the transient decrease in TRP and 5-HT. ATD has already been 
described as a way to identify a subgroup of patients with a specific serotonergic 
‘vulnerability’(Aberg-Wistedt et al., 1998) and as a suitable model of vulnerability to 
depression (Booij et al., 2005b). ATD causes mood lowering in some populations, but 
results are generally mixed, and ATD does not cause mood lowering in currently de-
pressed patients. These findings suggest that decreased serotonergic activity is not the 
limiting factor in the severity of depression in untreated major depression (Maes and 
Meltzer, 1995). Also, it is not the primary or sole cause of affective disorders.(Bell et al., 
2001) This is consistent with the hypothesis of diminished serotonergic activity as a vul-
nerability factor in depression (Maes and Meltzer, 1995).

It may also be important to identify SV patients, because if they do become de-
pressed, 5-HT being a causal factor may have consequences for treatment outcome. The 
s-allele of the 5-HTTLPR, the described 5-HT1A polymorphism and TPH2 are all associ-
ated with lower responsiveness to SSRI treatment. Although it may appear logical to use 
treatment targeting the 5-HT system when 5-HT is a causal factor in the pathology, this 
may not work because in these patients the 5-HT system is not responsive and flexible 
enough to react to the treatment and benefit from it. 

Limitations of the model

It is important to keep in mind that depression is a complex and heterogeneous disorder, 
both on phenotypical and biological levels. Depression is not likely to result from a single 
gene or a single external event, but is caused by the complex interactions between an in-
dividual and its environment. The specific symptoms of depression, both the subjective 
feelings and complaints and the physiological indices, are different in different patients. 
Obviously, this complicates research, because it may not always be valid to compare one 
group of depressed patients with another. 

It is only logical to assume that this model does not explain all cases of depression. 
It is not likely that all depressed patients share this aetiology of factors causing SV and 
later developing depression. It is known that other neurotransmitters are involved in 
depression as well, and these may be causal in depression, either on their own or in com-
bination with 5-HT. Apart from SV, there are other paths leading to depression. 

Another limitation is that although SV can be demonstrated before depression 
occurs, it is not possible to determine whether depressed patients had SV before their 
depression occurred. In depressed patients, ATD does not cause further mood lowering 
(Bell et al., 2001). and if mood changes are reported in remitted patients after ATD, this 
may indicate an acquired vulnerability of the system as a result of the depression instead 
of representing a causal mechanism. In other words, the changes in 5-HTergic function-
ing may be secondary. 
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Furthermore, it cannot be excluded that there are vulnerable subjects that do not 
show vulnerable responses to challenges. For example, if a person does not report mood 
lowering after ATD, this may not necessarily mean that this person has no vulnerability to 
develop depression. These false negatives cannot be excluded. In addition, the mood re-
sponse to ATD is an indication of SV at a given moment in time. SV can occur later in life 
as a result of for example stress or drug use. If the circumstances of an individual change, 
so may the 5-HTergic functioning of that individual. In short, normal responses to 5-HT 
challenges do not guarantee that an individual cannot develop a 5-HT-related pathology.

It may be difficult to find evidence against the model in human studies because 
there are always factors to explain mixed results and negative findings, such as level of 
5-HT depletion, heterogeneity of the disorder, or not correcting for possible genetic SV, 
PS, stressful life events early or later in life or other factor that may influence SV. It should 
be mentioned though that evidence against the model has been found in an ATD study 
in Parkinson’s disease (PD) patients (Leentjens et al., 2006). This study found no support 
for SV in PD patients, although these patients generally have reduced 5-HT activity and 
an increased risk of depression. These results may debilitate the model, although there 
may be several possible explanations for the negative findings.

Conclusions
In conclusion, there is evidence to indicate that there are various factors that may in-
terfere with 5-HTergic functioning. The proposed model is one in which each factor 
disrupts the 5-HT system, until a threshold is reached where the system can no longer 
compensate and pathology occurs. In this way, a combination of the factors described 
may result in depression or other 5-HT related disorders. The aetiology of depression 
and SV are complex, but the concept of SV offers an opportunity to identify individuals 
that are vulnerable to developing depression and/or other 5-HT related disorders. This 
may enable preventive actions in these individuals and may give an indication of what 
treatment to choose if these people do become depressed. However, it is unlikely that this 
model applies to all cases of depression, and 5-HT challenges may not be able to identify 
all vulnerable subjects.
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Abstract
The essential amino acid tryptophan is the precursor of the neurotransmit-
ter serotonin. By depleting the body of tryptophan, brain tryptophan and 
serotonin levels are temporarily reduced, making tryptophan depletion 
a useful tool to study the relationship between serotonin and behaviour. In 
this paper, several experiments are described in which dose and treatment 
effects of acute tryptophan depletion using a gelatin-based protein-car-
bohydrate mixture are studied in male and female Wistar rats. It is con-
cluded that two or three doses of tryptophan depleting mixture resulted 
in 65–70% depletion after two to four hours in males. Object recognition 
was impaired two, four, and six hours after the first of two doses acute 
tryptophan depletion, suggesting that the central effects occurred rapidly 
and continued until at least six hours after the first of two doses, in spite 
of decreasing treatment effects on plasma TRP levels at that time point. 
The number of doses a rat received appeared to affect the duration of the 
depletion more than the level of depletion, as the doses are staggered over 
a longer period of time. Effects of acute tryptophan depletion were similar 
in males and females. In females, treatment effects after four consecutive 
days of treatment were similar to treatment effects after one day of treat-
ment. The method of acute tryptophan depletion described here can be 
used to study the relationship between serotonin and behaviour by tem-
porarily lowering brain tryptophan in male and female rats.
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Introduction
The neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) plays a prominent role 
in various aspects of behaviour and is known to be involved in numerous psychiatric 
diseases (Maes and Meltzer, 1995). Serotonin is synthesized from its amino acid precur-
sor tryptophan (TRP), which is taken up from the blood. The level of TRP in plasma de-
pends on the balance between the dietary intake of TRP and its removal from the plasma 
by protein synthesis and enzymatic degradation. Most of the TRP in plasma is protein-
bound, with only 5% available for transport into the CNS. Free TRP is transported into 
the brain across the blood-brain barrier by an active protein shuttle for which five other 
large neutral amino acids (LNAAs: valine, leucine, isoleucine, phenylalanine, tyrosine) 
also compete. The ratio of TRP and these other LNAAs (TRP/ΣLNAA ratio) is thought 
to be a more sensitive index of brain tryptophan availability (Wurtman et al., 1980, Fern-
strom, 1981), because it is this ratio that determines how much tryptophan can enter the 
brain. Once in the brain, TRP is converted into 5-HT by a two-step process catalysed by 
the enzymes tryptophan hydroxylase and aromatic amino acid decarboxylase.

Tryptophan hydroxylase is not fully saturated at normal brain TRP levels, hence 
the availability of TRP is the limiting factor in the synthesis of 5-HT. Because of this, 
factors that influence brain TRP levels can influence the rate of 5-HT synthesis. In the 
method of acute tryptophan depletion (ATD) brain 5-HT is lowered by depleting the 
body of TRP. Subjects ingest an amino acid load in the form of a drink. The mixture 
does not contain TRP, but does contain high levels of the other amino acids, resulting in 
a lowering of plasma TRP and the TRP/ΣLNAA ratio, thus restricting the entry of TRP 
into the brain. Due to its reversible and non-intrusive effects, the method of ATD can be 
used in animals and humans.

ATD lowers plasma TRP (Young et al., 1985) for several hours via increased com-
petition for transport across the blood-brain barrier (Fernstrom, 1981) and increased 
protein synthesis in the liver (Moja et al., 1991). Brain 5-HT levels are temporarily low-
ered (Biggio et al., 1974, Moja et al., 1989) and there is a decrease in brain 5-HT synthe-
sis (Nishizawa et al., 1997) and concentrations of 5-HT (Bel and Artigas, 1996) and its 
metabolite 5-HIAA (Stancampiano et al., 1997, Carpenter et al., 1998, Williams et al., 
1999). The ATD method has been shown to affect various aspects of behaviour (Reilly 
et al., 1997, Moore et al., 2000, Booij et al., 2003). Impaired memory performance after 
ATD has been shown consistently in human (Park et al., 1994, Riedel et al., 1999) and 
animal studies (Lieben et al., 2004b). 

Sex may affect several outcome measures of ATD. (Nishizawa et al., 1997) studied 
the effects of ATD on 5-HT synthesis and found that the rates of 5-HT synthesis were 
reduced by ATD by a factor of about 9.5 in men and a factor of about 40 in women. Ap-
parently, the effect of ATD on 5-HT synthesis is larger in women than in men. Several 
previous ATD studies in which gender effects were considered showed that mood effects 
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are larger in females than in males (Ellenbogen et al., 1996, Smith et al., 1997, Booij et al., 
2002). In a mega-analysis, Sambeth et al. (2007) found that the effects of ATD on verbal 
memory were larger in females than in males on both the immediate and delayed recall 
scores, despite similar levels of depletion in males and females.

Previous studies in our lab have shown that ATD in male rats results in a temporary 
lowering of plasma TRP levels and TRP, 5-HT and 5-HIAA levels in several brain regions 
(Lieben et al., 2004a). In females, a temporary lowering of plasma and brain TRP has 
been reported that was independent of the female oestrous cycle phase (Jans et al., 2007). 
Furthermore, reliable effects of ATD on memory four hours after treatment have been 
found in male (Lieben et al., 2004b, Jans et al., 2007) and female rats (Jans et al., 2007). 
In this paper, we describe several experiments that were done to further characterize the 
pharmacokinetic effects of ATD, using a gelatin based mixture, in male and female rats. 
In separate experiments we investigated time and dose effects of ATD in males; time ef-
fects of acute TRP depletion and suppletion in females; the effects of repeated ATD in  
females; the influence of female oestrous cycle phase on the effects of ATD on plasma 
amino acid (AA) levels; and the effect of ATD on object recognition memory in males.

Materials and methods

Experiments

A total of 5 experiments are described in this paper. In experiment 1 time and TRP- time 
and dose effects were studied in male rats. In experiment 2 time and TRP+ dose effects 
were studied in female rats. In experiment 3 the effects of repeated ATD were studied in 
female rats. In experiment 4 the influence of oestrous cycle phase on the effects of ATD 
were investigated. In experiment 5 the effects of ATD on object recognition in males are 
measured 6 hours after treatment.

Animals

In all experiments, subjects were 4-month-old Wistar rats, male or female (Charles Riv-
er, the Netherlands). In experiment 2 and 3 the rats were housed individually, while in 
experiments 1 and 4 they were housed per two. In all experiments, the rats were housed 
in standard Macrolon cages on sawdust bedding in an air-conditioned room (±21° C). 
The animals had free access to food and water. They were kept under a reversed 12/12-
h light/dark cycle. The lights were on from 06.00–18.00 h. A radio, which was playing 
softly, provided background noise. All experimental procedures were approved by the 
local ethical committee of the Maastricht University for animal experiments and met 
governmental guidelines.
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Drugs and chemicals

The Gelatin hydrolysate (Solugel) was obtained from PB Gelatins (Tessenderlo, Bel-
gium). Glucodry 210 was obtained from the Amylumgroup (Koog aan de Zaan, The 
Netherlands). L-tryptophan was obtained from Sigma (Zwijndrecht, The Netherlands). 
Kaliumchloride (KCl), calciumchloride-dihydrate (CaCl2.2H2O) and 5-sulfosalicylic 
acid dihydrate were purchased from Merck (Darmstadt, Germany).

Treatment

During a period of two weeks preceding the experiment, the rats were handled and ha-
bituated to oral injections with normal tap water (10 ml/kg). On experimental days, the 
rats were fasted 14 h prior treatment until the testing period was completed. This was 
done to minimize the availability of TRP from food which would counteract the effects 
of the acute treatment. The rats were orally treated with a protein-carbohydrate mix-
ture containing TRP (TRP+ group, 0.28% TRP of the total protein) or one lacking TRP 
(TRP- group), or with saline (experiment 1). The composition of the nutritional mixture 
is shown in Table 1. 

Table 1. Composition of the protein-carbohydrate mixture.

Protein (Solugel®) in 100 ml water 100 g
Alanine 8.4
Arginine 7.7
Aspartic Acid/Asparagine 4.5
Glutamic Acid/Glutamine 10.0
Glycine 23.3
Histidine 0.9
Hydroxylysine 1.5
Hydroxyproline 12.3
Isoleucine 1.2
Leucine 2.6
Lysine 3.3
Methionine 0.9
Phenylalanine 1.6
Proline 13.7
Serine 3.4
Threonine 1.9
Tryptophan 0.0
Tyrosine 0.6
Valine 2.2

Carbohydrate (Glucodry 210) in 80 ml water 50
KCL 0.094
CaCl2.2H2O 2.32
L-tryptophan (TRP- group) 0
L-tryptophan (TRP+ group) 0.28
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In each experiment, one dose contained 4.0 g Solugel C/kg and 2.0 g Glucodry/kg 
of the body weight and was given in a volume of 10 ml/kg between 8.30 and 12.30 h. 
Blood samples were taken at baseline (10 or 20 minutes before treatment) and at several 
time points after treatment. Specific treatment conditions and mean TRP values of each 
experiment are shown in table 2. 

Biochemistry

For the determination of plasma amino acid levels blood samples were taken at rest-
ing values and repeated at several points in time. Blood sampling was done via a tail-
incision method (Fluttert et al., 2000). Promptly after collection of blood in a sodium 
heparin tubes (Microvette® CB 300, Sarstedt, Germany), the samples were kept on ice. 
After centrifugation of the blood samples (at 4° C for 15 min at 3000 g in a Hettich EBA 
12 centrifuge), plasma was deproteinised with cups containing dry 5-sulfosalicylic acid 
(6 mg/100µl plasma) and the protein was spun down. Samples were frozen in liquid ni-
trogen and stored at –80° C. Before analysis, samples were thawed at 4° C, vortex-mixed 
vigorously and centrifuged at 50,000 g in a Hereaus Model Biofuge Stratos for 10 min 
at 4° C. From the clear supernatant 20 µl was mixed with 1960 µl water and 20 µl nor-
valine and stored in the cooled (7° C) sample compartment until analysis. In addition 
to total plasma TRP, the concentrations of several other amino acids were determined 
with a fully automated high-performance liquid chromatography (HPLC) system after 
precolumn derivatization with ophthaldialdehyde (OPA) (van Eijk et al., 1993). OPA-AA 
derivates were quantified with fluorescence detection. The concentrations of the total 
plasma amino acids were expressed as µmol/l. 

Behaviour

The object recognition test was performed to measure the effects of acute tryptophan 
depletion on cognition and was performed as described in detail elsewhere (Ennaceur 
and Delacour, 1988, Prickaerts et al., 2002). The apparatus consisted of a circular arena, 
83 cm in diameter. Half of the 40-cm-high wall was made of grey polyvinyl chloride, the 
other half of transparent polyvinyl chloride. The light intensity (20 Lux) was equal in the 
different parts of the apparatus. We used four different sets of objects that could not be 
displaced by a rat. Each object was available in triplicate. The different objects were: 1) 
a cone consisted of a grey polyvinyl chloride base (maximal diameter 18 cm) with collar 
on top made of brass (total height 16 cm), 2) a standard 1 l transparent glass bottle (di-
ameter 10 cm, height 22 cm) filled with water, 3) a massive metal cube (10 × 5 × 7.5 cm) 
with two holes (diameter 1.9 cm), and 4) a massive aluminium cube with a tapering top 
(13 × 8 × 8 cm).

In the week preceding testing, the animals were adapted to the procedure, i.e., they 
were allowed to explore the apparatus (without any objects) twice for 3 min. In the fol-
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lowing days, the rats were trained until a stable discrimination performance was shown. 
A testing session comprised two trials. The duration of each trial was 3 min. Two objects 
were placed in a symmetrical position about 10 cm away from the grey wall. A rat was 
always placed in the apparatus facing the wall at the middle of the front (transparent) 
segment. During the first trial the apparatus contained two identical objects. After the 
first exploration period the rat was put back in its home cage. One hour later the rat was 
put back in the apparatus for the second trial, but now with dissimilar objects, a famil-
iar one and a new one. The duration of exploring each object in trial 1 and trial 2 was 
recorded manually with a personal computer. Exploration was defined as directing the 
nose to the object at a distance of no more than 2 cm and/or touching the object with the 
nose. Sitting on the object was not considered as exploratory behaviour. In order to avoid 
the presence of olfactory trails, the objects were always thoroughly cleaned. Moreover, 
each object was available in triplicate so that none of the two objects from the first trial 
had to be used as the familiar object in the second trial. In addition, all combinations 
and locations of objects were used in a balanced manner to reduce potential biases due 
to preferences for particular locations or objects. After the rats were familiarized to the 
procedures of the task and had stable baseline d2 values, testing with treatment began. 

Results

Biochemistry

The mean concentrations of plasma amino acids were determined for each treatment and 
time condition separately. The extent of reduction (expressed in absolute values and in 
percentage decline from resting values) was calculated for total plasma TRP concentra-
tions and for the TRP/ΣLNAA ratio in experiments 1, 2, and 3. In experiment 4, values of 
all plasma AAs were calculated. Extreme values were excluded from statistical analysis. 
Differences in plasma amino acid concentrations were analysed with Generalized Linear 
Models (GLM), with main factor ‘treatment’ and repeated measure factor ‘time’. When 
appropriate, post-hoc Bonferroni analyses were performed to further characterize the 
effects of treatment. In experiment 4, AA levels at T4 were compared using T-tests. Dif-
ferences were regarded as statistically significant if p<0.05. An overview of the treatment 
effects on plasma TRP values of all experiments is shown in Table 2. 

Behaviour

The basic measures in the object recognition test were the times spent by rats exploring 
an object during trial 1 and trial 2. The discrimination index d2 ((exploration new object 
trial 2 – exploration familiar object trial 2)/total exploration time during trial 2) was 
calculated for each treatment condition (see Rutten et al., 2007). d2 is a relative index 
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of discrimination between new and familiar object, because it corrects for total explora-
tion time in trial 2 (see Şık et al., 2003). Effects of treatment, time, and interactions were 
analysed with univariate ANOVA.

Experiment 1: time and TRP- dose effects in males

This experiment consisted of four treatment conditions, with 6 male rats per group. The 
rats were treated either with 1 dose of TRP- (1TRP-), 3 doses of TRP- with 60 minute 
intervals (3TRP-), one dose of TRP+ or one dose of saline. Blood samples were taken at 
baseline (T0) and again 2 (T2), 4 (T4), and 6 (T6) hours after baseline blood samples. 

Table 2. Overview of the effects of different treatment- and test conditions on the absolute TRP 
values in the different experiments 

Exp
Treatment groups Time (h): plasma tryptophan levels
Treat Sex n T0 T2 T4 T6

1

TRP+ 

1TRP-   ***

3TRP-   ***

Saline

M

M

M

M

6

6

6

6

112.69 
(3.87)

118.03
(5.24)

125.91 
(3.17)

133.50
(4.77)

118.75
(4.43)
67.88  +++,  xxx

(6.75)
52.75  +++,  xxx

(7.85)
127.35
(6.28)

120.97
(2.74)
88.30  +++,  xxx

(7.60)
49.03  +++,  xxx

(15.39)
135.39
(6.34)

113.28
(3.46)
111.08
(6.44)
69.51  +++,  xxx

(11.95)
118.41
(4.43)

2

TRP+       *

TRP-      ***

TRP++   ***

F

F

F

4

8

4

110.04
(4.78)

112.38
(6.59)

105.16
(7.18)

113.44
(5.83)
32.90  +++

(1.94)
217.28  +++

(12.10)

88.43
(3.51)
54.59  +++

(4.14)
135.34  +++

(6.28)

128.58
(9.61)
100.05  +
(2.49)
104.91
(8.33)

3
TRP+ 

TRP-     ***

F

F

3

7

117.35
(12.31)
107.54
(3.95)

106.21
(4.40)
34.40  +++

(2.55)

100.11
(8.74)
38.54  +++

(2.90)

Mean (SEM). Abbreviations: Exp = experiment; M = male; F = female; n = number of animals per treatment 
group. Time effect * p<0.05; *** p<0.001; difference from TRP+ +  p<0.05; +++ p<0.001; difference from saline 
xxx p<0.001.

The Time × Treatment interaction was significant for both TRP levels [F(9,54) = 14.31, 
p<0.001] and for the TRP/ΣLNAA ratio [F(9,45) = 21.51, p<0.001]. Both TRP levels [Time: 
F(3,54) = 27.07, p<0.001] and the TRP/ΣLNAA ratio [Time: F(3,45) = 37.31, p<0.001] 
changed over the 6 hours. There was a treatment effect for TRP levels [F(3,18) = 17.27, 
p<0.001] and the TRP/ΣLNAA ratio [F(3,15) = 22.24, p<0.001]. In terms of TRP levels, 
post-hoc analysis showed that saline was different from both TRP- conditions. TRP+ dif-
fered from only 3TRP-. There was no significant difference between the two TRP- condi-
tions. Separate analyses for each treatment condition indicated that there was a signifi-
cant time effect on TRP levels in both TRP- conditions [1TRP-: F(3,15) = 21.65, p<0.001; 
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3TRP-: F(3,9) = 22.11, p<0.001], but not in the TRP+ and the saline condition. In terms 
of the TRP/ΣLNAA ratio, post-hoc analysis showed that the 3TRP- condition was differ-
ent from all other treatment conditions. There were no significant differences between 
other treatment conditions. Separate analyses for each treatment condition showed that 
there was a significant time effect on the TRP/ΣLNAA ratio in both TRP- conditions and 
in the saline condition [1TRP-: F(3,12) = 20.01, p<0.001; 3TRP-: F(3,9) = 54.74, p<0.001; 
Saline: F(3,12) = 6.12, p<0.01], but not in the TRP+ condition. Treatment effects on the 
TRP/ΣLNAA ratio are shown in Figure 1. 

Experiment 2: time and TRP+ dose effects in females 

In this experiment, 8 female rats were treated with TRP- on one day and with TRP+ 
(n = 4) or TRP++ (n = 4) on another day. They received 2 doses with 90 minutes interval. 
The TRP++ mixture contained 2.8% of TRP, which is ten times the amount of TRP that 
is used for the normal TRP+ mixture. Blood samples were taken at baseline and 2, 4, and 
6 hours after the first injection (T2, T4, and T6 respectively). 

There was a Time × Treatment interaction for both TRP levels [F(6,27) = 37.21, 
p<0.001] and the TRP/ΣLNAA ratio [F(6,24) = 30.75, p<0.001]. There was a time effect on 
TRP levels [F(3,27) = 8.61, p<0.001] and on the TRP/ΣLNAA ratio [F(3,24) = 15.37, p<0.001] 
and a treatment effect on TRP levels [F(2,9) = 126.02, p<0.001] and on the TRP/ΣLNAA 
ratio [F(2,8) = 15,77, p<0.01]. In terms of TRP levels, post-hoc analysis revealed that all 
treatment groups were significantly different, whereas post-hoc analysis of the TRP/ΣLNAA 
ratio showed that TRP++ was significantly different from TRP- and TRP+, while TRP- and 
TRP+ did not differ significantly. Separate analyses for each treatment condition revealed 
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Figure 1. Experiment 1: time and TRP- dose effects in males. The effects of treatment on the ratio plasma TRP/

ΣLNAA (mean values and SEM). Percentages indicate the difference from baseline levels in the TRP- conditions. 
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that there was a time effect in all treatment conditions on TRP levels [TRP-: F(3,9) = 84.80, 
p<0.001; TRP+: F(3,9) = 6.60, p<0.05; TRP++: F(3,9) = 27.94] and on the TRP/ΣLNAA 
ratio[TRP-: F(3,6) = 52.29, p<0.001; TRP+: F(3,9) = 4.48, p<0.05; TRP++: F(3,9) = 40.43, 
p<0.001]. Treatment effects on the TRP/ΣLNAA ratio are shown in Figure 2.

Experiment 3: effects of repeated treatment 

Female rats were treated on four consecutive days with TRP- (n=7) first and one week later 
with TRP+ (n = 3). The rats were injected with two doses on each day, with 90 minutes 
interval. They had access to normal food in the afternoon of each day. In the evening, food 
was taken away again (14 hours before treatment the next day). On the fourth day, blood 
samples were taken at baseline, and 2 (T2) and 4 (T4) hours after the first injection. 

After four consecutive days of administration of TRP- or TRP+, with blood samples 
being taken on the fourth day, Time × Treatment interaction effects were found on TRP 
[F(2,14) = 35.54, p<0.001] and the TRP/ΣLNAA ratio [F(2,12) = 23.78, p<0.001]. There was a 
time effect on TRP [F(2,14) = 77.39, p<0.001] and on the TRP/ΣLNAA ratio [F(2,12) = 189.34, 
p<0.001]. The time effect on the TRP/ΣLNAA was significant for both treatment condition 
[TRP+: F(2,4) = 14.68, p<0.05; TRP-: F(2,8) = 565.03, p<0.001] , but there was a time effect 
on TRP only in the TRP- condition [F(2,10) = 222.55, p<0.001]. There were treatment ef-
fects on TRP [F(1,7) = 61.49, p<0.001] and the TRP/ΣLNAA ratio [F(1,6) = 99.13, p<0.001]. 
Treatment effects on the TRP/ΣLNAA ratio are shown in Figure 3.

When comparing the TRP- after four consecutive treatment days with the TRP- 
condition of one day administration that was taken earlier in the same animals (experi-
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ment 2), an interaction effect was not found for TRP [Time × Treatment: F(2,16) = 2.66, 
ns], but this interaction was significant for the TRP/ΣLNAA ratio [F(2,12) = 14.80, 
p<0.001]. There was a time effect for TRP [F(2,16) = 279.22, p<0.001] and the TRP/
ΣLNAA ratio [F(2,12) = 304.23, p<0.001]. Treatment effects were not found, neither for 
TRP [F(1,8) = 0.29, ns] nor for the TRP/ΣLNAA ratio [F(1,6) = 0.78, ns].

When comparing the TRP+ after four consecutive treatment days with the 
TRP+ condition of one day administration that was taken earlier in the same ani-
mals (experiment 2), an interaction effect was not found for TRP [Time × Treatment: 
F(2,8) = 3.52, ns], but this interaction was marginally significant for the TRP/ΣLNAA 
ratio [F(2,8) = 4.23, p = 0.056]. There was a time effect for TRP [F(2,8) = 10.18, p<0.05] 
and the TRP/ΣLNAA ratio [F(2,8) = 10.78, p<0.05]. Treatment effects were not found, 
neither for TRP [F(1,4) = 0.1, ns] nor for the TRP/ΣLNAA ratio [F(1,4) = 0.23, ns]. 

Experiment 4: time effects in females, taking in account oestrous 
cycle phase 

Male (n = 24) and Female rats (n = 48) were treated with TRP- on one day and with 
TRP+ on another day. They received two doses with 90 minutes interval. Blood samples 
were taken at baseline (T0) and 4 hours after the first injection (T4). Female oestrous 
cycle was determined by means of vaginal smears (see (Jans et al., 2007). Females were 
characterized as either pro-oestrus/oestrus (pro/oes) or as met-oestrus/di-oestrus (met/
di). There were six groups in this experiment: TRP- male; TRP- pro/oes; TRP- met/di; 
TRP+ male; TRP+ pro/oes; TRP+ met/di. Treatment effects on plasma and brain TRP 
and the plasma TRP/ΣLNAA ratio have been reported previously (Jans et al., 2007). 
Treatment effects on all plasma AA values are shown in Table 3. 
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Table 3. Time, Treatment and group effect on plasma AA levels.

AA Group T0 TRP+ TO TRP- T4 TRP+ T4 TRP-
GLU 1+++ 2,3 89.54 (4.78) 84.14 (3.35) 101.69 (4.55) 103.41 (8.38)
ddd, eee 2 70.02 (3.35) 62.23 (2.16) 75.22 (1.31) 75.35 (2.69)

3 65.00 (4.71) 66.77 (3.40) 79.50 (6.63) 87.25 (7.40)
ASN 1+++ 2,3  x 73.87 (1.38) 68.08 (1.17) 35.77 (0.97) 34.47 (1.17) 

bbb, ddd, 2  x 54.63 (1.31) 52.37 (1.14) 32.75 (1.12) 28.41 (1.08) **
eee, fff 3 61.38 (2.42) 58.14 (2.70) 31.98 (1.55) 29.41 (2.15)

SER 1 275.74 (5.92) 275.26 (8.91) 408.37 (14.05) 379.55 (13.21)
bbb, ccc, 2 251.60 (5.36) 259.24 (6.67) 442.95 (11.26) 398.61 (10.37) **

ddd 3 254.65 (7.95) 263.17 (8.37) 424.76 (18.47) 408.58 (21.70)
GLN 1+++ 3 883.39 (20.85) 899.92 (16.62) 721.65 (15.17) 725.45 (17.48)

ddd, eee 2 ++ 3  xx 876.72 (16.26) 819.26 (17.76) 724.78 (15.16) 658.73 (16.42) **
3 789.88 (28.09) 796.89 (24.50) 639.78 (18.86) 613.10 (26.36)

HIS 1 76.75 (1.95) 74.54 (2.14) 66.10 (2.46) 60.44 (1.97) 
b, cc, ddd, 2 +++ 

1  xxx 72.16 (1.14) 68.63 (1.04) 57.61 (1.61) 49.51 (1.62) **
eee, fff 3 ++ 1 68.94 (2.64) 68.52 (2.75) 61.98 (3.22) 53.22 (2.92)

GLY 1+++ 2,3 411.13 (11.09) 419.09 (17.68) 1634.18 (56.73) 1464.50 (59.58)*
b, ccc 2 273.86 (7.73) 282.58 (9.57) 1370.91 (49.01) 1240.99 (34.86)*

ddd, eee, ff 3 297.54 (15.35) 288.43 (12.71) 1409.90 (76.87) 1246.84 (86.32) 
THR 1+++ 2,3 286.86 (6.64) 276.14 (7.75) 253.78 (7.20) 251.53 (7.64)

bbb, ddd, 2  x 229.17 (7.76) 212.54 (6.32) 233.36 (6.20) 214.54 (6.32) *
eee, f 3 236.28 (12.87) 219.26 (11.19) 231.17 (10.41) 214.55 (8.93)

CIT 1 81.30 (2.68) 77.77 (2.69) 99.75 (3.41) 99.98 (3.03)
bb, ddd 2 71.39 (1.77) 70.58 (1.98) 103.50 (3.57) 100.10 (3.21)

3 71.65 (2.70) 72.60 (2.73) 94.45 (4.60) 95.50 (6.07)
ARG 1+++ 2 151.19 (4.60) 144.97 (4.00) 230.37 (8.40) 239.52 (6.74)

ddd, eee 2 129.02 (2.95) 129.69 (3.96) 214.90 (6.12) 209.13 (7.60)
3 148.78 (12.24) 146.06 (6.03) 213.70 (8.02) 215.99 (13.93)

ALA 1+++ 2,3 350.21 (9.81) 324.19 (6.96) 529.99 (18.06) 493.18 (22.06)
bb, cc, ddd 2 298.53 (6.44) 293.88 (7.18) 465.32 (16.24) 394.39 (10.63) **

eee, fff 3  x 322.54 (16.64) 290.86 (8.02) 461.55 (19.60) 385.46 (23.99) *
TAU 1  xx 269.64 (10.75) 227.91 (10.24) 213.14 (11.63) 175.79 (8.75) *

ddd, fff 2  x 268.75 (12.41) 237.85 (9.46) 216.46 (10.42) 195.71 (8.48)
3 299.12 (38.44) 243.89 (16.10) 223.25 (21.80) 195.59 (23.91)

TYR 1+++ 2,3  62.12 (1.72) 59.95 (1.30) 34.61 (1.02) 39.06 (1.26) **
bbb, ddd, 2 49.34 (1.47) 46.75 (0.88) 35.49 (1.85) 32.48 (1.33)

eee 3 48.67 (1.94) 51.48 (2.84) 29.93 (1.39) 30.76 (2.09)
VAL 1+++ 2,3 200.88 (5.56) 196.85 (7.25) 274.17 (6.40) 277.10 (6.51)

bbb, ddd 2 177.00 (5.02) 172.32 (5.16) 224.84 (3.65) 227.61 (5.05)
eee 3 173.13 (9.98) 167.35 (7.87) 227.26 (3.66) 224.33 (10.47)

MET 1  x 54.61 (1.16) 51.46 (1.58) 50.15 (1.29) 45.56 (1.79) *
a, bbb, d 2 46.52 (1.29) 49.64 (1.61) 52.59 (1.27) 47.61 (1.39) *

ff 3  x 52.43 (3.27) 45.03 (1.79) 49.42 (1.93) 43.01 (2.20) *
ILE 1+++ 2,3 108.65 (2.85) 108.87 (4.77) 94.59 (2.46) 93.71 (1.69)

ddd, eee 2 94.83 (2.60) 93.76 (2.98) 82.01 (1.92) 84.92 (1.68)
3 91.26 (4.79) 94.13 (4.01) 78.67 (2.52) 81.67 (3.92)

PHE 1+++ 2,3 72.23 (1.25) 69.12 (1.26) 79.70 (1.69) 81.32 (1.12)
ddd, eee 2 59.08 (0.83) 57.28 (0.77) 68.55 (1.13) 66.87 (1.05)

3 56.75 (1.94) 57.34 (1.59) 65.23 (1.74) 67.48 (2.76)
TRP 1+++ 2,3  

xxx 99.51 (3.29) 90.72 (2.11) 93.70 (2.26) 35.45 (1.21) ***
ccc, ddd, 2  xxx 121. 81 (2.51) 122.45 (1.95) 121.27 (2.22) 61.72 (2.95) ***

eee, fff 3  xxx 122.46 (5.09) 117.89 (3.98) 116.32 (2.93) 56.71 (5.52) ***
LEU 1+++ 2,3 156.97 (3.94) 153.61 (5.08) 176.04 (4.82) 178.48 (4.81)

ddd, eee 2 136.77 (3.18) 139.32 (3.32) 149.97 (3.66) 159.08 (3.60)
3 140.53 (6.09) 140.97 (4.80) 159.32 (4.90) 158.04 (7.02)

ORN 1+++ 2,3 59.48 (1.69) 56.21 (3.40) 150.61 (5.63) 143.97 (3.50)
bbb, ccc 2 32.37 (1.17) 33.00 (1.08) 72.87 (2.62) 72.74 (2.79)

ddd 3 33.61 (2.60) 34.25 (2.15) 80.87 (6.99) 76.63 (6.40)
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AA Group T0 TRP+ TO TRP- T4 TRP+ T4 TRP-
LYS 1+++ 2,3  x 446.23 (8.82) 420.74 (12.87) 466.07 (8.98) 445.17 (10.15) 

ddd, eee 2  x 460.71 (15.30) 550.74 (20.66) 538.43 (15.20) 586.12 (24.20) 
3 574.68 (55.21) 543.05 (16.13) 634.06 (33.88) 560.48 (22.72)

Data shown: mean (SEM). Group 1: male, 2: female pro/oes, 3: female met/di. Abbreviations: treat: treatment, 
GLU: glutamate, ASN: asparagine, SER: serine, GLN: glutamine, HIS: histidine, GLY: glycine, THR: threonine, 
CIT: citrulline, ARG: arginine, ALA: alanine, TAU: taurine, TYR: tyrosine, VAL: valine, MET: methionine, ILE: 
isoleucine, PHE: phenylalanine, LEU: leucine, ORN: ornithine, LYS: lysine. Time × Group × Treatment interac-
tion: a p<0.05; Time × Group interaction: b p<0.05; bb p<0.01; bbb p<0.001; Time × Treatment interaction: cc 
p<0.01; ccc p<0.001; Time: d p<0.05; ddd p<0.001; Group: eee p<0.001 with +++ posthoc Bonferroni p<0.001; 
Treatment: f p<0.05; ff p<0.01; fff p<0.001; Treatment effect on T4: * p<0.05; ** p<0.01; *** p<0.001; Treatment 
effect within group: x p<0.05; xx p<0.01; xxx p<0.001.

A Time × Group × Treatment interaction was found for methionine [F(2, 131) = 3.59, 
p<0.05]. A Time × Group interaction was found for asparagine [F(2, 132) = 45.07, p<0.001], 
serine [F(2, 133) = 11.07, p<0.001], histidine [F(2, 133) = 4.76, p<0.05], glycine [F(2, 
133) = 3.15, p<0.05], threonine [F(2, 132) = 17.07, p<0.001], citrulline [F(2, 132) = 7.62, 
p<0.01], alanine [F(2, 131) = 6.51, p<0.01], tyrosine [F(2, 132) = 14.95, p<0.001], va-
line [F(2, 132) = 9.48, p<0.001], methionine [F(2, 131) = 10.85, p<0.001], and ornithine 
[F(2, 124) = 90.62, p<0.001]. A Time × Treatment interaction was found for serine [F(1, 
133) = 16.52, p<0.001], histidine [F(1, 133) = 8.52, p<0.01], glycine [F(1, 133) = 14.46, 
p<0.001], alanine [F(1, 131) = 7.04, p<0.01], and TRP [F(1, 132) = 328.85, p<0.001].

All plasma AA levels changed over time. Levels of glutamate, serine, glycine, ci-
trulline, arginine, alanine, valine, phenylalanine, leucine, ornithine and lysine increased 
over time, whereas levels of asparagine, glutamine, histidine, threonine, taurine, tyro-
sine, methionine, isoleucine, and TRP decreased over time. A treatment effect was found 
on asparagine [F(1,131) = 58.69, p<0.001], histidine [F(1,133) = 12.11, p<0.01], glycine 
[F(1,133) = 7.83, p<0.01], threonine [F(1,132) = 5.46, p<0.05], alanine [F(1,131) = 14.45, 
p<0.001], taurine [F(1,132) = 16.19, p<0.001], methionine [F(1,131) = 9.85, p<0.01], and 
on TRP [F(1,132) = 337.86, p<0.001]. In males there was a treatment effect on asparagine, 
taurine, methionine, TRP, and lysine. In females pro/oes there was a treatment effect on as-
paragine, glutamine, histidine, threonine, taurine, TRP, and lysine. In females met/di there 
was a treatment effect on alanine, methionine, and TRP. At T4 there was a treatment effect 
in males on levels of glycine, taurine, tyrosine, methionine and TRP; at this time point 
glycine, taurine, methionine and TRP levels were lower in the TRP- condition compared 
to the TRP+ condition, whereas tyrosine levels were higher in the TRP- condition. In fe-
males pro/oes there was a treatment effect at T4 on levels of asparagine, serine, glutamine, 
histidine, glycine, threonine, alanine, methionine, and TRP. All of these AAs were lower 
after TRP- treatment compared to TRP+ treatment. In females met/di levels of alanine, 
methionine, and TRP were lower at T4 in the TRP- compared to the TRP+ condition.
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Experiment 5: effects of ATD on object recognition memory

Male rats (n = 24) were treated with TRP- and TRP+ on different days. They received 
two doses with 90 minutes interval and were tested in the object recognition test. 
There was a one-hour interval between the two trials of the test, trial 1 was 2, 4, or 6 
hours after the first treatment on different testing days. There was a treatment effect on 
d2 [F(1,137) = 88.73, p<0.001]. There was no effect of Time or a Time × Treatment inter-
action effect. TRP- treated rats had a lower discrimination index d2 compared to TRP+ 
treated rats (Figure 4). The treatment effect was significant at all time points [T2: 
F(1,45) = 23.42, p<0.001; T4: F(1,45) = 35.14, p<0.001; T6: F(1,45) = 30.42, p<0.001].

Discussion
In adult male and female Wistar rats, acute tryptophan depletion resulted in a transient 
lowering of plasma TRP and the TRP/ΣLNAA ratio. The exact characteristics of the de-
pletion seemed to depend on the number of doses, or the amount of the TRP- mixture, 
the rat receives. It appeared that the number of dosages the male rats received in experi-
ment 1 influenced both the duration of the depletion and its intensity. After three doses 
of TRP- the depletion was maximal at T4, four hours after the first treatment. With two 
doses the depletion was maximal at T2, two hours after the first treatment. After one 
dose of TRP- depletion was maximal at T2, two hours after the treatment. However, it 
is possible that maximal depletion had been achieved before the T2 blood sampling and 
that amino acid levels were already rising to return to baseline levels at T2. Rats in other 
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treatment conditions by that time had already received a second dose, causing a further 
drop in TRP levels. Therefore it may not be valid to compare TRP and TRP/ΣLNAA 
ratio values at T2 between one dose TRP- and conditions in which rats received more 
than one dose.

As the level of plasma depletion is about 70% with 2 and 3 doses, this level may 
represent the highest level of depletion that can be achieved using the method of acute 
tryptophan depletion. Therefore it may be concluded that the number of doses mainly 
affected the duration of the depletion. This is of course at least partly explained by the 
fact that the rats received their TRP- injections staggered over a longer period of time. 
Nevertheless, the maximal plasma TRP depletion appeared to be about 70% and in this 
experiment more doses of TRP- did not result in lower TRP levels, but in longer duration 
of the TRP depletion. 

Treatment effects on TRP and the TRP/ΣLNAA ratio in females appeared to be 
similar to those in males. Compared to a study in which males were treated with two 
doses ATD (Lieben et al., 2004b), females showed similar levels of depletion at T2, but 
less depletion than males at T4 and T6. It is striking that at T6, the female TRP/ΣLNAA 
ratio was back at baseline levels, while the male ratio still showed a treatment effect, with 
49% depletion. TRP levels showed the same effect, with 11% depletion they were almost 
back to baseline levels in females at T6, but in males they were still 30% lower than 
baseline levels (Lieben et al., 2004b). It is also interesting to not that in females the 
TRP/ΣLNAA ratio returned to baseline levels faster than plasma TRP levels, whereas 
the opposite occurred in males. At T6, plasma TRP depletion was less than depletion of 
the TRP/ΣLNAA ratio (Lieben et al., 2004b).

ATD resulted in significant impairment of object recognition when this is mea-
sured 2, 4, or 6 hours after the first of two ATD doses. Previously, reliable memory effects 
have been found four hours after the first treatment when rats are treated with two doses 
(Lieben et al., 2004b). Although maximal depletion and return to baseline in females ap-
peared to occur faster than in males, ATD impaired object recognition memory in fe-
males four hours after treatment (Jans et al., 2007). Experiment 5 of this study showed that 
already at T2 there is a significant impairment of object recognition memory, suggesting 
central depletion effects at this time point. This experiment also showed that object recog-
nition memory in males is still impaired 6 hours after ATD treatment, in spite of decreas-
ing treatment effects on plasma TRP levels, suggesting that maximal treatment effects in 
the brain occur at a later time point than maximal plasma TRP depletion. This was also 
found in a study in which rats were tested in the object recognition test after one dose 
of ATD (Rutten et al., 2007). This study further showed that 50% reduction of plasma 
TRP levels is sufficient to impair object recognition in rats (Rutten et al., 2007). It can 
be concluded that ATD impaired object recognition memory and that this effect is both 
rapid and long lasting. 

From experiment 1 it may be concluded that TRP+ treatment is a better control 
condition than saline, because the TRP/ΣLNAA ratio decreased over time in the saline 
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condition but was stable over time in the TRP+ condition. This may be explained by 
the fact that the TRP+ condition has nutritional value whereas saline does not. There-
fore, in the saline condition amino acid levels may drop over time as a result of lack of 
food intake, as the animals were deprived of normal food for 14 hours before treatment 
and during the treatment period. Ideally, the control condition entails the same expe-
riences for the rat as the treatment condition, but with as little change in amino acid 
levels as possible. It is assumed that the experience of oral injection with TRP- or TRP+ 
is the same, because the mixtures are exactly the same except for the presence of a small 
amount of TRP. In experiment 1 plasma TRP levels were stable over time in both the 
TRP+ and the saline condition, suggesting treatment may affect the other LNAAs. How-
ever, in a similar experiment with male rats Lieben et al. (Lieben et al., 2004a) reported 
that TRP levels and the TRP/ΣLNAA ratio decreased over time after saline, TRP+ and 
TRP- treatment. In females, experiment 2 of this study showed a time effect in the TRP+ 
condition, plasma TRP and the TRP/ΣLNAA ratio dropped a bit over six hours, both 
were especially low at T4. These effects, however, were not replicated in experiment 4, 
where TRP levels were stable over time in the TRP+ condition in males and both groups 
of females. The TRP/ΣLNAA ratio did decrease over time (Jans et al., 2007) again sug-
gesting treatment effects on other LNAAs. 

It is important to note that the TRP+ control condition of this protein-carbohy-
drate mixture does not result in an increase in TRP levels, whereas this increase has 
been reported in TRP+ rats when using an amino acid mixture that is often used in hu-
man ATD studies (Blokland et al., 2004). This is an important advantage of the protein-
carbohydrate mixture over the amino acid mixture in rats. It should be noted though, 
that TRP+ treatment increased the levels of numerous AAs (serine, glycine, arginine, 
ornithine) in males in a previous study (Lieben et al., 2004a). 

Experiment 4 of this study indicates that in males and females, ATD affected 
not only TRP and the TRP/ΣLNAA ratio, but also the levels of other AAs (table 3). 
In this experiment, all plasma AA levels changed over time. Levels of glutamate, ser-
ine, glycine, citrulline, arginine, alanine, valine, phenylalanine, leucine, ornithine and 
lysine increased over time, whereas levels of asparagine, glutamine, histidine, threo-
nine, taurine, tyrosine, methionine, isoleucine, and TRP decreased over time. The de-
crease in tyrosine could be especially important because tyrosine is the precursor of the 
neurotransmitters dopamine and norepinephrine. Changes in the levels of these neu-
rotransmitters may affect behaviour and the effects of ATD on behaviour. A previous 
study in males reported a decrease of plasma and brain tyrosine levels over time after 
TRP+ and TRP- treatment, but no effects on dopamine and DOPAC concentrations in 
the brain (Lieben et al., 2004a).

Treatment effects at T4 are important because this is the time point of behavioural 
testing in rat ATD studies (Blokland et al., 2002, Lieben et al., 2004b, Jans et al., 2007). 
In experiment 4, TRP- males showed lower glycine, taurine, methionine and TRP at T4 
compared to TRP+ males whereas tyrosine was higher in TRP- males. In TRP- females 
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pro/oes levels of asparagine, serine, glutamine, histidine, glycine, threonine, alanine, me-
thionine, and TRP were lower at T4 after TRP- treatment compared to TRP+ treatment. 
In females met/di there was a treatment effect at T4 on levels of alanine, methionine, 
and TRP, all were lower after TRP- compared to TRP+ treatment. Thus, although female 
oestrous cycle phase did not influence the effects of ATD on TRP, it did influence the 
effects of ATD on other AAs. It should be noted though, that treatment effects at T4 on 
AAs other than TRP were relatively small. Differences between TRP values in TRP+ and 
TRP- at T4 were 50-60%, whereas differences in other AAs did not exceed 20%. Keep-
ing in mind that a large amount of AA values have been compared here, it might not be 
wise to draw strong conclusions from the small differences, as they might be based on 
coincidence rather than on true effects.

Suppletion of TRP, as in the TRP++ condition in experiment 2, caused a fast increase 
of both TRP levels and the TRP/ΣLNAA ratio that is most pronounced 2 hours after the 
first injection. Six hours after the first injection, TRP levels are back to baseline levels, while 
the TRP/ΣLNAA ratio is at that time point still somewhat higher than baseline levels. 

It could be argued that repeated treatment with the TRP- diet might affect the level 
of depletion (e.g. adaptation to diet). However, we observed that repeated exposure to 
ATD does not affect the depletion effects. When comparing TRP- treatment on one day 
with treatment on four consecutive days, there was no significant difference in TRP lev-
els or TRP/ΣLNAA ratio. In the TRP+ condition the TRP/ΣLNAA ratio decreased over 
time on the fourth day of treatment, but there was no difference when comparing one 
day of TRP+ treatment with treatment on four consecutive days. The effects of ATD are 
transient, TRP levels return to baseline several hours after treatment on the day that the 
rat is treated, even when the rats do not have access to food. When the rats were treated 
on four consecutive days, baseline levels and treatment effects on the fourth day were 
similar to the effects of one-day treatment. 

In conclusion, the method of acute tryptophan depletion can be used to temporar-
ily lower peripheral tryptophan levels and consequently affect 5-HT levels. A protocol 
with two injections with 90 minutes interval or one with three injections with 60 minutes 
interval resulted in depletion of peripheral TRP levels of about 65–70% two to four hours 
after the first treatment. Object recognition was impaired two, four, and six hours after 
the first of two doses ATD, suggesting that the central effects of ATD occurred rapidly 
and continued until at least 6 hours after the first of two doses, in spite of decreasing 
treatment effects on plasma TRP levels at that time point. The number of doses the rat 
receives appears to mainly affect the duration of the depletion as the doses are staggered 
over a longer period of time. Treatment effects appear to be similar in male and female 
Wistar rats, although females may return to baseline levels faster than males. Female 
oestrous cycle phase did not influence the pharmacokinetic effects of ATD on plasma 
TRP and the TRP/ΣLNAA ratio. Treatment effects after one day of treatment were not 
different from treatment effects after four consecutive days of treatment. TRP+ appeared 
to be an appropriate control condition.
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Abstract
Women are more vulnerable to develop depression and anxiety disorders 
than men. This may be related to higher serotonergic vulnerability in 
women. Serotonergic vulnerability entails that differences between people 
in the regulation of serotonin determine the vulnerability of an individual 
to develop depression or other serotonin-related disorders. The aim of the 
present experiment was to evaluate whether male and female Wistar rats 
differ in serotonergic vulnerability. Here, a stronger behavioural response 
to acute tryptophan (TRP) depletion was assumed to reflect serotonergic 
vulnerability. Twenty-four male and 48 female rats were repeatedly sub-
jected to treatment with a gelatine-based protein-carbohydrate mixture, 
either with or without L-tryptophan. Female oestrous cycle phase was de-
termined by means of vaginal smears and the females were divided into 
two groups based on their oestrous cycle phase: pro-oestrus/oestrus and 
met-oestrus/di-oestrus. Blood samples showed stronger TRP depletion in 
males than females. There was no effect of oestrous cycle on plasma TRP 
concentrations. In contrast, treatment effects on some brain TRP concen-
trations were influenced by oestrous cycle phase, females in pro-oestrus/
oestrus showed the strongest response to TRP depletion. In the open field 
test and home cage emergence test, females in pro-oestrus/oestrus also 
showed the strongest behavioural response to acute TRP depletion. In 
general, females showed more activity than males in anxiety-related situa-
tions and this effect appeared to be enhanced by TRP depletion. In the so-
cial interaction test, passive body contact in males and females in pro-oes-
trus/oestrus was decreased after TRP depletion whereas it was increased 
in females in met/di. Acute TRP depletion affected object recognition, but 
did not affect behaviour in the forced swim test and a reaction time task. 
It is concluded that sex and oestrous cycle phase can influence the behav-
ioural response to TRP depletion, and that females in pro-oestrus/oestrus 
show the strongest behavioural response to acute TRP depletion.



83

Influence of sex and oestrous cycle on the effects of acute tryptophan depletion 

Introduction
The neurotransmitter serotonin (5-Hydroxytryptamine, 5-HT) is known to be in-
volved in many physiological and behavioural processes, including mood, appetite, 
sleep, activity, suicide, sexual behaviour and cognition. Alterations in 5-HTergic func-
tion have been observed in numerous clinical conditions, including affective disor-
ders, anxiety, obsessive-compulsive disorders, eating disorders, aggression, suicide, 
impulsive disorders, alcohol abuse, and premenstrual syndrome (Heninger, 1995, 
Jacobs and Fornal, 1995). Serotonergic functioning is thought to operate as a vulner-
ability factor for depression and other 5-HT-related disorders. The idea is that the 
5-HTergic functioning of an individual determines the vulnerability of that individual 
to develop 5-HT related disorders. Individuals with vulnerability of the serotonergic 
system (serotonergic vulnerability; SV) are vulnerable to alterations or dysregulations 
in the serotonergic system (Jans et al., In press). SV can be demonstrated by challeng-
ing the 5-HT system; vulnerable and non-vulnerable subjects will react differently to 
these manipulations. This implies that there are differences in 5-HT functioning be-
tween different individuals, and that the development of depression, anxiety or other 
5-HT related disorders is associated with the presence of a priori abnormalities in the 
functioning of this system. 

Epidemiological studies have shown that major depression is more common in 
females than in males (for review see Piccinelli and Wilkinson, 2000). This has been 
found in several countries and ethnic groups (Weissman et al., 1996). Artefactual fac-
tors, including more help-seeking and illness behaviour in women, may enhance the 
female prevalence to some extent, but the gender difference in depression appears to 
be genuine (Piccinelli and Wilkinson, 2000). The gender difference in the prevalence 
of depression begins around puberty and persists until midlife.

There are several possible causes for this female preponderance. One possibility 
lies in the 5-HT differences between males and females. Reports of sex differences 
related to the 5-HTergic system come from animal and human studies. Female rats 
exhibit increased 5-HT activity (expressed as the quotient between 5-hydroxyindol-
acetic acid (5-HIAA) and 5-HT concentrations) in the dorsal raphe nucleus but not in 
the median raphe nucleus (Dominguez et al., 2003). Higher levels in females of tryp-
tophan (TRP), 5-HT, 5-HIAA and 5-HIAA/5-HT have been found in several brain 
structures and the sex difference in the brain 5-HT system appears to be a general 
phenomenon rather than being restricted to a specific region (Carlsson and Carls-
son, 1988). Brain 5-HT synthesis rate has also been found to be higher in female 
rats compared to males in several structures (Rosencrans, 1970, Watts and Stanley, 
1984, Carlsson and Carlsson, 1988, Haleem et al., 1990), suggesting higher presynap-
tic capacity in the 5-HTergic system of females (Carlsson and Carlsson, 1988).Human 
cerebrospinal fluid studies suggest that the rate of brain 5-HT metabolism is higher 
in females than in males (Asberg et al., 1973, Young et al., 1980, Agren et al., 1986) 
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whereas whole brain 5-HT synthesis (Nishizawa et al., 1997) have been reported to 
be lower in women than in men. Women also appear to have a diffuse reduction of 
5-HTT binding sites in the prefrontal cortex compared to men (Mann et al., 2000). 

Putative neuromodulatory effects of oestrogen are a second possible cause of 
higher SV in women than men. Oestrogen may play a neuromodulatory role on sever-
al neurotransmitter systems, including the serotonergic system (Osterlund and Hurd, 
2001). It has been shown, for example, that 5-HT concentrations fluctuate throughout 
the rodent oestrous cycle (Gundlah et al., 1998, Maswood et al., 1999). Oestrogen has 
been reported to increase the production of tryptophan hydroxylase, the rate-limit-
ing enzyme for the synthesis of 5-HT, in non-human primates (Bethea et al., 2000). 
Furthermore, oestrogen can alter the expression of genes involved in the serotonergic 
system and can enhance serotonergic activity (Weigel, 1996, Fink et al., 1998, Joffe and 
Cohen, 1998, Sumner and Fink, 1998, McEwen and Alves, 1999).

In this experiment, we wanted to test the hypothesis that SV is higher in fe-
males than in males. We used acute tryptophan depletion (ATD), using a gela-
tin-based TRP free protein-carbohydrate mixture, to challenge the 5-HT system. 
In ATD, L-tryptophan -the essential amino acid that is the precursor of 5-HT- is 
depleted, resulting in lower central 5-HT levels. The method of ATD has been fre-
quently used as a tool to reduce systemic TRP levels and consequently central 5-HT 
concentrations (Biggio et al., 1974, Gessa et al., 1974, Moja et al., 1989, Fernstrom 
and Wurtman, 1997). ATD is a non-intrusive and reversible method that can be 
applied to investigate the role of 5-HT in behavioural functions (e.g., anxiety, sleep, 
aggression, memory, impulsivity) in humans as well as in animals (Young, 1996, 
Moore et al., 2000, Bell et al., 2001). The TRP lacking amino acid mixture has been 
shown to reduce plasma TRP levels and tissue 5-HT levels in overall brain tissue 
and more selective brain structures (e.g., the hippocampus) in the rat (Biggio et 
al., 1974, Gessa et al., 1974, Moja et al., 1989, Brown et al., 1998). TRP depletion 
also lowered the extracellular levels of 5-HT in the hippocampus (Stancampiano et 
al., 1997). Previous studies in our lab using a gelatin-based-carbohydrate mixture 
showed a robust reduction in plasma TRP (about 70%) and central tissue 5-HT 
(about 40–45%) concentrations in male Wistar rats (Lieben et al., 2004a). In male 
rats, this ATD method has been reported to impair object memory, but not affective 
behaviour (Lieben et al., 2004b). 

In healthy human volunteers, ATD generally results in memory impairments, 
whereas other effects of ATD, such as effects on mood, are only found in vulnerable 
subjects (Riedel et al., 1999, Schmitt et al., 2000, Riedel et al., 2002). Sex has been 
reported to affect several outcome measures of ATD. (Nishizawa et al., 1997) stud-
ied the effects of ATD on human 5-HT synthesis and found that the rates of 5-HT 
synthesis were reduced by ATD by a factor of about 9.5 in men and a factor of about 
40 in women. Several previous ATD studies in which gender effects were considered 
showed that mood effects are larger in women than in men (Ellenbogen et al., 1996, 
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Smith et al., 1997, Booij et al., 2002). In a mega-analysis, Sambeth et al. (in press) 
found that the effects of ATD on verbal memory were larger in women than in men 
on both the immediate and delayed recall scores, despite similar levels of plasma TRP 
depletion in males and females.

In the present study, the effects of ATD on affective and cognitive behaviour 
were examined in adult male and female Wistar rats. All animals were tested in behav-
ioural tests of anxiety-related behaviour (open field test, home cage emergence test, 
social interaction test), depression-related behaviour (forced swim test) and cogni-
tion (object recognition test, reaction time task). The object recognition test measures 
the ability of the animal to discriminate between a novel and a familiar object after 
a specific time interval. In the reaction time task, the number of premature responses 
is of special interest because these premature responses are assumed to reflect motor 
impulsivity (Blokland et al., 2005). 5-HT is known to be involved in impulsive be-
haviour, but whether lowered central 5-HT level is involved in motor impulsivity as 
reflected by premature responses is unknown. The magnitude of TRP depletion was 
determined by measuring plasma and brain amino acid concentrations. 

In order to investigate the effects of the female oestrous cycle on behaviour and 
the behavioural response to ATD, the group of females were subdivided in females 
in the pro-oestrus/oestrus phase (pro/oes; characterized by higher levels of oestradiol 
and progesterone) and females in the met-oestrus/di-oestrus phase (met/di; character-
ized by lower levels of oestradiol and progesterone) of the oestrous cycle. This resulted 
in a total of three different experimental groups: males, females in pro/oes, and females 
in met/di. Females were hypothesized to have higher SV than males, and therefore we 
hypothesized that one or both groups of females would show stronger behavioural 
responses to the ATD treatment, e.g. higher indices of anxiety- or depression-related 
behaviours, on one or more behavioural tests.

Materials and methods

Animals

All experimental procedures were approved by the local ethical committee of the 
Maastricht University for animal experiments and met governmental guidelines. Sub-
jects were twenty-four 4-month-old male Wistar rats weighing between 330 and 390 g 
at arrival and 48 female Wistar rats of the same age, weighing between 160 and 235 g at 
their arrival (Charles River, the Netherlands). The total number of 72 rats was divided 
into two groups that were tested separately, with each group consisting of 12 males and 
24 females. All rats were housed two per cage in standard Macrolon cages on sawdust 
bedding in an air-conditioned room (±21° C). Only during training and testing in the 
object recognition test and the Skinnerbox test, the rats were housed individually.  
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The animals always had free access to water. They were kept under a reversed 12/12-
h light/dark cycle. The lights were on from 17.00–05.00 h. A radio, which was play-
ing softly, provided background noise. 

Oestrous cycle

To determine the oestrous cycle phase of each female, vaginal smears were taken be-
tween 7.00 and 10.00 am on all testing days. A plastic smear loop was inserted in the 
vaginal opening, gently rotated and withdrawn. The smear loop was immediately rolled 
onto a glass slide and allowed to air dry. Slides were examined under a light micro-
scope for the presence of nucleated epithelial cells, cornified epithelial cells, leukocytes, 
and mucus. Oestrous cycle stage was determined using the following criteria: 1) pro-
oestrus: predominantly nucleated epithelial cells; 2) oestrus: predominantly cornified 
epithelial cells; 3) met-oestrus: cornified epithelial cells and leukocytes; 4) di-oestrus: 
predominantly leukocytes, some nucleated epithelial cells and mucus (Singletary et 
al., 2005). Female sex steroids vary with oestrous cycle phase. Plasma oestradiol levels 
peak during pro-oestrus and decrease during oestrus and met-oestrus, whereas the 
highest plasma progesterone levels have been observed during pro-oestrus and oestrus 
with lower levels during met-oestrus and di-oestrus (Butcher et al., 1974). Based on 
these plasma levels of sex steroids, we subdivided the group of females into two groups 
based on oestrous cycle phase. Females in pro-oestrus and oestrus formed one group, 
and the other group consisted of females in met-oestrus and di-oestrus. Similar subdi-
visions of cycling females have been made in other studies measuring behaviour and 
oestrous cycle (Contreras et al., 2000). 

Drugs and chemicals

The Gelatin hydrolysate (Solugel P®) was obtained from PB Gelatins (Tessenderlo, Bel-
gium). Glucodry 210 was obtained from the Amylumgroup (Koog aan de Zaan, The 
Netherlands). Kaliumchloride (KCl), calciumchloride-dihydrate (CaCl2.2H2O) and  
5-sulfosalicylic acid dihydrate were purchased from Merck (Darmstadt, Germany). 
Tryptophan was obtained from Sigma (Zwijndrecht, The Netherlands).

Treatment

During a period of two weeks preceding the experiment, the rats were handled and 
habituated to oral injections with normal tap water (up to 10 ml/kg). The females 
were also habituated to the procedure for taking vaginal smears. On testing days the 
rats were treated with a protein-carbohydrate mixture containing TRP (TRP+ group, 
0.28% TRP of the total protein) or lacking TRP (TRP- group). The rats received two 
doses of 10 ml/kg with a 90-minute interval. Each administration contained 4.0 g 
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Solugel P/kg and 2.0 g Glucodry 210/kg of the body weight. The composition of the 
nutritional mixture is shown in Table 1. 

Table 1: Composition of the treatment mixture.

Protein (Solugel®) in 100 ml water 100 g
Alanine 8.4
Arginine 7.7
Aspartic Acid/Asparagine 4.5
Glutamic Acid/Glutamine 10.0
Glycine 23.3
Histidine 0.9
Hydroxylysine 1.5
Hydroxyproline 12.3
Isoleucine 1.2
Leucine 2.6
Lysine 3.3
Methionine 0.9
Phenylalanine 1.6
Proline 13.7
Serine 3.4
Threonine 1.9
Tryptophan 0.0
Tyrosine 0.6
Valine 2.2

Carbohydrate (Glucodry 210) in 80 ml water 50
KCL 0.094
CaCl2.2H2O 2.32
L-tryptophan (TRP- group) 0
L-tryptophan (TRP+ group) 0.28

The rats were fasted from 15 h prior to treatment until the testing period was com-
pleted. This was done to minimize the availability of TRP from food. Behavioural testing 
was conducted 4 h after the first oral administration. At the end of each testing day, the 
animals had ad libitum access to food for at least 3 h. An overview of the order of test-
ing and the number of times the rats were treated with the mixture is given in Table 2. 
Males were randomly assigned to treatment with TRP+ or TRP- for each test separately. 
Females were first divided into the two oestrous cycle groups and were then randomly 
assigned one of the two treatment conditions. In this way, on tests where the rats were 
treated either with TRP- or with TRP+, the treatment condition for each rat varied be-
tween tests, but not within one test. This was the case for the open field test, home cage 
emergence test, social interaction test and forced swim test. In the object recognition 
test and the reaction time task, where all rats were treated with both TRP+ and TRP- on 
different days. There were always at least three days between the different behavioural 
tests, in which the rats were undisturbed and food was provided ad libitum.
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Table 2: Order of the different behavioural experiments and the number of days treatment was 
given for each of the separate testing groups. 

Testing group 1
12 males, 24 females

Testing group 2
12 males, 24 females

Week Test Treatment Week Test Treatment
1, 2 Handling 1 1, 2 Handling 1

3 Blood sampling 1 1 3 Blood sampling 1 1
4

Day 3-4 Open field test 2* 4
Day 2-3 Open field test 2*

5
Day 3-4

Home cage emer-
gence test 2* 5

Day 2-3
Home cage emer-

gence test 2*
6

Day 1, 5 Social interaction test 2* 6
Day 1, 5 Social interaction test 2*

7
Day 3-4 Forced swim test 2* 7

Day 5-6 Forced swim test 2*

8, 9, 10 Object recognition 
test 2# 8, 9, 10, 

11, 12, 13 Skinnerbox task 2#

11, 12 Blood sampling 2 and 
decapitation 1 14, 15 Blood sampling 2 and 

decapitation 1

* Rats were treated with either TRP+ or TRP- and received the same treatment condition on both testing days. 
# Rats were treated with both TRP+ and TRP- on different testing days.

Biochemistry

For the determination of plasma amino acid levels blood samples were taken at resting 
values (T0; i.e., 10 min before the first oral administration) and repeated at 4 h after the 
first administration (T4). Blood sampling was done via a tail-incision method (Fluttert et 
al., 2000). Promptly after collection of blood in a sodium heparin tubes (Microvette® CB 
300, Sarstedt, Germany), the samples were kept on ice. After centrifugation of the blood 
samples (at 4° C for 15 min at 3000 g in a Hettich EBA 12 centrifuge), plasma was de-
proteinised with cups containing dry 5-sulfosalicylic acid (17 μl of a 5 mg/10 ml milliQ 
water solution with 100 µl plasma) and the protein was spun down. Samples were frozen 
in liquid nitrogen and stored at –80° C. For brain samples of the frontal cortex and hip-
pocampus, rats were decapitated four hours after the first administration of treatment 
and the heads were immersed in liquid nitrogen for 6 s. Brain structures were rapidly 
dissected and then stored at –80° C. Before analysis, the frozen brain structures were 
transferred to a vial containing 0.3 g of glass beads (1.0 mm diameter) and 400 µl of 
an ice-cold 10% 5-sulfosalicylic acid solution. The tissue samples were homogenized in 
a mini-bead beater at high speed for 30 s. They were frozen in liquid nitrogen and stored 
at –80° C until further processing.

Before analysis, samples were thawed at 4° C, vortex-mixed vigorously and centri-
fuged at 50,000 g in a Hereaus Model Biofuge Stratos for 10 min at 4° C. From the clear 
supernatant 20 µl was mixed with 1960 µl water and 20 µl norvaline and stored in the 
cooled (7° C) sample compartment until analysis. Plasma and brain amino acid concen-
trations were determined with a fully automated high-performance liquid chromatog-
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raphy (HPLC) system after precolumn derivatization with o-phthaldialdehyde (OPA) 
(van Eijk et al., 1993). OPA-AA derivates were quantified with fluorescence detection. 
The concentrations of the total plasma amino acids were expressed as µmol/l, brain con-
centrations as ng/mg. 

Behaviour

Open field test The open field test was conducted in a square, clear Plexiglas box 
(100 × 100 × 40 cm), with an open top and a dark floor. The arena of the open field 
was subdivided in ‘corner’ (four squares each 16 × 16 cm), ‘wall’ (four rectangles each 
16 × 64 cm) and ‘center’ (one square 64 × 64 cm) zones. Testing was carried out in 
dimmed white light. A camera was installed above the center of the field. Immediately 
after a rat was placed in the center of the open field, the movements and position of the 
animals were recorded and registered automatically by a computerized system (EthoVi-
sion, Noldus Information Technology, The Netherlands). Reported are the time spent in 
the center and the corner zones of the open field and the total distance moved. Testing 
was carried out on two consecutive days, with one 5-minute trial a day for all rats. The 
floor of the open field was cleaned with a damp sponge after each session to prevent 
transmission of olfactory cues. Open field behaviour was tested between 13.00 h and 
16.30 h. Data of the two trials were aggregated to enhance reliability (Ossenkopp and 
Mazmanian, 1985). These aggregated data strongly correlate with definitions of anxiety 
in other models, such as the plus maze and the light dark box (Blokland et al., 1992, 
Prickaerts et al., 1996, van der Staay and Blokland, 1996). 

Home cage emergence test In the home cage emergence test the home cage was placed 
in an arena and the lid of the home cage was removed (Prickaerts et al., 1996). During 
the testing of one rat, its cage mate was placed in another cage for the duration of the 
trial. A grid was placed over the edge of the cage to make it easier for the rats to leave 
the home cage. Testing was carried out in dimmed white light. A stopwatch was used to 
measure the latency to leave the cage. The experimenter measured the time it took for 
the rat to climb out of its cage into the arena. A criterion was set to determine the escape 
time. Time was stopped and the trial ended when all four paws of the rat were over the 
edge of the cage. If the rat did not emerge from its home cage within 600 s, the trial was 
ended, the home cage was closed again and the rat was given a score of 600. The grid was 
cleaned between trials with a damp sponge to prevent transmission of olfactory cues. 
This test was carrier out on two consecutive days.

Social interaction test  In the social interaction test (File and Hyde, 1978, File and 
Seth, 2003), two rats were placed in closed part of the open field, 50 × 50 × 40 cm with 
two black and two transparent walls. The two animals that were tested together were 
weight matched and of the same sex, and had received the same treatment (both TRP- or 
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both TRP+). The animals were placed in the test area at the same time and spend 10 min-
utes together, which were videotaped for later offline analysis by an observer who was 
blind to the treatment and oestrous cycle phase of the rats, whereas the sex of a rat could 
be inferred from its size. Per interaction duo, total time of social interaction was mea-
sured, subdivided into active social interaction and passive body contact. Active social 
interaction comprises sniffing, grooming, exploring, following, biting, etc the other rat. 
During passive body contact, the rats touch each other but do not explore, i.e. sitting or 
lying together. In order to increase the number of observations, all rats were tested twice 
with at least 5 days between the two trials. They received the same treatment on both tri-
als, but were exposed to a different unfamiliar testing partner on each trial.

Forced swim test Three cylindrical transparent plastic tanks (40 cm tall × 17 cm di-
ameter), filled to a depth of 30 cm with 22 (±1)° C water, were used in the forced swim 
test. Testing was carried out over two consecutive days. When the animals were placed 
in the water, their movements were videotaped in 5-min test trials for off-line measure-
ment of the duration of immobility by an observer who was blind to the treatment and 
oestrous cycle phase of the rats. The behavioural variable ‘immobility’ was defined as 
follows: making no movements or only making those movements that were necessary to 
keep the nose above the water. It was allowed for the rats to move their forepaws or sup-
port themselves by pressing their paws against the wall of the cylinder. Active climbing 
and swimming along the wall were not scored as immobility. 

Object recognition test The object recognition test was performed as described in 
detail elsewhere (Ennaceur and Delacour, 1988, Prickaerts et al., 2002). During training 
and testing, the rats were housed individually. The apparatus consisted of a circular arena, 
83 cm in diameter. Half of the 40-cm-high wall was made of grey polyvinyl chloride, the 
other half of transparent polyvinyl chloride. Testing was carried out in dimmed white 
light. We used four different sets of objects that could not be displaced by a rat. Each 
object was available in triplicate. The different objects were: 1) a cone consisted of a grey 
polyvinyl chloride base (maximal diameter 18 cm) with collar on top made of brass (total 
height 16 cm), 2) a standard 1 l transparent glass bottle (diameter 10 cm, height 22 cm) 
filled with water, 3) a massive metal cube (10 × 5 × 7.5 cm) with two holes (diameter 
1.9 cm), and 4) a massive aluminium cube with a tapering top (13 × 8 × 8 cm). 

In the week preceding testing, the animals were adapted to the procedure, i.e., they 
were allowed to explore the apparatus (without any objects) twice for 3 min. In the fol-
lowing days, the rats were tested until a stable discrimination performance was shown. 
A testing session comprised two trials. The duration of each trial was 3 min. Two objects 
were placed in a symmetrical position about 10 cm away from the grey wall. A rat was 
always placed in the apparatus facing the wall at the middle of the front (transparent) 
segment. During the first trial the apparatus contained two identical objects. After the 
first exploration period the rat was put back in its home cage. One hour later the rat was 
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put back in the apparatus for the second trial, but now with dissimilar objects, a familiar 
one and a new one. The duration of exploring each object in both trials was recorded 
manually with a personal computer. Exploration was defined as directing the nose to 
the object at a distance of no more than 2 cm and/or touching the object with the nose. 
Sitting on the object was not considered as exploratory behaviour. In order to avoid the 
presence of olfactory trails, the objects were always thoroughly cleaned. Moreover, each 
object was available in triplicate so that none of the two objects from the first trial had 
to be used as the familiar object in the second trial. In addition, all combinations and 
locations of objects were used in a balanced manner to reduce potential biases due to 
preferences for particular locations or objects. 

After the rats were familiarized to the procedures of the task, testing with treatment 
began. The first trial was given 4 h after the first oral administration. The delay interval 
of one hour was preferable since during this time, we expected the plasma TRP levels to 
remain at low level. The basic measures were the total exploration time of both objects 
during trial 1 and trial 2, e1 and e2, respectively. Rats that explored less than 10 s in any 
of the trials or explored only one of the objects were removed from analysis to avoid pos-
sible erroneous conclusions. A discrimination index d2 (d2 = (exploration new object 
– exploration familiar object)/total exploration time during test trial) were calculated. 

Reaction time task  During the period of training and testing in the Skinnerboxes, the 
rats were housed individually and were given 10–12 g standard laboratory chow (Hope-
farms, NL) per day and ad libitum food from Friday afternoon to Sunday afternoon. This 
schedule reduced their weight to about 90% of their free feeding weight during the week. 

The apparatus consisted of ten identical operant chambers (inner dimensions: 
40 ×  30 × 33 cm) which were equipped with two retractable levers, and cue lights just 
above the levers. A food tray (5 × 5 cm and 2.5 cm above the grid floor), which was posi-
tioned equidistant between the two levers, could be accessed by pushing a hinged panel. 
The levers (4 cm wide) projected 2 cm into the conditioning chamber and were located 
6 cm from both sides of the food tray and 12 cm above the grid floor. A house light and 
a loudspeaker were fixed in the ceiling of the conditioning chamber. The operanda and 
manipulanda in the chambers were controlled by a personal computer and the data were 
stored on disk at the end of a session. 

In this experiment we used a choice reaction time task, that has been described in 
detail elsewhere (Blokland, 1998). The rats were first trained to push the hinged panel 
of the magazine to make the right or left lever available. Whenever a lever was inserted 
into the chamber the cue light above the lever was switched on. A 45 mg food reward 
(Bioserve) was given when a rat pressed the lever. After the rats had acquired this stage 
of training the rats had to push the panel for a longer duration until one of the levers 
were made accessible. First, a randomly chosen duration of 0.5–1.0 s (steps of 0.1 s) 
was used. This variable period was called the hold duration. An auditory stimulus sig-
nalled the end of the hold duration. A high tone (10 kHz; 80 dB) predicted insertion 
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of the left lever and a low tone (2.5 kHz; 80 dB) predicted the insertion of the right 
lever. The insertion of the lever took about 2 s but was active as soon as it was set in 
motion. Pressing the lever resulted in a food reward. The tone was switched off when 
the rat withdrew its nose from the food tray. When a rat did not succeed in pushing 
the panel for the entire hold duration, the same interval was started again upon push-
ing the panel. After the rats showed a steady performance during this stage they were 
required to push the panel for a randomly chosen duration of 0.6–1.5 s (steps of 0.1 s). 
These hold durations were used during all further testing. The inter-trial interval was 
10 s. Subsequently, the rats were subjected to a reinforcement schedule in which 50% 
(at random) of the responses were reinforced. This was done to increase the response 
vigour of rats in this task (see Blokland, 1998). A session lasted 40 min or when a rat 
had completed 80 trials. The reinforcement was given independent of the reaction 
time. After the rats showed a stable performance (i.e., equivalent amount of premature 
responses per trial, stable performance on the measure reaction time) on 5 successive 
sessions treatment testing started.

The following parameters were used to evaluate the performance of the rats in 
this test: 1) premature responses (number of times the rats retracted their nose from 
the magazine before the tone was presented). Since the rats did not always completed 
the total of 60 trials per session the proportion of premature responses was calculated; 
2) reaction time (time between onset of tone and retraction of nose from magazine); 
3) motor time (time between retraction from magazine and lever press); and 4) per-
centage of correct responses. Since the data of the reaction time, motor time, and per-
centage of correct responses were not normally distributed all data were transformed 
logarithmically. All rats were tested in both treatment conditions on different days.

Statistical analysis

Data of the two separate testing groups were combined for the plasma and brain 
amino acid concentrations, the open field test, home cage emergence test, social in-
teraction test and forced swim test. Because there were differences between the two 
groups on most of these behavioural tests [testing group effects, for example open 
field test F(3,55) = 7.31, p<0.01; home cage emergence test F(1,56) = 4.57, p<0.05], 
z-scores of each group were calculated and used for statistical testing. This was done 
for all behavioural tests with data from two separate testing groups, i.e. open field 
test, home cage emergence test, social interaction test and forces swimming test. For 
all variables, treatment effects were analysed using parametric statistics (ANOVA). 
Data of the open field test, home cage emergence test and forced swim test were ag-
gregated over the two trials to enhance reliability (Ossenkopp and Mazmanian, 1985). 
The mean scores over the two testing days were used in statistical analysis, as was 
done in comparable studies(Blokland et al., 2002, Lieben et al., 2004b). Data from 
the two trials of the social interaction test were treated as independent observations 
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because the testing partner differed on the two trials. Plasma amino acid concen-
trations were analysed with repeated measures ANOVA to include the time factor. 
To further characterize the differences between groups, post-hoc Bonferroni t-test  
(p<0.05) was used. When there were no differences between the two groups of fe-
males, data of all females were pooled together. In order to test our specific hypoth-
eses, we also analysed the effects of treatment on behaviour in each experimental 
group separately. 

Results

Biochemistry

For each separate testing group of 12 males and 24 females, plasma amino acid con-
centrations and the ratio of TRP over the sum of the other large neutral amino acids 
(TRP/ΣLNAA ratio) were calculated in the beginning and at the end of the study, i.e. 
before and after the period of behavioural testing. There was no difference in plasma 
TRP/ΣLNAA ratio between the two blood sampling measurements (before and after 
the period of behavioural testing), or between the two separate testing groups of 36 rats. 
Therefore, data from all four blood sampling measurements (both testing groups and 
both measurements) were pooled together. Figure 1 shows the plasma TRP/ΣLNAA ra-
tio and brain TRP concentrations.

Plasma TRP levels decreased over the four hours [Time: F(1,132) = 355.96, 
p<0.001]. There was a treatment effect [F(1,132) = 337.86, p<0.001] and a interaction 
effect [Time × Treatment: F(1,132) = 328.85, p<0.001] indicating that TRP levels de-
creased much more in the TRP- condition compared to the TRP+ condition. There was 
an effect of experimental group [F(2,132) = 112,95, p<0.001]. Post-hoc analysis showed 
that the males differed from both groups of females [both p<0.001], with both groups of 
females showing higher TRP levels than the males. 

The plasma TRP/ΣLNAA ratio also decreased over time [F(1,130) = 355.92, 
p<0.001]. There also was an effect of treatment [F(1,130) = 262,24, p<0.001], and an in-
teraction effect was found for Time × Treatment [F(1,130) = 199,52, p<0.001], indicating 
that the decrease of the plasma TRP/ΣLNAA ratio was much stronger in the TRP- condi-
tion compared to the TRP+ condition. There also was an effect of experimental group 
[F(2,130) = 242,67, p<0.001]; post-hoc analysis showed that both groups of females had 
higher plasma TRP/ΣLNAA ratio levels than the males [both p<0.001].

Brain TRP concentrations were lower after TRP- treatment than after TRP+ 
treatment in both the frontal cortex [Treatment: F(1,60) = 18.01, p<0.001] and the 
hippocampus [Treatment: F(1,63) = 6.641, p<0.05]. An effect of experimental group 
on TRP concentrations was only found in the frontal cortex [F(2,60) = 5.00, p<0.01]; 
post-hoc analysis indicated that the females in pro-oestrus/oestrus had higher TRP 
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concentrations in the frontal cortex than the males and the females in met-oes-
trus/di-oestrus [both p<0.05]. When treatment effects were analysed within each 
experimental group separately, it was found that treatment effects in the frontal cor-
tex TRP levels were significant in males [F(1,20) = 10.98, p<0.01] and females in 
pro/oes [F(1,24) = 9.43, p<0.01] but not in females in met/di. Hippocampal TRP 
levels were only significant decreased after TRP- treatment in females in pro/oes 
[F(1,26) = 21.63, p<0.001].

In general, there were no considerable effects on concentrations of other amino 
acids in the brain (data not shown). Remarkably, however, there was an effect of treat-
ment, experimental group and a Treatment × Experimental group interaction on ty-
rosine (TYR) concentrations in both the frontal cortex [Treatment: F(1,50) = 11.16, 
p<0.01; Experimental group: F(2,50) = 62.65, p<0.001; Treatment × Experimental group: 
F(2,50) = 14.31,p<0.001] and the hippocampus [Treatment: F(1,57) = 4.25, p<0.05; Exper-
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imental group: F(2,57) = 25.67, p<0.001; Treatment × Experimental group: F(2,57) = 5.93, 
p<0.01]. In both structures, post-hoc analysis showed that TYR concentrations in females 
in pro/oes were higher than in males and females in met/di [both p<0.001]. When treat-
ment effects were analysed within each experimental group, a treatment effect in the fron-
tal cortex was found only in females in pro/oes [F(1,21) = 1966, p<0.001], whereas in the 
hippocampus a treatment effect was found in both groups of females, but not in males 
[females in pro/oes: F(1,26) = 9.29, p<0.01; females in met/di: F(1,13) = 13.07, p<0.01]. 
Interestingly, in females in pro/oes hippocampal TYR concentrations were lower in the 
TRP- condition than in the TRP+ condition, whereas in females in met/di they were 
higher in the TRP- compared to the TRP+ condition (Figure 2). It should be noted that 
no treatment effect on plasma TYR was found. Plasma TYR levels decreased over the 
four hours [F(1,132) = 422.08, p<0.001, and there was an effect of experimental group on 
plasma TYR levels [F(2,132) = 31.81, p<0.001]. Post-hoc testing showed that males had 
higher plasma TYR concentrations than both groups of females [both p<0.001].

Behavioural Tests

Open field test Z-scores of the distance moved and time spent in corners data of the 
open field test are depicted in Figure 3. There was an effect of experimental group on the 
distance moved [F(2,55) = 13.54, p<0.001]; post-hoc analysis revealed that the males had 
moved a shorter distance than both groups of females [both p<0.01] indicating higher 
anxiety in males compared to females. There was no treatment effect or interaction ef-
fect on distance moved. All groups of rats (treatment and experimental groups) spent 
an equal amount of time in the center of the open field. On time spent in the corners of 
the open field, there was an effect of experimental group [F(2,53) = 5.43, p<0.01], post-

Figure 2. Effects of treatment with TRP+ or TRP- on brain tyrosine concentrations at T4 in the frontal cortex (2a) 

and hippocampus (2b). Bars represent mean and standard error. ** Treatment effect p<0.01; ++ Experimental group 

effect p<0.01.
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hoc analysis showed that the males spent more time in the corners than both groups of 
females again indicating higher anxiety in males [males vs. females in pro/oes p<0.05; 
males vs. females in met/di p<0.01]. There also was Treatment × Experimental group 
interaction effect on time spent in the corners [F(2,53) = 4.00, p<0.05]. There were no 
treatment effects. 

When treatment effects were analysed within each experimental group, there was 
a treatment effect only in the females in pro-oestrus/oestrus. In the TRP- condition they 
showed a higher distance moved [F(1,22) = 6.29, p<0.05] and spent less time in the cor-
ners of the open field [F(1,22) = 6.03, p<0.05] compared to the female in pro/oes TRP+ 
controls, indicating lower anxiety in these females in the TRP- condition. As there were 
no differences between the two oestrous cycle groups of females, data of all females were 
pooled together. Compared to females, males showed a shorter distance moved [Sex: 
F(1,56) = 27.29, p<0.001], spent less time in the center [Sex: F(1,56) = 4.28, p<0.05] and 
spent more time in the corners of the open field [Sex: F(1,55) = 10.79, p<0.01]. After 
pooling the data of the female rats a Treatment × Sex interaction effect on the time spent 
in the corners [F(1,55) = 6.21, p<0.05]; females in the TRP- condition spent less time in 
the corners than TRP+ females, while the opposite pattern, with more time spent in the 
corners in the TRP- condition, was observed in the males.

Home cage emergence test Z-scores of the escape latency data of the home cage 
emergence test are depicted in Figure 4. There was no Treatment × Experimental group 
interaction effect on mean escape time and there were no main effects of treatment or 
experimental group. When treatment effects were analysed within each experimental 
group, a treatment effect on escape time was found only in the females in pro-oestrus/
oestrus [F(1,20) = 5.73, p<0.05]; they emerged from the home cage faster in the TRP- 
condition than in the TRP+ condition indicating lower anxiety in the TRP- condition. 
As there were no differences between the two oestrous cycle groups of females, data 
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Figure 3. The open field test. Z-scores of the mean over two trials of total distance moved (3a) and the time spent in 

the corners of the open field (3b) are shown for each experimental group and treatment condition. Bars represent 

mean ± standard error. Treatment effect * p<0.05; Experimental group effect + p<0.05; ++ p<0.01.
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of all females were pooled together. There was a Sex × Treatment interaction effect 
on mean escape time [F(1,54) = 4.86, p<0.05], indicating that females emerged from 
the home cage faster in the TRP- condition than in the TRP+ condition, while the 
opposite pattern was observed in males. There were no main effects of treatment or 
experimental group. 

Social interaction test Z-scores of the duration of passive body contact and of percent-
age of active social interaction are shown in Figure 5. There were no effects of treatment, 
experimental group or interaction effects on total duration of social interaction and on 
the duration of active social interaction. After TRP- treatment, the duration of passive 
body contact was shorter than after TRP+ treatment [Treatment: F(1,44) = 6.00, p<0.02] 
and the percentage of active social interaction was higher [Treatment: F(1,44) = 4.72, 
p<0.05]. There also was an effect of experimental group on the duration of passive 
body contact [F(2,44) = 8.52, p<0.001] and the percentage of active social interaction 

Figure 4. Home cage emergence test. Z-scores of the mean escape latency over two trials per experimental group and 

treatment condition. Bars represent mean ± standard error. * Treatment effect p<0.05.
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Figure 5. Social interaction test. Z-scores of percentage active social interaction of the total social interaction (5a) 

and the duration of passive body contact (5b) are shown for all experimental groups and treatment conditions. Bars 

represent mean ± standard error. Treatment effect * p<0.05; ** p<0.01; Experimental group effect ++ p<0.01.



Chapter 4

98

[F(2,44) = 9.14, p<0.001], post-hoc analysis indicated that the males showed more pas-
sive body contact and spent a smaller percentage of their total social interaction being 
involved in active social interaction than both groups of females [all p<0.01] indicating 
higher activity in the females. 

When treatment effects were analysed within each experimental group, treatment 
effects were found on the duration of passive body contact in all experimental groups 
[males: F(1,20) = 5.16, p<0.05; females in pro/oes: F(1,13) = 10.41, p<0.01; females in 
met/di: F(1,9) = 6.75, p<0.05]. The direction of the effect, however, was not the same in 
all experimental groups. Males and females in pro/oes showed less passive body contact 
in the TRP- condition than in the TRP+ condition, whereas females in met/di showed 
more passive body contact in the TRP- condition than in the TRP+ condition. A treat-
ment effect on the percentage of active social interaction was found only in females in 
pro/oes [F(1,13) = 7.78, p<0.05], these females showed a larger percentage of active so-
cial interaction in the TRP- condition. 

Forced swim test Z-scores of the immobility data of the forced swim test are depicted in 
Figure 6. There was no Treatment × Experimental group interaction effect on mean dura-
tion of immobility behaviour. There was no main effect of treatment, but the main effect 
of Experimental group on immobility was significant [F(2,60) = 64.52, p<0.001]; post-hoc 
analysis showed that the males showed more immobility than both groups of females [both 
p<0.001]. When treatment effects were analysed within each experimental group, no treat-
ment effects were found. There were no differences between the two oestrous cycle groups 
of females. When data of all females were pooled together, there was no Sex × Treatment 
interaction effect and no treatment effect. Males showed more immobility than females 
[Sex: F(1,61) = 130.10, p<0.001]. There was no main effect of Treatment. 

Figure 6. Forced swim test. Z-scores of the mean duration of immobility over two trials for each experimental group 

and treatment condition. Bars represent mean ± standard error. Experimental group effect ++ p<0.01.
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Object recognition test The effects of treatment and experimental group on the per-
formance in the object recognition test are summarized in Table 3. Treatment did not 
affect the exploration time in trial 1 or trial 2. A clear treatment effect was found on 
the discrimination index (d2) [F(1,66) = 12.87, p<0.01], rats treated with TRP- did not 
discriminate between the novel and the known object in trial 2 after a one hour inter-
val. In contrast, the rats treated with TRP+ showed a high preference to investigate the 
novel object. When treatment effects were analysed within each experimental group, 
there was a treatment effect on d2 only in the females in pro/oes. There were no dif-
ferences between the two oestrous cycle groups of females. When data of all females 
were pooled together, females showed more exploration in trial 2 [Sex: F(1,67) = 5.16, 
p<0.05]. Scores d1, and d2 were higher in the TRP+ condition than in the TRP- condi-
tion [F(1,67) = 11.55, p<0.01 and F(1,67) = 13.04, p<0.01, respectively].

Table 3. Effects of treatment and experimental group on the measures of the object recognition 
test.

Outcome 
measure

Treatment 
condition

Experimental group

Male Females in 
pro/oes

Females in 
met/di

e1
TRP+ 260.5 (39.9) 241.2 (23.8) 240.2 (8.6)
TRP- 206.4 (18.2) 258.2 (27.5) 232.3 (16.6)

e2
TRP+ 310.4 (32.4)+ 395.1 (30.5)+ 339.6 (28.4)
TRP- 294.6 (21.6)+ 373.1 (35.0)+ 320.7 (16.9)

d1**
TRP+ 81.6 (37.0) 172.9 (39.9) 108.4 (28.5)
TRP- 28.4 (28.7) 35.9 (29.3) 28.5 (28.4)

d2**
TRP+ 0.31 (0.10) 0.41 (0.09) 0.34 (0.09)
TRP- 0.10 (0.09) 0.10 (0.08) 0.10 (0.09)

Values are mean ± S.E. Males and females in pro/oes n = 12, females in met/di n = 11. Treatment effect * p<0.05; 
** p<0.01; Experimental group effect + p<0.05.

Reaction time task Data of the Skinnerbox reaction time task are shown in table 4. 
There was an effect of experimental group on reaction time [F(2,68) = 10.39, p<0.001] 
and on motor time [F(2,68) = 6.87, p<0.01], post-hoc analysis showed that males had 
faster reaction time than both groups of females and males had faster motor time than 
females in pro/oes [all p<0.01]. There were no effects of Treatment × Experimental group 
or treatment. There were no differences between the groups on premature responses or 
the percentage of correct responses (All F values < 2.11, ns). Analyzing treatment effects 
within each experimental group revealed no significant effects. There were no differences 
between the two oestrous cycle groups of females. When data of all females were pooled 
together, males were found to have shorter reaction time [F(1,69) = 20.98, p<0.001] and 
motor time [F(1,69) = 12.78, p<0.01].
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Table 4. Effects of treatment and experimental group on the measures of the Skinnerbox reaction 
time task.

Outcome 
measure

Treatment 
condition

Experimental group

Male Females in 
pro/oes

Females in 
met/di

Reaction Time
TRP+ 0.33 (0.02)+ 0.42 (0.02)+ 0.40 (0.03)+

TRP- 0.34 (0.02)+ 0.41 (0.02)+ 0.45 (0.02)+

Motor Time
TRP+ 0.66 (0.02)+ 0.83 (0.05)+ 0.81 (0.04)
TRP- 0.70 (0.03)+ 0.82 (0.05)+ 0.76 (0.04)

Premature 
responses

TRP+ 0.37 (0.06) 0.33 (0.06) 0.30 (0.03)
TRP- 0.44 (0.07) 0.29 (0.03) 0.47 (0.08)

Percentage 
Correct

TRP+ 95.73 (1.52) 94.06 (1.21) 94.75 (1.25)
TRP- 97.50 (1.21) 94.27 (1.08) 96.25 (0.85)

Values are mean ± S.E. Males n = 12; females in pro/oes TRP- n = 12 and TRP+ n = 16; females in met/di n = 10. 
Experimental group effect + p<0.05.

Discussion
In the present study, the effects of acute TRP depletion using a gelatin-based protein-
carbohydrate mixture were examined in adult male and female Wistar rats. The females 
were subdivided based on oestrous cycle phase in females in pro/oes and females in met/
di. The rats were tested in animal behavioural tests of anxiety- and depression- related 
behaviour and cognition to investigate whether the rats’ sex and the female oestrous 
cycle influenced the behavioural response to ATD. 

The biochemical data showed strong depletion of plasma TRP levels in the 
TRP- condition in both males and females, and TRP concentrations in frontal cortex 
and hippocampus were also lower after TRP- treatment than after TRP+ treatment. 
Although plasma TRP/ΣLNAA levels were decreased to a similar extent in all ex-
perimental groups, this was not the case for brain TRP levels. In the hippocampus, 
females in pro/oes showed higher overall TRP concentrations than males and fe-
males in met/di. The treatment effect in the frontal cortex was significant in males 
and females in pro/oes, in the hippocampus the treatment effect was only found in 
females in pro/oes. Thus, although TRP- treatment significantly lowered plasma TRP 
and TRP/ΣLNAA concentrations in all experimental groups, the difference in brain 
TRP concentrations between TRP- and TRP+ treated rats at T4 was not significant in 
all experimental groups. A significant difference in both brain structures was found 
only in females in pro/oes. In females in met/di this difference was not significant 
in either of these brain structures. The finding that a significant treatment effect in 
plasma does not necessarily result in a significant treatment effect in hippocampus 
and frontal cortex in the rat is important to note. It may imply that caution is needed 
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in interpreting findings of studies that report only effects of ATD on plasma amino 
acid concentrations. 

Females in pro/oes appeared to show the strongest behavioural response to 
ATD on both the open field test and the home cage emergence test. In both tests, 
females in pro/oes were the only experimental group in which a treatment effect was 
found. This is strikingly similar to the brain TRP concentrations, in which females 
in pro/oes were the only experimental group with treatment differences in TRP 
concentrations in both frontal cortex and hippocampus.

It should be noted, however, that this treatment effect that was found to be most 
pronounced in females in pro/oes, was not in the direction that had been hypothesized. 
ATD was hypothesized to increase anxiety, which was to result in less distance moved, 
less time spent in the center and more time spent in the corners of the open field and 
a longer escape latency on the home cage emergence test. This pattern of behavioural 
responses was seen in males only, but there it was not significant. In females in general 
and mainly the females in pro/oes where significant effects were found, the opposite 
pattern was reported, with more distance moved, more time spent in the center and 
less time spent in the corners of the open field and a shorter escape latency in the 
home cage emergence test. This is difficult to explain. One possible explanation is that 
ATD had a different effect on males and females, resulting in increased fear and anxiety 
in males and decreased fear and anxiety in females. However, another possible explana-
tion for these unexpected findings may be that males and females reacted differently to 
fear and anxiety. Most behavioural tests that were used in the present study, including 
the open field test and the home cage emergence test, have been validated with adult 
males (van der Staay et al., 1990, Schoemaker and Smits, 1994, Prickaerts et al., 1996, 
Palanza, 2001). These tests have also been done with females and there are studies in 
literature to indicate that females become more active in case of fear or anxiety, while 
males do not (Johnston and File, 1991, Fernandes et al., 1999, Palanza, 2001). This 
complicates the interpretation of the behavioural data and consequently the effects of 
treatment in the females. In the present study, the females were in general more active 
in these specific anxiety tests than the males and the response to TRP- treatment was 
in an opposite direction in males vs. females.

Besides the higher level of activity of females in the open field test, females 
also showed less passive body contact in the social interaction test. Interpretation of 
the results of the social interaction in males and females is complicated by the pos-
sibility that the social investigation of same-sex partners serves different functions 
in males and females (Johnston and File, 1991). Furthermore, females showed less 
immobility in the forced swim test, again indicating higher activity in females. Other 
studies comparing males and females on the forced swim test show mixed results 
(Dalla et al., 2005, Lifschytz et al., 2006). 

Not all sex effects reported in the present study, however, are necessarily genuine. 
For example, the sex effect that was found in the forced swim test may be at least partly 
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explained by the size difference between the sexes. As the males were bigger, they were 
able to rest on their tail more easily and support themselves by spreading their paws 
across the walls of the cylindrical tanks. Therefore, it may have been easier for the males 
to show immobility behaviour than for the females. The size of the rats may have been 
a factor in other tests as well, because larger animals may tend to be less inclined to 
show active behaviours. However, in the present experiment animal size did not affect 
the distance moved within each sex in the open field test, the duration of immobility in 
the forced swim test, and the extent of TRP depletion after TRP- treatment (data not 
shown), but we cannot exclude that differences in body weight attributed to the reported 
sex differences. The effects of body size and sex could not be studied separately because 
all males had higher body weight than the females. Overall, the sex differences that were 
found give the impression that the females were more active in anxiety- related situations 
compared to the males, which appears to be in line with several other reports. 

Females in pro/oes showed higher TYR concentrations in the frontal cortex and 
hippocampus compared to both other experimental groups. Furthermore, they had low-
er brain TYR concentrations in the TRP- condition compared to the TRP+ condition. 
Females in met/di, however, had significantly higher hippocampal TYR concentrations 
in the TRP- compared to the TRP+ condition. These TYR differences were not found in 
plasma concentrations. TYR is the precursor of the catecholamines dopamine, norepine-
phrine and epinephrine. It is known that variations in dopamine and norepinephrine 
systems occur during the oestrous cycle (Selmanoff et al., 1976). Because some catecho-
lamine neurotransmitter systems may also be involved in depression and anxiety, chang-
es in TYR may also influence anxiety- and depression- related behaviour. However, this 
pattern with females in pro/oes showing an opposite reaction compared to the females 
in met/di does not correspond to the results found in most of the behavioural tests, 
where females in pro/oes showed the strongest behavioural responses whereas females in 
met/di did no show any change in behaviour after treatment. Furthermore, there were no 
behavioural differences between females in pro/oes and females in met/di in the TRP+ 
condition, although these groups of females did show differences in brain TYR concen-
trations in this treatment condition. Therefore, it is not likely that the differences in brain 
TYR levels are responsible for the treatment effect we found after ATD. 

One exception may be the social interaction test, in which the most striking find-
ing was that males and females in pro/oes showed less passive body contact in TRP- 
condition, whereas females in met/di showed the more passive body contact in the TRP- 
condition compared to the TRP+ condition. This appears to correspond with the brain 
TYR levels, because the groups of females showed opposite behavioural responses. 

There were no treatment effects on the forced swim test, indicating that ATD does 
not affect immobility in this test. Furthermore, no effects of treatment were found in the 
reaction time task. 5-HT is known to be involved in impulsive behaviour in general and 
there are reports of an involvement of 5-HT2A/C receptors in motor impulsivity (Blokland 
et al., 2005). However, in this task the number of premature responses was not affected 
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by ATD. It can be concluded that involvement of 5-HT on motor impulsivity does not 
occur on the level of general availability of TRP and 5-HT. 

In the object recognition test, an overall treatment effect was found. Further testing 
indicated that this treatment effect on the discrimination index d2 was significant only 
in females in pro/oes, but it seems likely that with a larger number of rats the treatment 
effect would be significant in all groups. There was no Sex × Treatment interaction ef-
fect. These results correspond with findings in humans, where ATD has been reported to 
cause general memory effects in healthy subjects (Riedel et al., 1999, Schmitt et al., 2000, 
Riedel et al., 2002). In an recent mega-analysis, however, it was found that women are 
more sensitive to effects of ATD on memory (Sambeth et al., In press). This is a subtle ef-
fect that is only found with a very large number of observations. Therefore it is likely that 
a Sex × Treatment interaction effect, if it were present, could not be detected in this study 
due to the relatively small number of observations. Furthermore, the object recognition 
test may not be sensitive enough to detect subtle effects.

This study has several possible shortcomings and limitations. First, the effects of 
ATD on brain 5-HT concentrations were not measured in this study. In a previous study 
in our laboratory, using the same TRP- treatment in adult male Wistar rats, a compara-
ble reduction in plasma TRP and plasma TRP/ΣLNAA ratio levels was observed. This 
peripheral TRP depletion was associated with a 40% reduction in TRP and 5-HT con-
centrations in the different brain structures (Lieben et al., 2004a). Since the decrease in 
plasma TRP levels in both studies was comparable, we assume that the decrease in cen-
tral tissue levels of 5-HT is also comparable. For the females, however, no comparison 
data was available. 

Secondly, the same group of rats were frequently subjected to the treatment, al-
though the treatment condition varied between tests. The tests used in this study re-
quired multiple testing trials to obtain valid indices of anxiety and depression. Therefore 
it is important to note that there were no differences in the treatment effect on the plasma 
TRP/ΣLNAA ratio when comparing the data of the blood sampling at the beginning and 
at the end of the study. Apparently, the treatment effect after the second exposure to the 
treatment was the same as after the thirteenth exposure. We therefore assume that the 
treatment has had comparable biochemical effects throughout the entire study.

Thirdly, the repeated testing of the rats in the successive tests (Table 2) might have 
affected the performance from one test to the other. Because all rats were subjected to the 
same series of tests, we may assume that the effects of repeated testing were similar in all 
groups. Furthermore, there were always at least three days between tests during which 
the rats were left undisturbed and provided with food ad libitum. However, it cannot be 
excluded that this successive testing could have interfered with treatment effects. This 
can only be tested if naïve rats are used for each individual test. 

Another shortcoming may be that the females may have been exposed to higher 
levels of stress throughout the study because of the vaginal smears that were taken on 
every testing day. Although there may not have been a direct effect of the stress during 
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the vaginal smears on the test performance because the smears were taken at least four 
and a half hours before testing, the presumed higher levels of stress in females may nev-
ertheless have influenced the results. Sex differences in exposure and response to stress 
may also affect SV. It is known that in humans, for example, women are more likely than 
men to develop depression following exposure to stress early in life (Weiss et al., 1999) 
or prenatally (Weinstock et al., 1992). In rats, there is evidence to indicate that males 
may adapt and respond better to stress than females (Kennett et al., 1986, Shors and 
Miesegaes, 2002). Furthermore, the female hypothalamic-pituitary-adrenal axis may be 
more reactive to stress, possibly due to sex hormones (Weiss et al., 1999). It has also been 
shown that after exposure to an elevated plus-maze, a rodent anxiety test, 5-HTergic ac-
tivity was decreased in the dorsal raphe nuclei in female rats whereas 5-HTergic activity 
was decreased in the medial raphe nuclei in males (Dominguez et al., 2003). 

In the present study, vaginal cytology was used to determine the oestrous cycle 
phase of the females and there were no blood samples taken to verify the oestrous cycle 
phase by measuring blood hormone levels. Vaginal smears are a reliable method of de-
termining oestrous cycle phase, but inferring hormone levels from vaginal smears may 
not be as reliable. Taking blood samples to determine hormone levels was not an option 
in this study. Due to the practical limitations caused by the necessity of determining 
oestrous cycle phase before administration of the treatment was to start, vaginal smears 
were the best option. Practical reasons were also important in subdividing the females 
into the groups pro/oes and met/di. We made a rough discrimination based on the be-
ginning of the cycle when oestradiol and progesterone levels are higher, and the end of 
the cycle when oestradiol and progesterone levels are lower (Butcher et al., 1974, Single-
tary et al., 2005). This may be considered a shortcoming because there are big hormonal 
changes from pro-oestrus to oestrus, especially in oestradiol levels, which are high in 
pro-oestrus and low in oestrus (Becker et al., 2005, Singletary et al., 2005). Testing had 
to be carried out over at least two days in order to obtain reliable results for most tests, 
therefore it was not possible to test rats in only one phase, for example in pro-oestrus. 
During the two days of testing, the oestrous cycle phase changed because the duration of 
the cycle in rats is only 4–5 days and pro-oestrus, for example, lasts only approximately 
12 h (Becker et al., 2005, Singletary et al., 2005).

It should be noted that taking vaginal smears may affect behavioural parameters. 
It has been shown that repeated, but not acute, vaginal lavage decreases cocaine-stimu-
lated behaviour, while behaviour without cocaine treatment was not affected by repeated 
vaginal lavage (Becker et al., 2005, Singletary et al., 2005). Furthermore, in the study by 
Becker et al. oestrous cycle phase influenced motor activity only in nonlavaged rats. In 
the present study, oestrous cycle did affect the behavioural response to ATD. During the 
period of behavioural tests, we took vaginal smears only in the morning before testing in 
the afternoon and not on non-testing days. Thus, vaginal smears were taken only twice 
in a week, which may not be considered as repeated vaginal manipulations. Although we 
used a different procedure of fixating the rats compared to Walker et al. and used vaginal 
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smears and not lavage, we cannot exclude that our procedure of taking vaginal smears 
had an effect on behavioural parameters. 

In conclusion, females in pro/oes showed stronger behavioural responses to ATD 
than males and females in met/di in fear/anxiety tests. Furthermore, these females 
showed a larger difference in TRP concentrations in the hippocampus between the TRP+ 
and TRP- condition, although treatment effects on plasma TRP/ΣLNAA concentrations 
were similar in both groups of females. An overall treatment effect was only found in the 
object recognition test. The disruption of object recognition after ATD did not appear 
to be limited to some vulnerable subgroup, but this may be due to the limited number 
of animals that were used and the limited sensitivity of the test. In the anxiety-related 
situations used in this study, females appear to be more active than males and this effect 
appeared to be enhanced by ATD on at least some behavioural tests. Sex and oestrous 
cycle phase affect several behavioural responses to ATD and in this respect the females 
in pro/oes may have higher SV than males and females in met/di. Interpretation of the 
results is complicated by the fact that the tests used here are mainly validated in male rats 
and may not be optimal to measure anxiety in female rats. 
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Abstract
Several lines of research suggest that the development of depression-relat-
ed symptoms may be related to a selective vulnerability of the serotonergic 
system. Serotonergic vulnerability (SV) suggests that differences between 
people in the regulation of serotonin (5-hydroxytryptamine, 5-HT) deter-
mine the vulnerability of an individual to develop depression or other 5-
HT related disorders. Here, a stronger behavioural response to acute tryp-
tophan depletion (ATD) was assumed to reflect SV. The aim of the present 
experiment was to evaluate whether there are strain differences in SV. For 
this study Sprague Dawley (SD) and Brown Norway (BN) rats were chosen 
based on phenotypical characteristics, including normal activity in behav-
ioural tests used in this study. Twenty-four SD and 24 BN rats were re-
peatedly subjected to treatment with a gelatin-based protein-carbohydrate 
mixture, either with L-tryptophan (TRP+; control condition) or without 
L-tryptophan (TRP-; experimental condition). SD rats appeared to have 
higher serotonergic vulnerability than BN rats, as they showed an increase 
in anxiety- and depression- related behaviour and impaired object recog-
nition after ATD. We found a striking dissociation between plasma TRP 
levels, central 5-HT concentrations and 5-HIAA/5-HT turnover. Plasma 
TRP/ΣLNAA depletion was similar in both strains, but hippocampal 5-
HT levels were decreased in BN rats but not in SD rats. Conversely, 5-
HIAA/5-HT turnover, reflecting 5-HT neurotransmission, was decreased 
in SD but not in BN rats. It is concluded that ATD revealed a difference in 
serotonergic vulnerability between SD and BN rats, and that this SV might 
be mediated by decreased 5-HIAA/5-HT turnover after ATD.
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Introduction
The neurotransmitter serotonin (5-Hydroxytryptamine, 5-HT) is known to be involved 
in many physiological and behavioural processes, including mood, appetite, sleep, activ-
ity, sexual behaviour, and cognition. Although the mechanisms underlying depression 
are not yet fully understood, there is general consensus that 5-HT is involved in depres-
sion. The original hypothesis that low serotonin has a direct role in depression has been 
through several modifications and low 5-HTergic neurotransmission is now thought to 
operate as a biological risk factor, that may play an important role in the triggering and 
maintenance of mood disorders (Maes and Meltzer, 1995). Recently, serotonergic func-
tioning has been proposed as a vulnerability factor in the development of depression and 
other 5-HT related symptoms and disorders (Jans et al., 2007b). According to this view, 
the serotonergic functioning of an individual determines the vulnerability of that indi-
vidual to develop 5-HT related disorders. This implies that there are differences in the 5-
HT functioning between individuals and that the development of depression, anxiety, or 
other 5-HT related disorders is associated with the presence of a priori abnormalities in 
the functioning of this system. There are various factors that may interfere with 5-HTer-
gic functioning, such as genetic factors, a family history of depression, the female gender, 
stress, and drug use. Each of these factor may disrupt the 5-HT system, resulting in se-
rotonergic vulnerability, but psychopathology symptoms do not occur until a threshold 
is reached where the system can no longer compensate (Jans et al., 2007b). Vulnerability 
of the serotonergic system (serotonergic vulnerability, SV) means that there is a vulner-
ability or sensitivity to alterations or dysregulations in the serotonergic system, hence SV 
can be demonstrated by challenging the 5-HT system; vulnerable and non-vulnerable 
subjects will react differently to these manipulations (Jans et al., 2007b).

Family studies show a familial aggregation of depression (Sullivan et al., 1996, 
Kendler et al., 1997, Sullivan et al., 2000). The presence of one depressed first-degree 
relative increases the relative risk for major depression by twofold (Sullivan et al., 2000). 
It is interesting that in many cases subjects with a family history of depression also re-
port other disorders in their family members, including affective psychosis, obsessive-
compulsive phenomena, panic attacks, eating disorders, and alcoholism/substance abuse 
(Cadoret et al., 1996, Stallings et al., 1997, Michalak et al., 2002). There might be a general 
vulnerability factor involved in these disorders. Because the serotonergic system is in-
volved in all these disorders (Heninger, 1995), serotonergic functioning might be a good 
candidate. The inheritability of liability to depression in most twin studies ranges from 
31 to 42% (Sullivan et al., 2000). It has been shown that genetics can affect serotonergic 
activity, since CSF 5-HIAA levels are heritable in nonhuman primates (Higley et al., 
1993, Clarke et al., 1995). Thus, alterations in the serotonergic system that are associated 
with psychiatric disorders may be inheritable and could represent heritable vulnerability 
factors for developing psychopathology. 
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Based on these findings it is likely that different rat strains differ in vulnerability to 
develop psychopathology and in serotonergic parameters, and hence in SV. SV can be 
demonstrated by challenging the 5-HT system; vulnerable and non-vulnerable subjects 
will react differently to these manipulations. A stronger behavioural response to acute 
tryptophan depletion (ATD) is assumed to reflect SV. ATD is a way to challenge the 5-
HT system in which tryptophan (TRP) -the essential amino acid that is the precursor 
of 5-HT- is depleted, resulting in reduced systemic TRP levels and consequently lower 
central 5-HT concentrations (Biggio et al., 1974, Gessa et al., 1974, Moja et al., 1989, 
Fernstrom and Wurtman, 1997). ATD is a non-intrusive and reversible method that can 
be applied to investigate the role of 5-HT in behavioural functions (e.g., mood, anxiety, 
sleep, aggression, memory, impulsivity) in humans as well as in animals (Young, 1996, 
Moore et al., 2000, Bell et al., 2001). The TRP lacking amino acid mixture has been 
shown to reduce plasma TRP and tissue 5-HT levels in overall brain tissue and more 
selective brain structures (e.g., hippocampus) in the rat (Biggio et al., 1974, Gessa et al., 
1974, Moja et al., 1989, Brown et al., 1998).

Previous studies in our lab using a gelatin-based protein-carbohydrate mixture 
showed a robust reduction in plasma TRP (about 70%) and central tissue 5-HT (about 
40–45%) concentrations in adult male Wistar rats (Lieben et al., 2004a). This ATD pro-
cedure resulted in impaired object recognition memory, but did not influence affective 
behaviour (Lieben et al., 2004b). In healthy human volunteers ATD generally results 
in memory impairments, whereas other effects of ATD, such as mood effects, are only 
found in vulnerable subjects (Riedel et al., 1999, Schmitt et al., 2000, Riedel et al., 2002, 
Booij and Van der Does, 2007). 

In this study we examined the effects of this TRP-free gelatin-based protein-car-
bohydrate mixture on affective behaviour and cognition in different rat strains. Since we 
would like to test whether one genotype is more sensitive to ATD treatment, rat strains 
should be selected that do not differ with respect to behaviour but only differ with respect 
to a serotonergic sensitivity. On basis of these ideal conditions we selected adult male 
Sprague Dawley (SD) and Brown Norway (BN) rats. Both BN and SD showed reduced 
immobility in the forced swim test in response to acute treatment with the tricyclic anti-
depressant (TCA) desipramine and the 5-HT1A receptor agonist 8-OH-DPAT (Lahmame 
and Armario, 1996), suggesting a responsive 5-HT system. Furthermore, both BN and 
SD rats show normal activity in the open field test (van der Staay and Blokland, 1996), al-
though BN rats are more active in a novel environment than SD rats (Lahmame and Ar-
mario, 1996, Ferguson and Holson, 1997). In addition, both strains show normal activity 
in the forced swim test (Lahmame et al., 1997), although BNs show higher levels of im-
mobility (Armario et al., 1995, Lahmame and Armario, 1996, Lahmame et al., 1997). SD 
rats are known to more sensitive then Wistars to treatment with paracloroamphetamine 
(PCA) (Zhou et al., 1996), suggesting higher SV in SDs compared to Wistars. BNs show 
a certain degree of resistance in terms of the suppressive effect of dexamethasone on the 
HPA axis (Gomez et al., 1998), suggesting a lower responsiveness of the serotonergic 
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system. Thus, BNs and SDs appear to be comparable in their behavioural performance 
on several tests, although there are some indications of higher SV in SDs than in BNs.

All animals were repeatedly treated with the protein-carbohydrate mixture either 
with (TRP+) or without (TRP-) L-tryptophan, and tested in animal tests of anxiety-re-
lated behaviour (open field test, home cage emergence test, social interaction test), de-
pression-related behaviour (forced swim test) and cognition (object recognition test). 
The magnitude of TRP depletion was determined by measuring plasma amino acid con-
centrations and brain 5-HT and 5-HIAA concentrations. 

Materials and methods

Animals

All experimental procedures were approved by the ethical committee of the Maastricht Uni-
versity for animal experiments and met governmental guidelines. Subjects were twenty-four 
3-month-old male SD rats weighing between 421 and 515g at arrival and 24 male BN rats of 
the same age, weighing between 202 and 235 g at their arrival (Charles River, Germany). 
The rats were housed two of the same strain per cage in standard Macrolon cages on sawdust 
bedding in an air-conditioned room (±21° C). Only during training and testing in the object 
recognition test, the rats were housed individually. The animals had access to food and wa-
ter ad libitum. They were kept under a reversed 12/12-h light/dark cycle. The lights were on 
from 17.00-5.00 h. A radio, which was playing softly, provided background noise. 

Drugs and chemicals

The Gelatin hydrolysate (Solugel P®) was obtained from PB Gelatins (Tessenderlo, Bel-
gium). Glucodry 210 was obtained from the Amylumgroup (Koog aan de Zaan, The 
Netherlands). Kaliumchloride (KCl) and calciumchloride-dihydrate (CaCl2.2H2O) were 
purchased from Merck (Darmstadt, Germany). Tryptophan was obtained from Sigma 
(Zwijndrecht, The Netherlands).

Treatment

During a period of two weeks preceding the experiment, the rats were handled and ha-
bituated to oral injections with normal tap water (up to 10 ml/kg). On testing days the 
rats were treated with a protein-carbohydrate mixture containing TRP (TRP+ group, 
0.30% TRP of the total protein) or lacking TRP (TRP- group). The rats received two 
doses of 10 ml/kg with a 90-minute interval. Each administration contained 4.0 g So-
lugel P/kg and 2.0 g Glucodry 210/kg body weight. The composition of the nutritional 
mixture is shown in Table 1.
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Table 1: Composition of the treatment mixture.

Protein (Solugel®) in 100 ml water 100 g
Alanine 8.4
Arginine 7.7
Aspartic Acid/Asparagine 4.5
Glutamic Acid/Glutamine 10.0
Glycine 23.3
Histidine 0.9
Hydroxylysine 1.5
Hydroxyproline 12.3
Isoleucine 1.2
Leucine 2.6
Lysine 3.3
Methionine 0.9
Phenylalanine 1.6
Proline 13.7
Serine 3.4
Threonine 1.9
Tryptophan 0.0
Tyrosine 0.6
Valine 2.2

Carbohydrate (Glucodry 210) in 80 ml water 50
KCL 0.094
CaCl2.2H2O 2.32
L-tryptophan (TRP- group) 0
L-tryptophan (TRP+ group) 0.28

Table 2: Order of the different behavioural experiments and the number of days treatment was 
given for each of the separate testing groups. 

Week Test Treatment
1, 2 Handling 1

3 Blood sampling 1
4 Open field test 3*

5 Home cage emergence test 3*

6 Social interaction test 2*

7 Forced swim test 3*

8, 9, 10 Object recognition test 2#

11 Blood and brain sampling 1

* Rats were treated with either TRP+ or TRP-. # Rats were treated with TRP+ and TRP- on different testing days

The rats were fasted from 15 h prior to treatment until the testing period was com-
pleted. This was done to minimize the availability of TRP from food. Behavioural testing 
was conducted 4 h after the first oral administration. Treatment always began at 9.00h 
and behavioural testing at 13.00h. At the end of each testing day, the animals had access 
to food for at least 3 hours. The rats were randomly assigned to treatment with TRP+ or 
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TRP- for each test separately, except for the object recognition test, where all rats were 
treated with both TRP+ and TRP- on different days. An overview of the order of testing 
and the number of times the rats were treated with the mixture is given in Table 2. 

Biochemistry

For the determination of plasma amino acid levels blood samples were taken at resting 
values (baseline; i.e., 10 min before the first oral administration; T0) and repeated two 
(T2) and four (T4) hours after the first administration. Blood sampling was done via a tail-
incision method (Fluttert et al., 2000). Promptly after collection of blood in a sodium 
heparin tube (Microvette® CB 300, Sarstedt, Germany), the samples were kept on ice. After 
centrifugation of the blood samples (at 4° C for 15 min at 3000 g in a Hettich EBA 12 cen-
trifuge), plasma samples were frozen in liquid nitrogen and stored at –80° C. Before analy-
sis, samples were thawed at 4° C, vortex-mixed vigorously and centrifuged at 50,000 g in 
a Hereaus Model Biofuge Stratos for 10 min at 4° C. From the clear supernatant 20 µl was 
mixed with 1960 µl water and 20 µl norvaline and stored in the cooled (7° C) sample com-
partment until analysis. Plasma amino acid concentrations were determined with a fully 
automated high-performance liquid chromatography (HPLC) system after precolumn de-
rivatization with o-phthaldialdehyde (OPA) (van Eijk et al., 1993). OPA-AA derivates were 
quantified with fluorescence detection. The concentrations of the total plasma amino acids 
were expressed as µmol/l.

For brain samples of the frontal cortex and hippocampus, rats were decapitated four 
hours after the first administration of treatment and the heads were immersed in liquid 
nitrogen for 6 s. Brain structures were rapidly dissected and then stored at –80° C until fur-
ther use. The tissue samples were homogenized in 250 μl of an ice-cold solution containing 
5 μM clorgyline, 5μg/ml glutathione and 0.6 μM Nω-methylserotonin (NMET, internal 
standard), using a potter tube. To 100 μl homogenate, 25 μl 2 M HClO4 was added and 
mixed. Then 20 μl 2.5 M potassium acetate was added and again mixed. After 15 min in ice 
water, the homogenates were centrifuged during 15 min at 15000g (4° C). The supernatants 
were diluted 10 times with water before HPLC analysis. The concentration of 5-HT and 
5-HIAA in the tissue extracts were measured by HPLC with ECD. The HPLC system con-
sisted of a pump model P100, an autosampler model AS300 (both from Thermo Separation 
Products, Waltham, MA, USA), A ERC-3113 degasser (Erma CR. Inc. Tokyo, Japan), an 
ESA Coulochem II detector with 5011 analytical cell set at potential +450mV (ESA Inc. 
Bedford MA, USA), a BD 41 chart recorder (Kipp & zn, The Netherlands) and a column 
(150 mm × 4.6 mm i.d.) packed with Hypersil BDS C18, 5 μm particle size (Alltech Associ-
ates, USA). The mobile phase solution consisted of 50 mM citric acid, 50 mM phosphoric 
acid, 0.1 mM EDTA, 45 μl/L dibutylamine, 77 mg/L 1-octanesulfonic acid sodium salt, 10% 
methanol; the pH of the buffer was adjusted to 3.4 with NaOH. Separation was performed 
at room temperature using a flow rate of 0.7 ml/min. The concentration of each compound 
was calculated by comparison with both the internal and the external standards. The limit 
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of detection (signal/noise ratio 3:1) was 0.3 nM. Concentrations were expressed as nmol/g. 
From concentrations of 5-HT and 5-HIAA, the 5-HIAA/5-HT turnover was calculated.

Behaviour

Open field test The open field test was conducted in a square, clear Plexiglas box 
(100 × 100 × 40 cm), with an open top and a dark (SD) or grey (BN) floor. The same 
apparatus was used for both strains, but a different flour colour was required for com-
puter tracking of the rats. The arena of the open field was subdivided in ‘corner’ (four 
squares each 16 × 16 cm), ‘wall’ (four rectangles each 16 × 64 cm) and ‘center’ (one square 
64 × 64 cm) zones. Testing was carried out in dimmed white light. A camera was installed 
above the center of the field. Immediately after a rat was placed in the center of the open 
field, the movements and position of the animals were recorded and registered automati-
cally by a computerized system (EthoVision, Noldus Information Technology, Wagenin-
gen, The Netherlands). Reported are the time spent in the center and the corner zones of 
the open field and the total distance moved. Testing was carried out on three consecutive 
days, with one 5-minute trial a day for all rats. The floor of the open field was cleaned with 
a 10% ethanol solution between trials to prevent transmission of olfactory cues.

Home cage emergence test In the home cage emergence test the home cage was placed in an 
arena and the lid of the home cage was removed (Prickaerts et al., 1996). During the testing of 
one rat, its cage mate was placed in another cage for the duration of the trial. A grid was placed 
over the edge of the cage to make it easier for the rats to leave the home cage. Testing was car-
ried out in dimmed white light. A stopwatch was used to measure the latency to leave the cage. 
The experimenter measured the time it took for the rat to climb out of its cage into the arena. 
A criterion was set to determine the escape time: time was stopped and the trial ended when 
all four paws of the rat were over the edge of the cage. If the rat did not emerge from its home 
cage within 300s, the trial was ended, the home cage was closed again and the rat was given 
a score of 300. Between trials the grid was cleaned with a 10% ethanol solution to prevent 
transmission of olfactory cues. This test was carried out on three consecutive days.

Social interaction test In the social interaction test (File and Hyde, 1978, File and Seth, 
2003) two rats were placed in closed part of the open field, 50 × 50 × 40 cm with two black 
and two transparent walls. The two animals that were tested together were weight matched 
and of the same strain, and had received the same treatment (both TRP- or both TRP+). 
The animals were placed in the test area at the same time and spend 10 minutes togeth-
er, which were videotaped for later offline analysis by an observer who was blind to the 
treatment of the rats. Per interaction duo, total time of social interaction was measured, 
subdivided into active social interaction and passive body contact. Active social interac-
tion comprised sniffing, grooming, exploring, following, biting, etc the other rat. During 
passive body contact, the rats touched each other, but did not explore, i.e. sitting or lying 
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together. Social interaction was tested twice, rats received the same treatment on both tri-
als, but were paired with an unfamiliar rat each trial. 

Forced swim test Four cylindrical transparent plastic tanks (40 cm tall × 17 cm di-
ameter), filled to a depth of 30 cm with about 22° C water, were used in the forced swim 
test. Testing was carried out over three consecutive days. When the animals were placed 
in the water, their movements and position were recorded and registered automatically 
by a computerized system (EthoVision, Noldus Information Technology, Wageningen, 
The Netherlands). Reported are the time the rats spent in behavioural immobility, which 
was defined as follows: making no movements or only making those movements that 
were necessary to keep the nose above the water. It was allowed for the rats to move their 
forepaws or support themselves by pressing their paws against the wall of the cylinder. 
Active climbing and swimming along the wall were categorized as strong mobility.

Object recognition test The object recognition test was performed as described in de-
tail elsewhere (Ennaceur and Delacour, 1988, Prickaerts et al., 2002). During training and 
testing, the rats were housed individually. The apparatus consisted of a circular arena, 
83 cm in diameter. Half of the 40-cm-high wall was made of grey polyvinyl chloride, the 
other half of transparent polyvinyl chloride. Testing was carried out in dimmed white 
light. We used four different sets of objects that could not be displaced by a rat. Each 
object was available in triplicate. The different objects were: 1) a cone consisted of a grey 
polyvinyl chloride base (maximal diameter 18 cm) with collar on top made of brass (total 
height 16 cm), 2) a standard 1 l transparent glass bottle (diameter 10 cm, height 22 cm) 
filled with water, 3) a massive metal cube (10 × 5 × 7.5 cm) with two holes (diameter 
1.9 cm), and 4) a massive aluminium cube with a tapering top (13 × 8 × 8 cm). 

On the day preceding testing, the animals were adapted to the procedure, i.e., 
they were allowed to explore the apparatus (without any objects) twice for 3 minutes. In 
the following days, the rats were trained until a stable discrimination performance was 
shown. A testing session comprised two trials. The duration of each trial was 3 min. Two 
objects were placed in a symmetrical position about 10 cm away from the grey wall. A rat 
was always placed in the apparatus facing the wall at the middle of the front (transpar-
ent) segment. During the first trial the apparatus contained two identical objects. After 
the first exploration period the rat was put back in its home cage. One hour later the 
rat was put back in the apparatus for the second trial, but now with dissimilar objects, 
a familiar one and a new one. The duration of exploring each object in both trials was 
recorded manually with a personal computer. Exploration was defined as directing the 
nose to the object at a distance of no more than 2 cm and/or touching the object with 
the nose. Sitting on the object was not considered as exploratory behaviour. In order to 
avoid transmission of olfactory trails, the objects were cleaned with a 10% ethanol solu-
tion between trials. Moreover, each object was available in triplicate so that none of the 
two objects from the first trial had to be used as the familiar object in the second trial. In 
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addition, all combinations and locations of objects were used in a balanced manner to 
reduce potential biases due to preferences for particular locations or objects. 

After the rats were familiarized to the procedures of the task and showed stable base-
line performance, testing with treatment began. The first trial was given four hours after 
the first oral administration. The delay interval of one hour between trial 1 and trial 2 was 
preferable since during this time, plasma TRP levels remain low. The basic measures in the 
object recognition test were the times spent by rats exploring an object during trial 1 and 
trial 2 (e1 and e2 respectively). The discrimination index d2 ((exploration new object trial 2 
– exploration familiar object trial 2)/total exploration time during trial 2) was calculated for 
each treatment condition (Rutten et al., 2007). d2 is a relative index of discrimination be-
tween new and familiar object, because it corrects for total exploration time in trial 2 (Sik et 
al., 2003). Rats that explored less than 5 s in any of the trials or explored only one of the ob-
jects were removed from analysis to avoid possible erroneous conclusions (Sik et al., 2003).

Statistical analysis

For all variables, treatment and strain effects were analysed using parametric statistics 
(ANOVA). Plasma amino acid concentrations were analysed with repeated measures 
ANOVA to include the time factor. Data of the open field test, home cage emergence test 
and forced swim test were aggregated over the three trial to enhance reliability (Ossenkopp 
and Mazmanian, 1985). In the open field, for example, these aggregated data strongly corre-
late with definitions of anxiety in other models, such as the plus maze and the light dark box 
(Blokland et al., 1992, Prickaerts et al., 1996, van der Staay and Blokland, 1996). The mean 
scores over the three testing days were used in statistical analysis, as was done in compa-
rable studies (Blokland et al., 2002, Lieben et al., 2004b, Jans et al., 2007a). Because the data 
of the home cage emergence test was not normally distributed, rank scores were calculated 
and used for statistical testing. Data from the two trials of the social interaction test were 
treated as independent observations because the testing partner differed in the two trials. In 
order to test our specific hypotheses, we also analysed the effects of treatment on behaviour 
in each strain separately. Differences were statistically significant when p< 0.05. 

Results

Biochemistry

Plasma amino acid concentrations of TRP and five other large neutral amino acids (LNA-
As: valine, leucine, isoleucine, phenylalanine, tyrosine) were measured in the beginning 
and at the end of the study, i.e. before and after the period of behavioural testing. The ratio 
of TRP over the sum of the other LNAAs (TRP/ΣLNAA ratio) was calculated for each 
measurement, treatment and strain. As there was no difference in plasma TRP/ΣLNAA 
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ratio between the two blood sampling measurements (before and after the period of be-
havioural testing), data from both blood sampling measurements were pooled together. 
Treatment and strain effects on plasma TRP/ΣLNAA ratio are shown in Figure 1.

At baseline, BNs had higher levels of TRP [F(1,46) = 174.62, p<0.001] and TRP/
ΣLNAA ratio [F(1,46) = 14.56, p<0.001] than SDs. Plasma TRP levels [Time: F(2,86) = 4.92, 
p < 0.01] and the plasma TRP/ΣLNAA ratio [F(2,86) = 27.37, p<0.001] decreased over 
the four hours. In the TRP- condition, plasma TRP levels [Treatment: F(1,43) = 296.39, 
p<0.001] and the plasma TRP/ΣLNAA ratio [Treatment: F(1,43) = 205.64, p<0.001] were 
lower than in the TRP+ condition. There was a Time × Treatment interaction effect on 
plasma TRP concentration [F(2,86) = 123.97, p<0.001] and on the plasma TRP/ΣLNAA 
ratio F(2,86) = 103.90, p<0.001]. In BN rats, plasma TRP levels [Strain: F(1,43) = 108.50, 
p<0.001] and plasma TRP/ΣLNAA ratio [Strain: F(1,43) = 22.77, p<0.001] were higher 
than in SD rats. There was a Time × Strain interaction effect [F(2,86) = 11.99, p<0.001] on 
plasma TRP and a Time × Strain × Treat interaction effect on plasma TRP [F(2,86) = 5.59, 
p<0.01] and on the plasma TRP/ΣLNAA ratio [F(2,86) = 8.39, p<0.001].

 In the frontal cortex there was a Strain × Treatment interaction effect on 5-HT con-
centration [F(1,26) = 8.28, p<0.01], but this interaction was not found in the hippocampus. 
In both frontal cortex and hippocampus, 5-HT concentrations were lower in the TRP- condi-
tion than in the TRP+ condition [Treatment: frontal cortex: F(1,26) = 63.67, p<0.001; hip-
pocampus: F(1,28) = 10.02, p<0.01]. In the frontal cortex 5-HT concentration was higher in 
BN than in SD rats [Strain: F(1,26) = 14.08, p<0.001], whereas in the hippocampus this effect 
was only marginally significant [Strain: F(1,28) = 3.35, p<0.08]. When treatment effects were 
analysed within each strain, lower 5-HT in the TRP- condition was found for both strains 
in the frontal cortex [BN: F(1,12) = 138.68, p<0.001; SD: F(1,14) = 9.20, p<0.01]. In the hip-
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pocampus, 5-HT was lower after TRP- compared to TRP+ treatment in BN [F(1,13) = 7.18, 
p<0.05] but not in SD rats [F(1,14 = 3.26, ns]. Strain and treatment effects on 5-HT in the 
frontal cortex and hippocampus are shown in Figure 2. 

Concentrations of 5-HIAA were lower after TRP- treatment compared to 
TRP+ treatment in both frontal cortex [F(1,25) = 108.56, p<0.001] and hippocampus 
[F(1,29) = 55.23, p<0.001] (data not shown). There were no effects of strain on 5-HIAA 
concentrations and a Strain × Treatment interaction effect was found in the frontal cor-
tex [F(1,25) = 5.84, p<0.05] but not in the hippocampus. When treatment effects were 
analysed within each strain, 5-HIAA concentrations were found to be lower after TRP- 
treatment compared with TRP+ treatment in both strains and brain structures [BN: 

Figure 2. Effects of acute tryptophan depletion on 5-HT (2a), 5-HIAA (2b) and 5-HIAA/5-HT turnover (2c) in the 

frontal cortex and in the hippocampus in BN and SD rats. Strain × Treatment effect + p<0.05; ++ p<0.01; Treatment 

effect; * p<0.05; ** p<0.01; *** p<0.001.
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frontal cortex: F(1,11) = 33.38, p<0.001; BN: hippocampus: F(1,14) = 14.43, p<0.01; SD: 
frontal cortex: F(1,14) = 83.48, p<0.001; SD: hippocampus: F(1,14) = 57.86, p<0.001].

There was a Strain × Treatment interaction effect on the 5-HIAA/5-HT turnover 
[F(1,24) = 5.68, p<0.05] in the frontal cortex, but not in the hippocampus (data not 
shown). In the hippocampus 5-HIAA/5-HT turnover was lower after TRP- compared 
with TRP+ treatment [Treatment: F(1,28) = 7.34, p<0.05], but this effect was not found 
in the frontal cortex. Furthermore, there was no strain effect in the frontal cortex, but 
in the hippocampus 5-HIAA/5-HT turnover was found to be higher in SD than in BN 
rats [Strain: F(1,28) = 4.22, p<0.05]. When treatment effects were analysed within each 
strain, turnover was found to be lower in the TRP- than in the TRP+ condition in SD 
[frontal cortex: F(1,14) = 7.47, p<0.05; hippocampus: F(1,14) = 9.95, p<0.01] but not in 
BN rats. There were no treatment effects on concentrations of dopamine, DOPAC, or 
homovanillic acid (data not shown). 

Behaviour

Open field test Aggregated data of the time spent in the corners of the open field 
and the total distance moved are shown in Figure 3. There were no Treatment × Strain 
interaction effects on any of the outcome measures. SD rats spent less time in the center 
[Strain: F(1,41) = 27.31, p<0.001] and spent more time in corners [Strain: F(1,41) = 5.72, 
p<0.05] of the open field than BN rats, independent of treatment. Independent of strain, 
TRP- treated rats spent less time in the center of the open field than TRP+ treated rats 
[Treatment: F(1.41) = 4.12, p<0.05]. TRP- treated rats showed a trend towards spending 
more time in the corners than TRP+ treated rats [Treatment: F(1,41) = 3.41, p<0.08]. 
There were no effects of treatment or strain on the total distance the rats moved in the 
open field. When treatment effects were analysed within each strain there were no effects 
of treatment on any of the open field measures in BN rats, whereas SD rats spent more 
time in corners [Treatment: F(1,19) = 5.51, p<0.05] and moved a shorter distance [Treat-
ment F(1,19) = 4.52, p<0.05] in the TRP- condition compared to the TRP+ condition.
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Home cage emergence test As the escape latency scores were not normally distribut-
ed, rank scores were calculated. Aggregated data of the escape latency are shown in Fig-
ure 4. Rats treated with TRP- escaped from the home cage faster than rats treated with 
TRP+ [Treat: F(1,43 = 6.70, p<0.05]. There was no effect of strain or a Treatment × Strain 
interaction effect on rank scores of escape latency. When treatment effects were anal-
ysed within each strain, SD rats were found to escape faster in the TRP- condition than 
in the TRP+ condition [Treat: F(1,20) = 4.68, p<0.05], but this treatment effect was not 
found in BN rats.

Social interaction test There were no effects of treatment or strain on the duration 
of social interaction and active social interaction. BN rats showed more passive body 
contact than SD rats [Strain: F (1,20) = 4.88, p<0.05] and spent a larger percentage of 
their social interaction in passive body contact [Strain: F (1,20) = 5.93, p<0.05] inde-
pendent of treatment. There were no significant Treatment × Strain interaction effects. 
When treatment were analysed within each strain, there were no significant effects in 
either strain on any of the variables (F’s < 3.04, ns). Effects on active and passive body 
contact are shown in Figure 5. 
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Figure 4. Home cage emergence test. Effects of ATD on median escape latency in the home cage emergence test. Treatment 
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Forced swim test There was a Treatment × Strain interaction effect on immobility in 
the forced swim test [F(1,41) = 4.22, p<0.05], caused by opposite behavioural responses 
to ATD in BN and SD. Furthermore, the SD rats showed a longer total duration of im-
mobility than the BN rats [Strain: F(1,41) = 43.73, p<0.001]. There was no effect of treat-
ment on the total duration of immobility. Analysing treatment effects within each strain 
revealed a trend towards a longer immobility duration in the TRP- condition compared 
to the TRP+ condition in SD rats [Treatment: F(1,20) = 3.51, p < 0.08], whereas no treat-
ment effect was found on immobility in BN rats. 

Object recognition test In both trials of the object recognition test, SDs had 
higher exploration times than BNs [e1: F(1,89) = 6.22, p<0.05; e2: F(1,88) = 18.00, 
p<0.001]. There were no treatment effects on exploration times in e1 and e2. There was 
a Strain × Treatment interaction effect on e2 [F(1,88) = 5.34, p<0.05] but not on e1. Dis-
crimination index d2 was lower in the TRP- than in the TRP+ condition [Treatment: 
F(1,88) = 20.07, p<0.001] and BNs had higher d2 than SDs [Strain: F(1,88) = 10.01, 
p<0.01]. There was a Strain × Treatment interaction effect on d2 [F(1,88) = 4.70, p<0.05]. 
When treatment effects on d2 were analysed within each strain, d2 was found to be lower 
in the TRP- condition than in the TRP+ condition in SDs [F(1,43) = 19.59, p<0.001], but 
not in BNs. e1, e2, and d2 scores are shown in Table 3. 

Table 3. Effects of treatment and strain on the measures of the object recognition test.

Outcome 
measure Treatment condition Experimental group

Brown Norway Sprague Dawley
e1+ TRP+ 277.67 (15.63) 279.65 (20.99)

TRP- 243.58 (14.52) 331.13 (20.64)

e2+++ TRP+ 306.54 (13.21) 341.39 (26.66)
TRP- 289.00 (18.41) 428.70 (27.40)

d2*** TRP+ 0.32 (0.04) 0.27 (0.06)
TRP- 0.21 (0.04) -0.04 (0.04)

Data represent mean (SEM). Treatment effect *** p< 0.001; Strain effect +++ p<0.001; + p<0.05.
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Discussion
In this study, Sprague Dawley and Brown Norway rats were repeatedly treated with a gel-
atin-based protein-carbohydrate mixture either with or without TRP, to evaluate whether 
there is a difference in SV in these strains. Depletion effects on plasma TRP and the TRP/
ΣLNAA ratio were similar in both strains. In the frontal cortex 5-HT depletion was similar 
in both strains, but in the hippocampus, there was a significant treatment effect on 5-HT 
only in BN rats. In the open field test, SD rats spent more time in the corners and moved a 
shorter distance after TRP- treatment compared to TRP+ treatment, whereas these effects 
were not found in BNs. These data suggest that ATD resulted in more anxious behaviour 
in SD. In the home cage emergence test as well, SD rats showed the strongest behavioural 
response to ATD. In this test however, SDs appeared to be less anxious after ATD, as they 
escaped from the home cage faster. There were no treatment effects on social interaction. 
In the forced swim test, SD showed a trend towards increased immobility in the TRP- 
condition, indicating an increase in depression-related behaviour, which was not found in 
BN rats. Furthermore, SD rats showed impaired object recognition after TRP- treatment, 
whereas the BN rats did not. In general, SD rats showed stronger behavioural responses to 
ATD than BN rats. These findings suggest that SD rats have higher SV than BN rats.

ATD had different behavioural effects on behaviour in the open field test and the 
home cage emergence test, two test of fear/anxiety-related behaviour. While SDs showed 
increased anxiety-related behaviour after TRP- in the open field test (i.e. more time spent 
in the corners and shorter distance moved), they showed less anxiety-related behav-
iour after TRP- in the home cage emergence test (i.e. shorter escape latency). These tests 
may measure different types of fear/anxiety; in the open field test the rat is placed in 
an unfamiliar environment without the possibility of escape, whereas in the home cage 
emergence test the rat can choose either to leave the home cage and enter an unfamiliar 
environment or to stay in the home cage. Nevertheless, this finding was unexpected, 
because previous studies have shown effects in similar directions on these tests (Van den 
Hove et al., 2005, Jans et al., 2007a).

Perhaps the most striking finding in this study is the dissociation between 5-HT 
depletion in the hippocampus and behavioural effects of ATD. BN rats showed signifi-
cant 5-HT depletion in both the frontal cortex and the hippocampus after ATD, but 
no treatment effects on anxiety- and depression- related behaviour. Moreover, object 
recognition memory was not significantly impaired in BNs, although the d2 was lower 
than in untreated sessions. SD rats on the other hand, showed significant ATD-induced 
5-HT depletion in the frontal cortex, but not in the hippocampus; and increased indices 
of anxiety- and depression- related behaviour and impaired object recognition. In SD 
rats, decreased 5-HIAA/5-HT turnover was found in both the frontal cortex and hippo-
campus after ATD, whereas these effects were not found in BN rats. Thus, this decrease 
in 5-HIAA/5-HT may be the critical parameter for the occurrence of ATD effects on 
affective behaviour and cognition. The finding of no significant decrease in 5-HT, but 
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significantly lower 5-HIAA and 5-HIAA/5-HT turnover may suggest that after TRP- less 
5-HT is metabolized into 5-HIAA in the hippocampus of SDs. Apparently however, this 
lack of significant 5-HT depletion in the hippocampus did not prevent the occurrence of 
behavioural effects after ATD. These results suggest that decreased 5-HIAA/5-HT turn-
over, perhaps due to diminished 5-HT neurotransmission, in frontal cortex and hip-
pocampus may be more important in causing behavioural effects of ATD than reduced 
hippocampal 5-HT, but further research is required to resolve this issue.

Another possibility is that 5-HT depletion in brain regions not measured in this 
study are more important for the occurrence of ATD effects of ATD on anxiety-and 
depression- related behaviour than 5-HT or 5-HIAA/5-HT turnover depletion in the 
hippocampus. Although the hippocampus is involved in emotion, it is possible that 5-
HT depletion in other brain structures has stronger effects on affective behaviour. For 
example, increased regional cerebral glucose utilization in the orbitofrontal cortex, me-
dial thalamus, anterior and posterior cingulate cortices, and ventral striatum have been 
found in remitted depressed patients with no medication, but not in healthy volunteers 
(Neumeister et al., 2004). The possible role of ATD effects in these structures on affective 
behaviour and cognition cannot be excluded here, because we only measured 5-HT and 
5-HIAA in frontal cortex and hippocampus. In terms of the object recognition test, it is 
possible that 5-HT depletion in the perirhinal cortex of the temporal lobe, which was not 
measured in the present study, is involved in the ATD effect. In BNs, neither depletion 
of plasma TRP/ΣLNAA ratio nor 5-HT depletion in the hippocampus caused impaired 
object recognition. There is evidence to suggest that this region is more important for 
object recognition than the hippocampus (Winters et al., 2004, Forwood et al., 2005, 
Winters and Bussey, 2005). This might explain the dissociation between hippocampal 
5-HT and object recognition reported in the present study.

Previously, several non-serotonergic explanations of impaired object recognition 
after ATD have been suggested (Riedel et al., 2002, Blokland et al., 2004, Lieben et al., 
2004a). TRP is not only the precursor of 5-HT, but also of the kynurenine (KYN) path-
way, which is quantitatively the most prominent metabolism pathway of tryptophan.

ATD may affect N-methyl-D-asparate (NMDA) receptor functioning via the KYN 
pathway. It is likely that ATD also decreases the amount of KYN, the primary degrada-
tion product of TRP, which is further converted to several metabolites, such as KYN acid 
(KYNA) and quinolinic acid (QUIN). Independent of each other, these metabolites are 
connected with NMDA receptors (Perkins and Stone, 1982), which can inhibit long term 
potentiation and lead to memory impairments (Morris et al., 1986, Saucier and Cain, 
1995). KYNA has an antagonising effect on NMDA receptors and has a neuroprotective 
role, but QUIN can result in overstimulation of NMDA receptors and result in neurotox-
ic effects. Increased activity in the glutamatergic system and NMDA-receptor agonism 
have been hypothesized to be associated with depressed mood (Muller and Schwarz, 
2007), and an increase of QUIN is strongly associated with several prominent features of 
depression, including cognitive deficits, in particular difficulties in learning (Heyes et al., 
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1998). It is also possible that decreased 5-HTergic activity affects glutamatergic func-
tioning and NMDA receptor activity more directly, as 5-HT may inhibit glutamatergic 
neurotransmission (Maura et al., 2000, Shutoh et al., 2000).

Furthermore, ATD has been reported to decrease citrulline (CIT) in the brain 
without affecting peripheral levels (Lieben et al., 2004a). It is known that arginine (ARG) 
is catalysed into CIT and nitric oxide (NO). ATD can affect CIT in the brain without af-
fecting its precursor ARG, which could indicate that ATD might decrease NO synthesis, 
and in this way affect learning and memory (Prast and Philippu, 2001).

Another possible explanation is that ATD results in memory impairment through 
a general decrease in protein synthesis, as drug-induced inhibition of protein synthesis 
in the brain is an animal model of memory disorders (Sarter et al., 1992). However, 
(Klaassen et al., 1999) showed that depletion of the essential amino acid lysine, which 
is not related to cognition or behaviour but was assumed to result in decreased protein 
synthesis, did not affect memory. Likewise, Harrison et al. (Harrison et al., 2004), when 
comparing ATD and acute tyrosine/phenylalanine depletion (ATPD) effects on memory, 
reported that indeed the memory consolidation effect was specific for ATD.

In this study, SD rats showed 50–60% depletion of plasma TRP and significant 
depletion of central 5-HT in the frontal cortex, but not in the hippocampus. In a study 
applying a different ATD method, SDs showed 89% depletion of plasma TRP and signifi-
cant depletion of central 5-HT in frontal cortex, hippocampus, and cortex. Furthermore, 
5-HT1A receptor binding was decreased only in the dorsal raphe (Cahir et al., 2007). 
Perhaps in the present study the plasma TRP depletion level was not sufficient to result 
in significant hippocampal 5-HT depletion. 

Several strain differences in behaviour were found in this study. BN rats showed 
more passive body contact than SD rats, and spent a larger percentage of their social 
interaction in passive body contact. SD rats showed more immobility in the forced swim 
test than BNs. Not all strain effects reported in the present study, however, are necessarily 
genuine. For example, the strain difference that was found in the forced swim test may be 
at least partly explained by the size difference between the strains. As the SD were bigger, 
they were able to rest on their tail more easily and support themselves by spreading their 
paws across the walls of the cylindrical tanks. Therefore, it may have been easier for the 
SDs to show immobility behaviour than for the BNs. This might also explain our finding 
of lower immobility in BN rats compared to SDs, whereas other studies have reported 
passive behaviour of the BN in the forced swim test (Armario et al., 1995, Gomez et al., 
1996, Lahmame et al., 1997). The size of the rats may have been a factor in other tests as 
well, because larger animals may tend to be less inclined to show active behaviours. The 
effects of body size and strain could not be studied separately because all SDs were bigger 
and had a higher body weight than the BNs. 

This study has several other possible shortcomings and limitations. First, the same 
group of rats was frequently subjected to the treatment, although the treatment condi-
tion varied between tests. The tests used in this study required multiple testing trials 
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to obtain valid indices of anxiety and depression. Therefore it is important to note that 
there were no differences in the treatment effect on the plasma TRP/ΣLNAA ratio when 
comparing the data of the blood sampling at the beginning and at the end of the study. 
Apparently, the treatment effect after the second exposure to the treatment was the same 
as after the thirteenth exposure. We therefore assume that the treatment has had compa-
rable biochemical effects throughout the entire study.

Second, the repeated testing of the rats in the successive tests (Table 2) might have 
affected the performance from one test to the other. Because all rats were subjected to the 
same series of tests, we may assume that the effects of repeated testing were similar in all 
groups. Furthermore, there were always at least three days between tests during which 
the rats were left undisturbed and provided with food ad libitum. However, it cannot be 
excluded that this successive testing could have interfered with treatment effects. This 
can only be tested if naïve rats are used for each individual test.

In conclusion, SD rats appear to have higher serotonergic vulnerability than BN 
rats, as they showed an increase in anxiety- and depression- related behaviour and im-
paired object recognition after ATD. The higher SV in SDs may be related to the ATD-
induced decrease in 5-HIAA/5-HT turnover in the frontal cortex and hippocampus, 
which was not found in BNs. It appeared that depletion of plasma TRP/ΣLNAA was 
not predictive of 5-HT depletion in the hippocampus, and that plasma TRP/ΣLNAA 
and central 5-HT depletion did not necessarily result in decreased 5-HIAA/5-HT turn-
over. BNs and SDs showed similar plasma TRP/ΣLNAA depletion, but central 5-HT and  
5-HIAA/5-HT depletion were different: only BNs showed significant 5-HT depletion in 
the hippocampus, and only SDs showed decreased 5-HIAA/5-HT depletion in frontal 
cortex and hippocampus. Behavioural effects of ATD were found only in SD rats. 
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Abstract
Several types of stress can increase the vulnerability to develop depression. 
This may be caused by stress effects on the serotonergic system that make 
the system more vulnerable. Serotonergic vulnerability entails that differ-
ences between people in the regulation of serotonin determine the vulner-
ability of an individual to develop depression or other serotonin-related 
disorders. The aim of the present experiment was to evaluate whether 
chronic mild stress (CMS) results in chronic or long-lasting serotonergic 
vulnerability, reflected by a stronger behavioural response to ATD several 
weeks after the CMS had ended. Wistar rats were exposed to three weeks 
of CMS followed by a two-week resting period. Subsequently the rats were 
repeatedly subjected to treatment with a gelatin-based protein-carbohy-
drate mixture, either with or without L-tryptophan. The CMS caused an-
hedonia, blunted weight gain and lower corticosterone levels. As expected, 
after the two-week resting period CMS had no effects on behaviour, except 
an increased escape latency in the home cage emergence test in CMS rats. 
There were no CMS × ATD interaction effects on behaviour. Acute trypto-
phan depletion also had some effects on behaviour, such as reduced time 
spent in the open zones of the zero maze and increased aggressive behav-
iour in the social interaction test in controls and impaired object memory 
in all rats. The CMS did not result in increased sensitivity to ATD, only 
on the social interaction test did the CMS rats react stronger to ATD than 
the controls. CMS TRP- rats showed less passive body contact than CMS 
TRP+ rats. Overall, we conclude that CMS did not result in long-lasting 
vulnerability of the 5-HTergic system, as measured by the behavioural re-
sponse to ATD two weeks and longer after the CMS had ended. 
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Introduction
Depression results from a combination of innate and environmental factors that each 
modify the risk of an individual to develop symptoms. Stress is one of the most potent 
environmental factors (Markus 2003). Depression is often preceded by stressors (van 
Praag 2004) and chances to develop a depressive episode are increased five or six fold 
after stressful life events (Connor and Leonard 1998). There is also evidence to indi-
cate that exposure to chronic low grade stress may predispose to depression (Willner 
1990). Stress consists of a threatening of homeostasis to which the organism reacts with 
biological changes that are probably an adaptive response, serving to sustain well-be-
ing (Anisman and Merali 2003; Markus 2003). During stress, activity of the brain sero-
tonin (5-Hydroxytryptamine, 5-HT) system and hypothalamic-pituitary-adrenal (HPA) 
axis rises. Acutely, increased corticosteroid levels cause higher CNS 5-HT turnover by 
increasing tryptophan availability and stimulation of tryptophan hydroxylase activity 
(Davis et al. 1995; Maccari et al. 2003) and increased responsivity of the 5HT1A receptor 
system (Meijer and de Kloet 1994; Young et al. 1994).

A person may adapt to the stressor by responding in a way that reduces the im-
pact of the stressor (Prickaerts and Steckler 2005). If this coping fails, stress can result 
in a long-lasting state of distress, which is reflected in abnormal HPA axis activity and 
altered limbic function. When cortisol/corticosterone levels remain high, this will in 
time result in decreased 5-HT turnover and 5-HT1A responsivity and increasing the risk 
of developing depression (de Kloet et al. 2005; van Praag 2004).

5-HT is known to be involved in many physiological and behavioural processes, 
including mood, appetite, sleep, activity, sexual behaviour, and cognition. Although the 
mechanisms underlying depression are not yet fully understood, there is general consensus 
that 5-HT is involved in depression. The original hypothesis that low serotonin has a direct 
role in depression has been through several modifications and low 5-HTergic neurotrans-
mission is now thought to operate as a biological risk factor, that may play an important role 
in the triggering and maintenance of mood disorders (Maes and Meltzer 1995). Recently, 
serotonergic functioning has been proposed as a vulnerability factor in the development of 
depression and other 5-HT related symptoms and disorders (Jans et al. 2007b). Vulnerabil-
ity of the serotonergic system (serotonergic vulnerability, SV) means that there is a vulner-
ability or increased sensitivity to alterations or dysregulations in the serotonergic system, 
hence SV can be demonstrated by challenging the 5-HT system; vulnerable and non-vul-
nerable subjects will react differently to these manipulations (Jans et al. 2007b).

According to this view, the serotonergic functioning of an individual determines 
the vulnerability of that individual to develop 5-HT related disorders. This implies that 
there are differences in the 5-HT functioning between individuals and that the devel-
opment of depression, anxiety, or other 5-HT related disorders is associated with the 
presence of a priori abnormalities in the functioning of this system. There are various 
factors that may interfere with 5-HTergic functioning and stress is one of these factors. 
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Stress may disrupt the 5-HT system, resulting in serotonergic vulnerability, but psycho-
pathological symptoms do not occur until a threshold is reached where the system can 
no longer compensate for the disrupted 5-HTergic functioning (Jans et al. 2007b). This 
implies that stress alone may result in vulnerability of the 5-HT system, but may not 
be enough to cause symptoms. A further challenge of the 5-HT system may then elicit 
symptoms such as increased anxiety- and depression- related behaviour. As stress influ-
ences several physiological processes and neurotransmitter systems including the 5-HT 
system, and predisposes to depression, the question is whether stress can cause increased 
vulnerability to a challenge of the 5-HTergic system, indicating SV. 

In an attempt to answer this question, rats were exposed to pretreatment with 
chronic mild stress (CMS) and, at a later stage, treatment with acute tryptophan deple-
tion (ATD) in order to challenge the 5-HTergic system in order to reveal possible SV. 
CMS induces anhedonia (Willner et al. 1992), a core symptom of depression that is de-
fined as “the decreased capacity to experience pleasure of any sort” (Fawcett et al. 1983). 
CMS models anhedonia by inducing a decrease in responsiveness to reward, generally 
reflected by decreased intake or preference of a sucrose-solution (Willner 2005; Willner 
et al. 1992). The reduction in sucrose intake by CMS is a robust effect that can be re-
turned to normal by chronic antidepressant treatment, including treatment with several 
SSRIs (Grippo et al. 2006; Muscat et al. 1992; Papp et al. 2002; Przegalinski et al. 1995). 
CMS also causes behavioural changes in animals that resemble symptoms of depres-
sion, including decreased sexual and aggressive behaviour and decreased anxiety in the 
elevated plus maze, whereas social interaction was not affected (D’Aquila et al. 1994). 
Increased immobility in the forced swim test has been reported repeatedly (Bielajew et 
al. 2003; Garcia-Marquez and Armario 1987; Molina et al. 1994). Rats exposed to CMS 
gain weight more slowly than control rats (Muscat and Willner 1992) and show corticos-
terone hypersecretion (Ayensu et al. 1995) indicating increased HPA axis activity. CMS 
causes changes in the binding properties of neuroreceptor systems, including decreases 
in D2/ D3 receptors in the nucleus accumbens and increases in cortical beta-adrenergic, 
hippocampal 5-HT1A and cortical 5-HT2A receptors (Dziedzicka-Wasylewska et al. 1997; 
Klimek and Papp 1994; Papp et al. 1994a; b; Papp et al. 2002; Papp et al. 1994c). 

In order to reveal possible SV, we used ATD to challenge the 5-HT system. In 
ATD, L-tryptophan (TRP) – the essential amino acid that is the precursor of 5-HT – is 
depleted, resulting in lower central 5-HT levels. The method of ATD has been frequently 
used as a tool to reduce systemic TRP levels and consequently central 5-HT concentra-
tions (Biggio et al. 1974; Fernstrom and Wurtman 1997; Gessa et al. 1974; Moja et al. 
1989). ATD is a non-intrusive and reversible method that can be applied to investigate 
the role of 5-HT in behavioural functions (e.g., anxiety, sleep, aggression, memory, im-
pulsivity) in humans as well as in animals (Bell et al. 2001; Moore et al. 2000; Young 
1996). Previous studies in our lab using a gelatin-based-carbohydrate mixture showed 
a robust reduction in plasma TRP (about 70%) and central tissue 5-HT (about 40–45%) 
concentrations in male Wistar rats (Lieben et al. 2004a). In male Wistar rats, this ATD 
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method has been reported to impair object memory, but not affective behaviour (Lieben 
et al. 2004b). In healthy human volunteers, ATD generally results in memory impair-
ments, whereas other effects of ATD, such as effects on mood, are only found in vulner-
able subjects, for example subjects with a personal or family history of depression and 
subjects with a genetic vulnerability (Booij et al. 2003; Riedel et al. 1999; Riedel et al. 
2002a; Schmitt et al. 2000). Thus, vulnerable subjects are assumed to show a stronger 
behavioural response to this 5-HT challenge than non-vulnerable subjects, for example 
a stronger anxiety- or depression-like response on one of the behavioural tests.

In this study we examined the effects of this TRP-free protein-carbohydrate mixture 
on affective and cognitive behaviour in adult male Wistar rats that had previously been 
exposed to chronic mild stress (CMS pretreatment) or not (control pretreatment). All 
animals were tested in models of anxiety-related behaviour (open field test, home cage 
emergence test, elevated zero maze, social interaction test), depression-related behaviour 
(forced swim test) and cognition (object recognition test). The magnitude of TRP deple-
tion was determined by measuring plasma amino acid concentrations. Because the aim 
of this study was to evaluate whether CMS caused chronic/long-lasting vulnerability of 
the serotonergic system, the CMS period was followed by a two-week resting period, 
before the effects of ATD on behaviour were tested. This period was applied since we 
intended to induce a difference in SV without a priori behavioural differences between 
both experimental groups. This study design allows interpreting a stronger behavioural 
effect of ATD in the CMS group in terms a vulnerable 5-HT system.

Experimental procedures

Animals

All experimental procedures were approved by the local ethical committee of the Maas-
tricht University for animal experiments and met governmental guidelines. Subjects 
were 48 two-month-old male Wistar rats weighing between 226 and 274 g at arrival 
(Charles River, The Netherlands). The rats were housed in standard Macrolon cages on 
sawdust bedding in an air-conditioned room (±21° C). They were housed individually 
during the CMS period and two per cage during the behavioural tests except for the 
object recognition test. The animals always had free access to water. They were kept un-
der a reversed 12/12-h light/dark cycle. The lights were on from 17.00–05.00 h. A radio, 
which was playing softly, provided background noise. 

Drugs and chemicals

The Gelatin hydrolysate (Solugel P®) was obtained from PB Gelatins (Tessenderlo, Bel-
gium). Glucodry 210 was obtained from Tate & Lyle (Koog aan de Zaan, The Neth-
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erlands). Kaliumchloride (KCl), calciumchloride-dihydrate (CaCl2.2H2O) and 5-sulfo-
salicylic acid dihydrate were purchased from Merck (Darmstadt, Germany). Tryptophan 
and sucrose were obtained from Sigma (Zwijndrecht, The Netherlands). 

Sucrose consumption

The rats were habituated to drinking a 1% sucrose solution by replacing the normal wa-
ter with the sucrose solution for 48 h, while the rats had ad libitum access to food. On the 
next day, baseline sucrose consumption in the sucrose consumption test was measured. 
In this procedure, all rats were deprived of food and water for 14 h, starting at the begin-
ning of the dark phase of the light/dark cycle. After the 14 h deprivation period, the rats 
were provided with the sucrose-solution for one hour and the amount each rat drank 
was calculated in ml/kg, corrected for body weight. This procedure was repeated with all 
animals once a week during the CMS period and once more two weeks after the CMS. 

Chronic mild stress

The rats were matched on baseline sucrose consumption and body weight and divided 
into the CMS-group and the control group, with n = 24 in each group. The CMS period 
lasted three weeks. Stressors for the CMS were food and water deprivation, lights on 
and off every hour, housing in mouse cages, tilting the cages 45°, 300 ml cold water in 
the cage, stroboscopic light, housing in dirty cages (with excreta of another rat), and 
housing in empty cages without sawdust. On Monday to Friday rats in the CMS group 
were exposed to two stressors a day, each for the duration of two h. In order to maintain 
a low level of predictability, times and order of the CMS were not fixed, but one always 
took place in the morning and one in the afternoon. On Saturday all rats underwent 
the sucrose consumption test. On Sunday the CMS rats were exposed to two stressors 
simultaneously for a duration of 6 h, one of the stressors always being lights on during 
the dark period or food deprivation. CMS rats were exposed to stressors in a different 
room than where the controls were housed. During the CMS period the rats in the con-
trol group were left undisturbed as much as possible, except for weekly measurement 
of body weight and sucrose consumption. At the end of the CMS period blood samples 
were taken to measure corticosterone levels. After the CMS period, there was a two-week 
resting period, in which all rats were left undisturbed except from weekly body weight 
measurements. After two weeks, sucrose consumption was measured again. 

Corticosterone measurement

On the day after the CMS period, blood samples were taken for measuring corticoste-
rone (CORT) levels between 12 and 15.30. Within 90 s of taking the rat from its home 
cage, a first blood samples was collected to determine baseline CORT levels. Immedi-



137

The influence of chronic mild stress on the behavioural effects of acute tryptophan depletion

ately after taking this first blood sample the rat was placed in a mouse cage with 500 ml 
water of 25° C for 20 minutes, after which a second blood sample was taken. After this, 
the rat was returned to its home cage and left undisturbed for 40 minutes after which 
a third blood sample was taken. CORT was measured again, following the same proce-
dure, after all behavioural tests were finished. In this measurement, effects of TRP+ and 
TRP- on CORT were studied. Baseline blood samples were collected 4 h after the first 
injection with TRP+ or TRP-.

Blood samples were kept on ice and subsequently centrifuged at 3000 g for 10 min-
utes at 4° C after which the plasma was frozen down at –80° C for subsequent deter-
mination. For the determination of the plasma CORT concentrations, 50 μl of plasma 
was extracted with 3 ml dichloromethane and vortexed for 1 min. The CORT was then 
measured directly on 1 ml dried dichloromethane and extracted for radioimmunoassay 
using corticosterone-125I. The radioimmunological reaction was performed overnight at 
4° C, after which a second antibody system was used to separate bound and unbound 
steroid as previously described in detail (Sulon et al. 1978).

Acute tryptophan depletion 

During one week preceding the behavioural tests the rats were habituated to oral injections 
with normal tap water (up to 10 ml/kg). On testing days the rats were treated with a pro-
tein-carbohydrate mixture containing TRP (TRP+ group, 0.30% TRP of the total protein) 
or lacking TRP (TRP- group). The rats received two doses of 10 ml/kg with a 90-minute 
interval. Each administration contained 4.0 g Solugel P/kg and 2.0 g Glucodry 210/kg of 
the body weight. The composition of the nutritional mixture is shown in Table 1. 

The rats were fasted from at least 12 h prior to treatment until the testing period 
was completed. This was done to minimize the availability of TRP from food. Behav-
ioural testing was conducted 4 h after the first oral administration. At the end of each 
testing day, the animals had ad libitum access to food for at least 3 hours. The rats were 
randomly assigned to treatment with TRP+ or TRP- for each test separately, except for 
the object recognition test, where all rats were treated with both TRP+ and TRP- on dif-
ferent days. An overview of the order of testing and the number of times the rats were 
treated with the mixture is given in Table 2. 

For the determination of plasma amino acid levels blood samples were taken at rest-
ing values (T0; i.e., 10 min before the first oral administration) and repeated at 4 h after the 
first administration (T4). Blood sampling was done via a tail-incision method (Fluttert et 
al. 2000). Promptly after collection of blood in a sodium heparin tube (Microvette® CB 
300, Sarstedt, Germany), the samples were kept on ice. After centrifugation of the blood 
samples (at 4° C for 15 min at 3000 g in a Hettich EBA 12 centrifuge), plasma was de-
proteinised with cups containing dry 5-sulfosalicylic acid (17 μl of a 5 mg/10 ml milliQ 
water solution with 100µl plasma) and the protein was spun down. Samples were frozen 
in liquid nitrogen and stored at –80° C. Before analysis, samples were thawed at 4° C, vor-
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tex-mixed vigorously and centrifuged at 50,000 g in a Hereaus Model Biofuge Stratos for 
10 min at 4° C. From the clear supernatant 20 µl was mixed with 1960 µl water and 20 
µl norvaline and stored in the cooled (7° C) sample compartment until analysis. Plasma 
amino acid concentrations were determined with a fully automated high-performance 
liquid chromatography (HPLC) system after precolumn derivatization with o-phthaldial-
dehyde (OPA) (van Eijk et al. 1993). OPA-AA derivates were quantified with fluorescence 
detection. The concentrations of the total plasma amino acids were expressed as µmol/l.

Table 1: Composition of the treatment mixture.

Protein (Solugel®) in 100 ml water 100 g
Alanine 8.4
Arginine 7.7
Aspartic Acid/Asparagine 4.5
Glutamic Acid/Glutamine 10.0
Glycine 23.3
Histidine 0.9
Hydroxylysine 1.5
Hydroxyproline 12.3
Isoleucine 1.2
Leucine 2.6
Lysine 3.3
Methionine 0.9
Phenylalanine 1.6
Proline 13.7
Serine 3.4
Threonine 1.9
Tryptophan 0.0
Tyrosine 0.6
Valine 2.2

Carbohydrate (Glucodry 210) in 80 ml water 50
KCL 0.094
CaCl2.2H2O 2.32
L-tryptophan (TRP- group) 0
L-tryptophan (TRP+ group) 0.28

Behaviour

Open field test The open field test was conducted in a square, clear Plexiglas box 
(100 × 100 × 40 cm), with an open top and a dark floor. The arena of the open field 
was subdivided in ‘corner’ (four squares each 16 × 16 cm), ‘wall’ (four rectangles each 
16 × 64 cm) and ‘center’ (one square 64 × 64 cm) zones. Testing was carried out in 
dimmed white light. A camera was installed above the center of the field. Immediately 
after a rat was placed in the center of the open field, the movements and position of the 
animals were recorded and registered automatically by a computerized system (Ethovi-
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sion, Noldus Information Technology, Wageningen, The Netherlands). Reported are the 
time spent in the center and the corner zones of the open field and the total distance 
moved. Testing was carried out on three consecutive days, with one 5-minute trial a day 
for all rats. Between trials, the open field was cleaned with water and ethanol to pre-
vent transmission of olfactory cures. Open field behaviour was tested between 13.00 h 
and 16.30 h. Data of the three trials were aggregated to enhance reliability (Ossenkopp 
and Mazmanian 1985) . These aggregated data strongly correlate with definitions of anx-
iety in other models, such as the plus maze and the light dark box (Blokland et al. 1992; 
Prickaerts et al. 1996; van der Staay and Blokland 1996). 

Table 2. Overview of the experiment, order of the different behavioural tests and the number of 
treatments the rats received.

Week Day CMS group Control group ATD treatments 
per rat

1 1-2 Habituation sucrose solution
3 Sucrose consumption test
4 Group division CMS and control

2 1 Body weight
1-6 CMS (undisturbed)
7 Sucrose consumption test

3 1 Body weight
1-6 CMS (undisturbed)
7 Sucrose consumption test

4 1 Body weight
1-6 CMS (undisturbed)
7 Sucrose consumption test

5 1 Collecting blood for corticosterone
2-6 Resting period (both groups undisturbed)
7 Body weight

6 2-6 Resting period (undisturbed)
7 Sucrose consumption test

7 1-7 Habituation ATD 1
8 3, 5 Collecting blood samples AA 1
9 1-6 Open field test* 3

10 1-6 Elevated zero maze* 3
11 1-6 Home cage emergence test* 3
12 2, 5 Social interaction test* 2
13 3-5 Forced swim test* 3
14 1-6 Training Object recognition test
15 1-4 Object recognition test# 2
16 2-3 Collecting blood for corticosterone 1
17 2-5 Collecting blood and brain samples AA 1

* Rats were treated with either TRP+ or TRP- and received the same treatment on all testing days. # Rats were 
treated with both TRP+ and TRP- on different testing days.
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Elevated zero maze The zero-maze, originally described in Shepherd et al. (Shepherd 
et al. 1994), was made of black plastic that was transparent for infrared light. It consisted 
of a circular runway (98 cm in diameter, 10 cm path width, 14 cm above floor level) which 
was divided equally into two opposite open and two opposite parts enclosed with 50 cm 
high side walls. A 7 mm high edge surrounded the open parts to prevent rats from falling 
of the maze. A rat was placed into one of the open parts facing a closed part and allowed to 
explore the maze over a period of 5 min. The duration a rat spent in the open and closed 
zones and the total distance moved in the maze were measured under low light conditions 
via an infrared video camera connected to a video tracking system (Ethovision, Noldus 
Information Technology, Wageningen, The Netherlands). Between trials, the zero maze 
was cleaned with water and ethanol to prevent transmission of olfactory cures. Testing 
was carried out between 13.00 h and 16.30 h on three consecutive days, with one trial 
a day for all rats. Data of the three trials were aggregated to enhance reliability.

Home cage emergence test In the home cage emergence test the home cage was placed 
in an arena and the lid of the cage was removed (Prickaerts et al. 1996). During the test-
ing of one rat, its cage mate was placed in another cage for the duration of the trial. A grid 
was placed over the edge of the cage to make it easier for the rats to leave the home cage. 
Testing was carried out in dimmed white light. A stopwatch was used to measure the 
latency to leave the cage. The experimenter measured the time it took for the rat to climb 
out of its cage into the arena. A criterion was set to determine the escape time. Time was 
stopped and the trial ended when all four paws of the rat were over the edge of the cage. 
If the rat did not emerge from its home cage within 300 s, the trial was ended, the home 
cage was closed again and the rat was given a score of 300. This test was carried out on 
three consecutive days.

Social interaction test In the social interaction test (File and Hyde 1978; File and Seth 
2003) two rats were placed in closed part of the open field, 50 × 50 × 40 cm with two 
black and two transparent walls. The two animals that were tested together were weight 
matched and of the same pretreatment (both CMS or both control), and had received 
the same treatment (both TRP- or both TRP+). The animals were placed in the test area 
at the same time and spend 10 minutes together, which were videotaped for later offline 
analysis by an observer who was blind to the treatment of the rats. Per interaction duo, 
the duration of general investigation, anogenital investigation, aggressive behaviour, pas-
sive body contact and rearing were measured. General investigation consisted of sniff-
ing, grooming, etc the other rat, except for the anogenital region. Aggressive behaviour 
comprised mainly kicking the other rat. During passive body contact, the rats touch each 
other, but do not explore, i.e. sitting or lying together. 

Forced swim test Three cylindrical transparent plastic tanks (40 cm tall × 17 cm di-
ameter), filled to a depth of 30 cm with 22 (±1)° C water, were used in the forced swim 



141

The influence of chronic mild stress on the behavioural effects of acute tryptophan depletion

test. Testing was carried out over two consecutive days. When the animals were placed 
in the water, their movements and position were recorded and registered automatically 
by a computerized system (Ethovision, Noldus Information Technology, Wageningen, 
The Netherlands). Reported are the time the rats spent in behavioural immobility, mo-
bility and strong mobility. The behavioural variable ‘immobility’ was defined as follows: 
making no movements or only making those movements that were necessary to keep 
the nose above the water. It was allowed for the rats to move their forepaws or support 
themselves by pressing their paws against the wall of the cylinder. Active climbing and 
swimming along the wall were categorized as strong mobility. 

 Object recognition test The object recognition test was performed as described in de-
tail elsewhere (Ennaceur and Delacour 1988; Prickaerts et al. 2002). During training and 
testing, the rats were housed individually. The apparatus consisted of a circular arena, 
83 cm in diameter. Half of the 40-cm-high wall was made of grey polyvinyl chloride, the 
other half of transparent polyvinyl chloride. Testing was carried out in dimmed white 
light. We used four different sets of objects that could not be displaced by a rat. Each 
object was available in triplicate. The different objects were: 1) a cone consisted of a grey 
polyvinyl chloride base (maximal diameter 18 cm) with collar on top made of brass (total 
height 16 cm), 2) a standard 1 l transparent glass bottle (diameter 10 cm, height 22 cm) 
filled with water, 3) a massive metal cube (10 × 5 × 7.5 cm) with two holes (diameter 
1.9 cm), and 4) a massive aluminium cube with a tapering top (13 × 8 × 8 cm). 

In the week preceding treatment, the animals were adapted to the procedure, i.e., 
they were allowed to explore the apparatus (without any objects) twice for 3 minutes. 
In the following days, the rats were tested until a stable discrimination performance was 
shown. A testing session comprised two trials. The duration of each trial was 3 min. Two 
objects were placed in a symmetrical position about 10 cm away from the grey wall. A rat 
was always placed in the apparatus facing the wall at the middle of the front (transparent) 
segment. During the first trial the apparatus contained two identical objects. After the 
first exploration period the rat was put back in its home cage. One hour later the rat was 
put back in the apparatus for the second trial, but now with dissimilar objects, a familiar 
one and a new one. The duration of exploring each object in both trials was recorded 
manually with a personal computer. Exploration was defined as directing the nose to 
the object at a distance of no more than 2 cm and/or touching the object with the nose. 
Sitting on the object was not considered as exploratory behaviour. In order to avoid the 
presence of olfactory trails, the objects were always thoroughly cleaned. Moreover, each 
object was available in triplicate so that none of the two objects from the first trial had 
to be used as the familiar object in the second trial. In addition, all combinations and 
locations of objects were used in a balanced manner to reduce potential biases due to 
preferences for particular locations or objects. 

After the rats were familiarized to the procedures of the task, testing with treat-
ment began. The first trial was given 4 h after the first oral administration. The delay 
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interval of one hour was preferable since during this time, we expected the plasma 
TRP levels to remain at low level. The basic measures were the total exploration time 
of both objects during trial 1 and trial 2, e1 and e2, respectively. Rats that explored 
less than 10 seconds in any of the trials or explored only one of the objects were re-
moved from analysis to avoid possible erroneous conclusions. A discrimination index 
d2 (d2 = (exploration new object – exploration familiar object)/total exploration time 
during test trial) were calculated. 

Statistical analysis

For all variables, treatment effects were analysed using parametric statistics (ANOVA). 
Data of the open field test, home cage emergence test and forced swim test were ag-
gregated over the three trials to enhance reliability (Ossenkopp and Mazmanian 1985). 
The mean scores over the three testing days were used in statistical analysis, as was 
done in comparable studies (Blokland et al. 2002; Jans et al. 2007a; Lieben et al. 2004b). 
Data of the home cage emergence test were not normally distributed, therefore rank 
scores were calculated. Data from the two trials of the social interaction test were 
treated as independent observations because the testing partner differed on the two 
trials. Plasma amino acid concentrations and CORT levels were analysed with repeated 
measures ANOVA to include the time factor. In order to test our specific hypotheses, 
we also analysed the effects of ATD treatment on behaviour in each CMS pretreatment 
group separately. 

Results

Chronic mild stress

Body weight The effects of CMS pretreatment are shown in Figure 1. At the begin-
ning of the study there was no difference in body weight between the CMS group and 
the control group [F(1,46) = 2.79, ns]. During the 3 weeks of CMS rats in both groups 
gained weight [Time F(2,92) = 773.93, p<0.001] but the controls gained significantly 
more weight than the CMS rats [CMS: F(1,46) = 17.94, p<0.001]. Over the 12 measure-
ments of the entire experiment, both groups gained weight [Time: F(11,495) = 1051.29, 
p<0.001] but the controls gained more weight than the CMS rats [CMS: F(1,45) = 4.34, 
p<0.05]. Further analysis revealed that the difference in weight was different during the 
CMS and resting period (Figure 1a) and remained significant until 6 weeks after the 
CMS period (data not shown). 

Sucrose consumption As the rats were matched on baseline sucrose intake, there was 
no difference between the CMS group and the control group in sucrose consumption 
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at the beginning of the CMS period [CMS pretreatment: F(1,46) = 0.004, ns]. Sucrose 
intake was then measured at the end of each of the three weeks of CMS. There was no 
Time × CMS pretreatment interaction effect. During the CMS period, sucrose intake 
decreased over time [Time: F(2,90) = 11.20, p<0.001]. In the CMS pretreatment group, 
sucrose intake was significantly lower than in the control pretreatment group [CMS pre-
treatment: F(1,45) = 16.50, p<0.001]. Further analysis showed that the difference in su-
crose intake between the CMS and the control group was significant at the end of week 
2 and week 3 of the CMS. Sucrose intake was measured again at the end of the 2 week 
resting period that followed CMS/control pretreatment. At this point there was no dif-
ference in sucrose intake [CMS pretreatment: F(1,46) = 0.15, ns]. Sucrose consumption 
data are shown in Figure 1b.

Corticosterone levels CORT levels were measured for the first time after the CMS pe-
riod (see table 2). There was no Time × CMS pretreatment interaction effect. CORT lev-
els changed over the time of the three measurements (baseline, 20 min, and 60 min after 
baseline; Figure 1c) [Time: F(2,30) = 136.10, p<0.001]. There was a significant stress re-
sponse (T0-T20) [F(1,15) = 379.99, p<0.001] and recovery (T20 – T60) [F(1,15) = 119.89, 
p<0.001]. CORT levels in the CMS pretreatment group were significantly lower than in 
the control condition [CMS pretreatment: F(1,15) = 5.51, p<0.05]. 
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When all behavioural tests were finished, blood samples were collected after TRP+ 
or TRP- treatment for the second CORT measurement (Figure 2). There was no CMS 
pretreatment × ATD treatment interaction effect and there were no effects of CMS pre-
treatment or ATD treatment individually on CORT levels [F’s < 2.14]. In all groups, 
CORT levels changed over time in response to the acute stress and recovery from the 
stress [Time: F(2,56) = 92.83, p<0.001]. 

During the stress response (baseline – T20), CORT levels increased significant-
ly as a result of the acute stress [F(1,28) = 794.02, p<0.001]. A Stress response × ATD 
treatment interaction effect was found [F(1,28) = 5.16, p< 0.05], with TRP+ treated rats 
showing a stronger CORT increase than the TRP- treated rats, irrespective of CMS pre-
treatment. When stress response effects were analysed within each CMS pretreatment 
and ATD treatment group, all groups showed a significant stress response [F’s > 354.79, 
p’s < 0.001. Within the TRP+ rats, the CMS rats showed lower CORT levels than the 
TRP+ controls [CMS pretreatment: F(1,14) = 8.46, p<0.05]. 

When looking at the recovery (T20 – T60), there was a general time effect 
[F(1,28) = 27.03, p<0.001] indicating that CORT levels were reduced after the recovery 
period. When recovery effects were analysed within each CMS pretreatment and ATD 
treatment group, it was found that TRP- treated rats did not show significant recovery of 
CORT levels from T20 to T60, whereas TRP+ treated rats did.

Acute tryptophan depletion

Plasma amino acid concentrations of TRP and the ratio of TRP over the sum of the other 
large neutral amino acids (TRP/ΣLNAA ratio) were calculated in the beginning and at 
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the end of the study, i.e. before and after the period of behavioural testing. Data from 
both blood sampling measurements were pooled together, as there was no difference in 
treatment effects on TRP and the TRP/ΣLNAA ratio between the blood sampling mea-
surements before and after the period of behavioural testing [F’s <1.78, ns].

Plasma levels of TRP and the TRP/ΣLNAA ratio decreased over the four hours 
[Time: TRP F(1,56) = 90.34, p < 0.001; Ratio F(1,56) = 185.55, p<0.001]. There was 
an ATD treatment effect on both TRP level [F(1,56) = 24.68, p < 0.001] and the 
TRP/ΣLNAA ratio [F(1,56) = 29.48, p<0.001] and an interaction effect [Time × ATD 
Treatment: TRP F(1,56) = 63.28, p < 0.001; Ratio F(1,56) = 83.38, p<0.001] indicating 
that TRP and TRP/ΣLNAA ratio levels decreased much more in the TRP- condition 
compared to the TRP+ condition. Pretreatment with CMS did not affect baseline 
plasma TRP or the TRP/ΣLNAA ratio [F’s <1.26, ns]. Treatment effects on the TRP/
ΣLNAA ratio are shown in Figure 3.

Behaviour

Open field test Aggregated data were calculated of the time spent in the center and 
corners of the open field and the total distance moved (Figure 4). There were no CMS 
Pretreatment × ATD Treatment interaction effects on any of the outcome measures. Nei-
ther pretreatment with CMS or control nor treatment with TRP+ or TRP- had any effect 
on any of the outcome parameters (all F’s < 1.73). When treatment effects were analysed 
within each pretreatment group there were no effects of treatment on any of the open field 
outcome parameters in the both the CMS group and the pretreatment control group.

Figure 3. The effects of ATD treatment on the plasma TRP/ΣLNAA ratio, shown as percentage decrease from base-

line TRP/ΣLNAA ratio levels measured four hours after the first TRP+ or TRP-injection. Data represent means and 

standard error bars.
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Elevated zero maze There were no CMS Pretreatment × ATD Treatment interaction 
effects on the duration the rats spent in the closed and open zones of the zero maze or 
on the total distance moved (Figure 5). Neither were there any effects of pretreatment or 
treatment [All F’s <2.66]. In the control group TRP+ treated rats spent more time in the 
open zones than in the closed zones whereas TRP- treated rats showed an opposite pat-
tern [Treatment: F(1,19) = 6.88, p<0.05], an effect that was not found in the CMS group. 

Home cage emergence test The aggregated data of the escape scores are shown in Fig-
ure 6. There was no CMS Pretreatment × ATD Treatment interaction effect and no treat-
ment effect on escape latency. CMS Pretreatment did have an effect on escape latency, 
CMS rats had a longer escape latency compared to control rats [F(1,39) = 9.78, p<0.01]. 
Further analysis showed that the CMS rats had a longer escape latency than the control 
rats in the TRP+ condition [F(1,20) = 6.72, p<0.05] but not in the TRP- condition. 

b

0
200
400
600
800

1000
1200
1400
1600
1800
2000

Control CMS
Pretreatment group

T
ot

al
 d

is
ta

nc
e 

m
ov

ed
 (c

m
)

0
20
40

60
80

100
120

140
160

Control CMS
Pretreatment group

T
im

e 
in

 o
pe

n 
zo

ne
s (

s)

TRP+
TRP-

*
a

Figure 5. Elevated zero maze. The effects of CMS pretreatment and ATD treatment on time spent in the open zones 

(5a) and total distance moved (5b) in the zero maze. Bars represent means and SEM. ATD treatment effect *p<0.05.
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Figure 4. Open field test. The effects of CMS pretreatment and ATD treatment on time spent in the center (4a) and 

total distance moved (4b) in the open field test. Bars represent means and SEM.
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Social interaction test There were no CMS Pretreatment × ATD Treatment interac-
tion effects on the duration of general investigation, anogenital investigation, rearing, 
and passive body contact [F’s < 3.35]. Pretreatment with CMS did not affect social in-
teraction [F’s < 1.03]. TRP+ treated rats showed more passive body contact than TRP- 
treated rats (Figure 7a), irrespective of their pretreatment [Treatment: F(1,38) = 5.13, 
p<0.05]. Further analysis indicated that within the CMS group, TRP- treated rats 
showed less passive body contact than CMS TRP+ rats [F(1,20) = 4.30, p = 0.05]. For 
aggressive behaviour there was a trend towards a CMS Pretreatment × ATD Treat-
ment interaction effect [F(1,37) = 3.35, p< 0.08]. When treatment effects were anal-
ysed within each pretreatment group, it was found that TRP- treated controls showed 
more aggressive behaviour that the TRP+ treated controls [Treatment: F(1,17) = 4.57, 
p<0.05], whereas this treatment effect on aggressive behaviour was not found in the 
CMS pretreated rats (Figure 7b). 
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Figure 6. Home cage emergence test. Effects of CMS pretreatment and ATD treatment on escape latency in the home 

cage emergence test. Bars represent means and SEM. CMS pretreatment effect * p<0.05.
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Forced swim test Data of the duration of immobility are shown in Figure 8. There 
was no significant interaction effect of CMS Pretreatment × ATD Treatment on the 
total duration of immobility and there were no effects of pretreatment or treatment 
[F’s < 1.34, ns]. 

Object recognition test The effects of CMS pretreatment and ATD treatment on the per-
formance in the object recognition test are summarized in Table 3. There were no CMS 
pretreatment × ATD treatment interaction effects on exploration time in trial 1 or trial 2 or 
on discrimination index d2. Treatment did not affect the exploration time in trial 1 or trial 
2. A clear treatment effect was found on d1 [F(1,91) = 11.31, p< 0.01] and on the discrimi-
nation index (d2) [F(1,91) = 9.89, p<0.01], rats treated with TRP- did not discriminate be-
tween the novel and the known object in trial 2 after a one hour interval. In contrast, the rats 
treated with TRP+ showed a high preference to investigate the novel object. Pretreatment 
with CMS did not affect any of the outcome parameters of the object recognition test. 

Table 3. Effects of treatment and experimental group on the measures of the object recognition 
test.

Outcome 
measure Treatment condition Pretreatment group

Chronic mild stress Control

e1 TRP+ 281.35 (19.95) 267.25 (20.88)
TRP- 270.83 (13.98) 276.04 (16.95)

e2 TRP+ 391.91 (22.52) 389.63 (35.69)
TRP- 359.87 (14.89) 386.00 (20.89)

d1** TRP+ 85.13 (19.45) 138.71 (33.72)
TRP- 33.61 (23.01) 20.92 (21.90)

d2** TRP+ 0.22 (0.05) 0.32 (0.07)
TRP- 0.08 (0.07) 0.07 (0.05)

Values are mean (standard error). Treatment effect ** p<0.01.
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Discussion
In this study, rats were exposed to CMS and later treated with ATD to investigate whether 
the CMS procedure caused long-lasting SV. Immediately following the CMS rats were left 
undisturbed for two weeks, after which behavioural testing following TRP+ and/or TRP- 
treatment began. In this way we did not measure the direct effects of CMS on behaviour, 
but investigated whether CMS resulted in a long-lasting increase in vulnerability to show 
behavioural changes after ATD, reflecting SV. 

During the CMS, rats in the CMS group consumed less of a sucrose solution and 
gained less weight than the controls. Immediately after the CMS, basal CORT levels were 
lower in CMS rats compared to controls, while both groups of rats showed a similar acute 
CORT response to stress and recovery from acute stress. After the resting period, sucrose 
consumption was back at baseline levels, but the CMS effect on body weight remained for 
six weeks after the CMS had ended. In conclusion, the CMS procedure was effective in that 
it resulted in anhedonia and other stress effects, and the subsequent resting period was ef-
fective in restoring some of these effects to normal values before ATD testing began.

Acute TRP depletion had similar effects on ratio TRP/ΣLNAA levels in CMS and 
control rats, TRP- treatment decreased this ratio with 60% and 64% respectively, com-
pared to only 6% decrease in both groups after TRP+ treatment. There were no CMS 
pretreatment × ATD treatment effects or ATD treatment effects on behaviour in any of 
the tests. There were no effects of CMS pretreatment and ATD treatment on behaviour 
in the open field test and forced swim test. In the elevated zero maze, the control TRP- 
rats spent less time in the open arms compared to control TRP+ treatment but the CMS 
rats did not show this effect. In the social interaction test there was an ATD treatment ef-
fect on passive body contact, which was higher in TRP+ rats than in TRP- rats, especially 
in the CMS pretreated rats. Furthermore, the control TRP- rats showed higher levels of 
aggressive behaviour compared to the control TRP+ treated rats. In the object recogni-
tion test it was found that TRP- treatment resulted in decreased object recognition, ir-
respective of CMS pretreatment. 

After the behavioural tests, CORT was measured again. Whereas immediately af-
ter the CMS CORT levels had been lower in CMS rats, there was no difference after the 
behavioural tests. TRP- treatment appeared to blunt the acute CORT response to stress, 
irrespective of CMS pretreatment, similar to the effect that was seen in healthy humans 
(Riedel et al. 2002b). There was an overall recovery effect, with CORT levels decreas-
ing after the acute stress had ended and the rat was returned to the home cage. Further 
analysis showed that the recovery effect was significant in TRP+ rats but not in TRP- rats. 
In other words, TRP- treatment appeared to blunt the acute CORT response to stress and 
the CORT recovery from acute stress, effects that were not found in an earlier study with 
a different ATD method that resulted in a plasma TRP depletion of about 40% (Blokland 
et al. 2002). Therefore it is likely that a stronger effect on TRP depletion is needed to af-
fect the CORT response.
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As expected, after the two-week resting period CMS did not affect locomotor activ-
ity, social interaction, anxiety or immobility in the forced swim test. These type of behav-
iours were affected in other studies in which behavioural assessment was started directly 
after CMS (Bielajew et al. 2003; D’Aquila et al. 1994; Garcia-Marquez and Armario 1987). 
Sucrose consumption, which was decreased during the CMS period, was normal after 
the two-week resting period. Furthermore, corticosterone, which was altered by CMS 
before the resting period (week 5) was normal at the end of the study (week 16). How-
ever, CMS pretreatment increased the escape latency in the home cage emergence test 
(week 11), indicating that CMS had at least some effects on behaviour throughout the 
study. The general lack of CMS pretreatment effects on behaviour can be explained by 
the two-week resting period after the CMS, although other methodological differences, 
such as the duration of the CMS period and the strain of rats, may also play a role. 

The aim of this study was to investigate whether CMS resulted in SV, reflected by 
a stronger behavioural response to ATD in the CMS rats, which in general was not found. 
There are several possible explanations for these findings. Perhaps the CMS was too mild 
or to short to result in long-lasting effects on the 5-HTergic system. Furthermore, the 
Wistar strain may not be the optimal strain for this study, because several studies have 
shown that Wistars do not show strong behavioural responses to ATD (Blokland et al. 
2002; Jans et al. 2007a; Lieben et al. 2004b). A recent study by our group (Jans et al., sub-
mitted) showed that Sprague Dawley rats show stronger behavioural responses to ATD 
than Brown Norway rats. Thus, it cannot be excluded that the CMS procedure would have 
resulted in increased behavioural responses to ATD if another strain of rats was used. 

Moreover, it is possible that the CMS did not result in SV because dopamine 
may be more important than 5-HT in regulating CMS-induced anhedonia. Although 
CMS has some effects on the 5-HT system (Klimek and Papp 1994; Papp et al. 1994a), 
the mesolimbic dopamine projections from the ventral tegmental area to the nucleus 
accumbens play a crucial role in mediating the behavioural effects of reward (Willner 
et al. 1992). Even though it has been shown that some SSRIs are effective in reversing 
CMS-induced anhedonia, it appeared that they do so via sensitisation of D2/D3 recep-
tors in the nucleus accumbens, a final common pathway for the anti-anhedonic effects 
of antidepressant drugs, irrespective of their primary mechanism of action (Muscat et 
al. 1992). The involvement and interactions of neurotransmitters in the CMS effects 
appear to be complex, and perhaps, if vulnerability to develop psychiatric symptoms 
were to be caused by CMS, it might be, at least partly, related to other neurotransmit-
ters than 5-HT, such as dopamine. ATD, apparently, does not challenge the CMS rat 
neurotransmitter systems in a way that compensation is no longer possible and behav-
ioural effects occur. It cannot be concluded that stress does not result in SV. The CMS 
procedure that was used in the present study may not be a suitable model to study the 
incidence of stress-induced SV. 

In this study CORT levels were lower in the CMS group than the control group, 
which was surprising because in general CMS results in higher CORT levels (Ayensu et 
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al. 1995; Bielajew et al. 2002; Grippo et al. 2005) or no change in CORT levels (Stout et 
al. 2000; Willner et al. 1987). Lower CORT levels have been reported after prenatal stress 
(Gotz and Stefanski 2007). There are several possible explanations for the lower CORT 
levels after CMS that were found in the present study. In mice, for example, it has been 
shown that CMS caused an increase in CORT levels, but the CORT levels returned to 
normal values after three weeks despite continuing CMS (Silberman et al. 2004; Silber-
man et al. 2002); a similar pattern may have occurred in the present study. As we did not 
measure CORT after for example one week of CMS, this cannot be excluded.

It is also possible, however, that the present CMS procedure resulted in the equiv-
alent of a specific subtype of depression that is characterized by lower cortisol levels: 
atypical depression. Whereas melancholic depression is characterised by a hyperactive 
stress system with high cortisol levels, anxiety, insomnia and lack of appetite; atypical 
depression is characterised by downregulated HPA axis activity, lethargy, hypersomnia 
and increased appetite (Association 1994; Gold and Chrousos 1999; Gold et al. 1988a; 
b). However, this does not explain the lack of significant effect on behavioural tests, es-
pecially the open field test, elevated zero maze and forced swim test. 

Another possibility is that, instead of causing symptoms of depression, the CMS 
procedure resulted in posttraumatic stress disorder, an anxiety disorder that can de-
velop after exposure to a severe stressful event. Post traumatic stress disorder is as-
sociated with increased avoidance, hyperarousal, and hypocortisolemia (Association 
1994). Although an association between CMS and post traumatic stress disorder has 
not been reported before, the lower CORT levels after CMS in the present study might 
indicate such an association. It might be argued that the CMS procedure that was used 
in the present study may not have been that different from time-dependent sensitisa-
tion (TDS) (Harvey et al. 2003; Liberzon et al. 1997), a model for post traumatic stress 
disorder in which rats are exposed to three severe stressors on one day and again to 
one of those stressors eight days later. Behaviour and CORT are measured seven days 
after the last exposure to stress. This procedure appeared to result in increased anxiety 
and increased sensitivity to negative feedback (Harvey et al. 2006; Harvey et al. 2003; 
Liberzon et al. 1997), whereas CMS generally results in decreased sensitivity to fast 
feedback and hence higher CORT levels. This post traumatic stress theory would also 
explain the present finding that CMS rats took longer to climb out of their cage in the 
home cage emergence test, an indication of increased avoidance. On the other hand, the 
decrease in CORT after CMS reported here was no longer found at the end of the study, 
and besides the increased escape latency in the home cage emergence test, no other 
behavioural effects indicative of PTSD were found. Furthermore, it has been suggested 
that a stress-restress paradigm might be a better animal model for PTSD than chronic 
stress paradigms (Yehuda and Antelman 1993). 

A possible shortcoming of this study is that the repeated testing of the rats in the 
successive tests (Table 2) might have affected the performance from one test to the other. 
Because all rats were subjected to the same series of tests, we may assume that the effects 
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of repeated testing were similar in all groups but it is possible that CMS rats and control 
rats react differently to the stress experiences during tests. Furthermore, it is possible 
that the stress of the successive tests influences the control rats in a way that possible 
behavioural differences between CMS rats and controls become smaller as the controls 
are exposed to stress. There were always at least three days between tests during which 
the rats were left undisturbed and provided with food ad libitum. However, it cannot be 
excluded that this successive testing could have interfered with treatment effects. This 
can only be tested if naïve rats are used for each individual test. 

In the present study CMS caused anhedonia, blunted weight gain and lower CORT 
levels. As expected, after a two-week resting period CMS had no effects on behaviour, ex-
cept for an increased escape latency in the home cage emergence test in the CMS group. 
There were no CMS pretreatment × ATD treatment interaction effects on behaviour. 
ATD had some effects on behaviour, such as reduced time spent in the open zones of the 
zero maze and increased aggressive behaviour in the social interaction test in controls. In 
general, CMS did not result in increased sensitivity to ATD, only in the social interaction 
test did the CMS rats react stronger to ATD than the controls. CMS TRP- rats showed 
less passive body contact that CMS TRP+ rats. Overall, we conclude that the CMS pro-
cedure was effective in causing stress-related effects, but did not result in long-lasting 
vulnerability of the 5-HTergic system, measured by the behavioural response to ATD 
two weeks and longer after the CMS. 
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Abstract
In humans, serotonin transporter (SERT) functioning is associated with 
depression. The aim of the present experiment was to investigate whether 
male wildtype (SERT+/+), heterozygous (SERT+/-), and knockout (SERT-/-) 
serotonin transporter rats differ in serotonergic vulnerability, reflected 
by a stronger behavioural response to acute tryptophan depletion (ATD). 
Twenty-four male SERT+/+, SERT+/- and SERT-/- rats were repeatedly treated 
with a gelatin-based protein-carbohydrate mixture, either with (TRP+) or 
without L-tryptophan (TRP-) and subjected to several behavioural tests, 
including tests of anxiety- and depression- related behaviour, and cogni-
tion. In order to determine the magnitude of ATD, plasma amino acid 
concentrations and brain 5-HT and 5-HIAA concentrations were mea-
sured. Plasma TRP levels and brain 5-HT and 5-HIAA levels were de-
creased in all genotypes after ATD. Behaviourally, all rats showed low 
activity in anxiety-related situations. In the open field test, TRP- treated 
SERT+/+ and SERT+/- rats spent more time in the center of the open field 
and moved a longer distance compared to their TRP+ treated controls. 
There were no treatment effects in SERT-/- rats in the open field test. In the 
home cage emergence task, SERT+/- rats showed a higher escape latency af-
ter TRP-, but SERT+/+ and SERT-/- rats had already reached a ceiling effect 
after treatment with TRP+. In the elevated plus maze, social interaction 
test and in the forced swim test no treatment effects were found. Only in 
an object recognition test, SERT-/- and to a lesser extent SERT+/- rats were 
more vulnerable to ATD than SERT+/+ rats; they showed impaired object 
recognition after mild ATD whereas SERT+/+ did not. In conclusion, dif-
ferent effects of ATD on behaviour in anxiety- and depression- related 
behaviour in SERT+/+, SERT+/- and SERT-/- rats were not found.
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Introduction
The neurotransmitter serotonin (5-Hydroxytryptamine, 5-HT) is known to be involved 
in many physiological and behavioural processes, including mood, appetite, sleep, ac-
tivity, impulsivity, suicide, sexual behaviour and cognition. Although the mechanisms 
underlying depression are not yet fully understood, there is general consensus that 5-HT 
is involved in depression. The original hypothesis that low serotonin has a direct role in 
depression has been through several modifications and low 5-HTergic neurotransmis-
sion is now thought to operate as a biological risk factor, that may play an important 
role in the triggering and maintenance of mood disorders (Maes and Meltzer, 1995). 
Recently, serotonergic functioning has been proposed as a vulnerability factor in the 
development of depression and other 5-HT related symptoms and disorders (Jans et al., 
2007b). According to this view, the serotonergic functioning of an individual determines 
the vulnerability of that individual to develop 5-HT related disorders. This implies that 
there are differences in the 5-HT functioning between individuals and that the develop-
ment of depression, anxiety, or other 5-HT related disorders is associated with the pres-
ence of a priori abnormalities in the functioning of this system. There are various factors 
that may interfere with 5-HTergic functioning, such as genetic factors, a family history of 
depression, the female gender, stress, and drug use. Each of these factor may disrupt the 
5-HT system, resulting in serotonergic vulnerability, but psychopathological symptoms 
do not occur until a threshold is reached where the system can no longer compensate 
(Jans et al., 2007b). Vulnerability of the serotonergic system (serotonergic vulnerability, 
SV) means that there is a vulnerability or sensitivity to alterations or dysregulations in 
the serotonergic system. Hence, SV can be demonstrated by challenging the 5-HT sys-
tem; vulnerable and non-vulnerable subjects will react differently to these manipulations 
(Jans et al., 2007b).

Acute tryptophan depletion (ATD) is a way to challenge the 5-HT system in which 
L-tryptophan (TRP) – the essential amino acid that is the precursor of 5-HT – is deplet-
ed, resulting in lower peripheral and central 5-HT levels (Biggio et al., 1974, Gessa et al., 
1974, Moja et al., 1989, Fernstrom and Wurtman, 1997). TRP depletion also lowered the 
extracellular levels of 5-HT in the hippocampus (Stancampiano et al., 1997). The non-
intrusive and reversible ATD methodology has been applied to investigate the role of 
5-HT in behavioural functions (e.g., anxiety, sleep, aggression, memory, impulsivity) in 
humans as well as in animals (Young, 1996, Moore et al., 2000, Bell et al., 2001). Previous 
studies using a gelatin-based-carbohydrate mixture showed a robust reduction in plasma 
TRP (about 70%) and central tissue 5-HT (about 40–45%) concentrations in male Wi-
star rats (Lieben et al., 2004a). Moreover, this ATD method has been reported to impair 
object memory, but not affective behaviour (Lieben et al., 2004b). A stronger behavioural 
response to acute tryptophan depletion (ATD) is assumed to reflect SV. In healthy hu-
man volunteers, ATD generally results in memory impairments, whereas other effects of 
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ATD, such as effects on mood, are only found in vulnerable subjects (Riedel et al., 1999, 
Schmitt et al., 2000, Riedel et al., 2002, Booij and Van der Does, 2007).

The serotonin transporter (SERT) is involved in the reuptake of 5-HT from the syn-
apse, returning it to the presynaptic neuron where it can be degraded or retained for future 
release. In this way, the SERT determines the magnitude and duration of the 5-HT synaptic 
signal and thus plays an important role in the regulation of serotonergic neurotransmis-
sion. SERT abnormalities are widely reported in depression (Mann et al., 2000, Neumeister 
et al., 2002). Both functional imaging (Malison et al., 1998) and postmortem brain studies 
(Mann et al., 2000) have reported less SERT protein expression in the brain of depressed 
patients, indicating less SERT binding. Logically, genetic alterations in the SERT are as-
sociated with multiple neuropsychiatric disorders (Murphy et al., 1999, Gingrich and Hen, 
2001, Holmes et al., 2003). In humans, the SERT gene transcription is modulated by a com-
mon polymorphism in its upstream regulatory region (5-HTTLPR). Two 5-HTTLPR al-
leles have been identified: a 484-base pair denoted as short, and a 528-base pair denoted 
as long. Studies in reporter gene constructs and in human lymphoblastic cell lines found 
that the short variant reduces the transcriptional efficiency of the SERT gene (Lesch et al., 
1996, Heils et al., 1996, Heils et al., 1997). Carriers of this short version display significantly 
higher scores in neuroticism, an anxiety-related personality trait and exhibit more depres-
sive symptoms, diagnosable depression, and suicidality in relation to stressful events com-
pared to individuals with the long version of this polymorphism (Mann et al., 2000, Caspi 
et al., 2003, Dick et al., 2007, Schmitz et al., 2007). Furthermore, several studies have shown 
that 5-HTTLPR genotype can influence behavioural responses to ATD (Marsh et al., 2006, 
Neumeister et al., 2006, Roiser et al., 2006, Walderhaug et al., 2007).

We recently generated a SERT knockout rat (SERT-/-) by N-ethyl-N-nitrosurea 
(ENU) driven mutagenesis (Smits et al., 2004, Smits et al., 2006). This animal has a pre-
mature stopcodon (TGC>TGA) introduced at position 3924 in the third exon encoding 
the second extracellular loop of the SERT protein. At a functional level, the 5-HT releas-
er d-fenfluramine (Homberg et al., 2007) and the full 5-HT1A agonist flesinoxan (Olivier 
et al., unpublished data) are unable to elicit hypothermia in SERT-/- rats. Moreover, ex-
tracellular 5-HT levels in the hippocampus were nine-fold elevated and [3H]citalopram 
(SSRI) binding to brain slices is completely absent in SERT-/- rats (Homberg et al., 2007). 
In this study, we used homozygous serotonin transporter knockout rats (SERT-/-), het-
erozygous serotonin transporter knockout rats (SERT+/-) and their wildtype littermates 
(SERT+/+) as a model to study SV. Since in humans low SERT activity has been associated 
with affective disorders (Mann et al., 2000, Neumeister et al., 2002, Caspi et al., 2003, 
Dick et al., 2007, Mossner et al., 2007), we hypothesized that SERT-/- and SERT+/- rats may 
have higher SV than SERT+/+ rats. 

In this study SERT+/+, SERT+/- and SERT-/- rats were repeatedly treated with ATD 
to investigate whether the SERT is associated with SV, reflected by an increased behav-
ioural response to ATD. The animals were repeatedly treated with ATD and tested in 
behavioural tests of anxiety-related behaviour (open field test, elevated plus maze, home 
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cage emergence test, social interaction test), depression-related behaviour (forced swim 
test) and cognition (object recognition test). In order to determine the magnitude of 
ATD, plasma amino acid concentrations and brain 5-HT and 5-HIAA concentrations 
were measured. Animals with lower SERT function were hypothesized to have higher SV 
and therefore SERT+/- and SERT-/- rats were hypothesized to show stronger behavioural 
responses, i.e. more anxiety- and depression-related behaviour, in response to the ATD 
treatment on one or more behavioural tests compared to SERT+/+ rats.

Materials and methods

Animals

All serotonin transporter knockout rats (Slc6a41Hubr) have been generated, bred and 
reared in the Central Animal Laboratory of the Radboud University of Nijmegen. Ex-
perimental animals were derived from crossing SERT+/- rats that were outcrossed for 4 or 
5 generations. In all experiments, male SERT+/+, SERT+/- and SERT-/- littermates were 
compared. After weaning at the age of 21 days, ear cuts were taken for genotyping. Ge-
notyping was performed at the Hubrecht Institute (Utrecht, the Netherlands). During 
the experiment, all animals were housed two per cage in standard Macrolon® type 3 cages 
(42 × 26 × 20 cm) in temperature-controlled rooms (21° C ± 1° C) with standard 12/12-
h day/night-cycle (lights on at 7.00 am) and food (Sniff, long cut pellet, Bio Services, 
Uden, The Netherlands) and water available ad libitum. The behavioural experiments 
were performed between 12.30 and 17.00 h. For the telemetry measurements a different 
group of 8 SERT+/+ and 8 SERT-/- rats were used. All experiments were carried out in ac-
cordance with institutional, national and international guidelines for animal care and the 
Dutch law concerning welfare. 

Drugs and chemicals

The Gelatin hydrolysate (Solugel P®) was obtained from PB Gelatins (Tessenderlo, Bel-
gium). Glucodry 210 was obtained from Tate & Lyle (Koog aan de Zaan, The Nether-
lands). Kaliumchloride (KCl) and calciumchloride-dihydrate (CaCl2.2H2O) were pur-
chased from Merck (Darmstadt, Germany). L-Tryptophan was obtained from Sigma 
(Zwijndrecht, The Netherlands).

Treatment

During a period of two weeks preceding the experiment, the rats were handled and ha-
bituated to oral injections with normal tap water (up to 10 ml/kg). On testing days the 
rats were treated with a protein-carbohydrate mixture containing L-TRP (TRP+ group, 
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0.30% TRP of the total protein) or lacking L-TRP (TRP- group). The rats received two 
doses of 10 ml/kg with a 90-minute interval. Each administration contained 4.0 g Solugel 
P/kg and 2.0 g Glucodry 210/kg of the body weight. The composition of the nutritional 
mixture is shown in Table 1. 

Table 1: Composition of the treatment mixture.

Protein (Solugel®) in 100 ml water 100 g
Alanine 8.4
Arginine 7.7
Aspartic Acid/Asparagine 4.5
Glutamic Acid/Glutamine 10.0
Glycine 23.3
Histidine 0.9
Hydroxylysine 1.5
Hydroxyproline 12.3
Isoleucine 1.2
Leucine 2.6
Lysine 3.3
Methionine 0.9
Phenylalanine 1.6
Proline 13.7
Serine 3.4
Threonine 1.9
Tryptophan 0.0
Tyrosine 0.6
Valine 2.2

Carbohydrate (Glucodry 210) in 80 ml water 50
KCL 0.094
CaCl2.2H2O 2.32
L-tryptophan (TRP- group) 0
L-tryptophan (TRP+ group) 0.28

The rats were fasted from 14 h prior to treatment until the testing period was com-
pleted. This was done to minimize the availability of TRP from food. Behavioural testing 
was conducted 4 h after the first oral administration. At the end of each testing day, the 
animals had ad libitum access to food for at least 2 h. An overview of the order of testing 
and the number of times the rats were treated with the mixture is given in Table 2. Rats 
were randomly assigned to treatment with TRP+ or TRP- for each test separately. In this 
way the treatment condition for each rat varied between tests, but not within one test. 

Biochemistry

Plasma amino acid levels. For the determination of plasma amino acid levels blood 
samples were taken at resting values (T0; i.e., 10 min before the first oral administration) 
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and repeated 4 h after the first administration (T4). Blood sampling was done via a tail-
incision method (Fluttert et al., 2000). Promptly after collection of blood in a sodium 
heparin tube (Microvette® CB 300, Sarstedt, Germany), the samples were kept on ice. 
After centrifugation of the blood samples (at 4° C for 15 min at 3000 g), plasma samples 
were stored at –70° C. Plasma amino acid concentrations were determined with a fully 
automated high-performance liquid chromatography (HPLC). The concentrations of the 
total plasma amino acids were expressed as μmol/L.

Table 2: Order of the different behavioural experiments and the number of days treatment was given. 

Week Test Treatment
1, 2 Handling 1
3 Blood sampling 1* 
4 Open field test 3*
5 Elevated plus maze 3*
6 Home cage emergence test 3*
7 Social interaction test 2*
8 Forced swim test 3*
9, 10, 11 Object recognition test 3#

12 Brain sampling 1
* Rats were treated with either TRP+ or TRP-.  
# Rats were treated with TRP+, TRP-, and TRP- 40g on different testing days

Brain 5-HT and 5-HIAA levels. Animals were decapitated and tissue samples (frontal 
cortex and hippocampus) were dissected from the brain, weighed and stored at –80° C 
until further use. The tissue samples were homogenized in 250 μl of an ice-cold solu-
tion containing 5 μM clorgyline, 5μg/ml glutathione and 0.6 μM Nω-methylserotonin 
(NMET, internal standard), using a potter tube. To 100 μl homogenate, 25 μl 2 M HClO4 
was added and mixed. Then 20 μl 2.5 M potassium acetate was added and again mixed. 
After 15 minutes in ice water, the homogenates were centrifuged during 15 minutes at 
15000g (4° C). The supernatants were diluted 10 times with water before HPLC analysis. 
The concentration of 5-HT and 5-HIAA in the tissue extracts were measured by HPLC 
with ECD. The HPLC system consisted of a pump model P100, an autosampler model 
AS300 (both from Thermo Separation Products, Waltham, MA, USA), A ERC-3113 de-
gasser (Erma CR. Inc. Tokyo, Japan), an ESA Coulochem II detector with 5011 analytical 
cell set at potential +450 mV (ESA Inc. Bedford MA, USA), a BD 41 chart recorder (Kipp 
& zn, The Netherlands) and a column (150 mm × 4.6 mm i.d.) packed with Hypersil 
BDS C18, 5 μm particle size (Alltech Associates, USA)

The mobile phase solution consisted of 50 mM citric acid, 50 mM phosphoric acid, 
0.1 mM EDTA, 45 μl/L dibutylamine, 77 mg/L 1-octanesulfonic acid sodium salt, 10% 
methanol; the pH of the buffer was adjusted to 3.4 with NaOH. Separation was performed 
at room temperature using a flow rate of 0.7 ml/min. The concentration of each com-
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pound was calculated by comparison with both the internal and the external standards. 
The limit of detection (signal/noise ratio 3:1) was 0.3 nM. Concentrations were expressed 
as nmol/g. The 5-HIAA/5-HT turnover was calculated, which can be used as an index of 
5-HT system activity.

Behaviour

Open field test The open field test is based on an exploration-conflict and an increase 
in time spent in the central part of the open field is considered to be an indication of 
anxiolytic behaviour (Prut and Belzung, 2003). The test was conducted in a square 
arena (100 × 100 × 40 cm), with an open top, dark walls and a dark floor. The arena of 
the open field was subdivided in ‘corner’ (four squares each 16 × 16 cm), ‘wall’ (four 
rectangles each 16 × 64 cm) and ‘center’ (one square 64 × 64 cm) zones. Testing was 
carried out in dimmed white light. A camera was installed above the center of the field. 
Immediately after a rat was placed in a corner of the open field, the movements and 
position of the animals were recorded and registered automatically by a computerized 
system (EthoVision, Noldus Information Technology, Wageningen, The Netherlands). 
Reported are the time a rat spent in the center and the corner zones of the open field 
and the total distance moved. Testing was carried out on three consecutive days, with 
one 5-minute trial a day for all rats. The floor of the open field was cleaned with a 70% 
ethanol solution between trials to prevent transmission of olfactory cues. 

Elevated plus maze The elevated plus maze is based upon the idea that elevated open 
alleys arouse greater avoidance responses than elevated closed alleys. Voluntary passage 
onto the open arms of an elevated, plus-shaped maze is associated with neurobiological 
changes indicative of a decreased anxiety (Hogg, 1996). The test was performed as de-
scribed previously (de Jong et al., 2006). The apparatus was made of polyvinylchloride 
and was elevated to a height of 50 cm. The maze consisted of two open (50 × 10) and 
two enclosed arms (50 × 10 × 40) arranged in a way that the arms of the same type were 
opposite to each other. The illumination intensity measured in the center was 440 Lux. 
Rats were placed in the center of the maze, facing one of the open arms, for a 5 minute 
period of free exploration. The movements and position of the animals were recorded 
and scored by the observer. Between trial, the apparatus was cleaned with a 70% etha-
nol solution to prevent transmission of olfactory cues. Testing was carried out on three 
consecutive days. Results were expressed as the mean of time spent (s) in open and 
closed arms. 

Home cage emergence test The home cage emergence test was used to assess the level 
of fear/anxiety. An increase in fear/anxiety results in an increased latency to leave the 
home cage (Prickaerts et al., 1996). In this test the home cage was placed in an arena 
and the lid of the home cage was removed (Prickaerts et al., 1996). During the testing 
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of one rat, its cage mate was placed in another cage for the duration of the trial. A grid 
was placed over the edge of the cage to make it easier for the rats to leave the home cage. 
Testing was carried out in dimmed white light. A stopwatch was used to measure the la-
tency to leave the cage. The experimenter measured the time it took for the rat to climb 
out of its cage into the arena. A criterion was set to determine the escape time. Time 
was stopped and the trial ended when all four paws of the rat were over the edge of the 
cage. If the rat did not emerge from its home cage within 300 s, the trial was ended, the 
home cage was closed again and the rat was given a score of 300. Between trials, the 
grid was cleaned with a 70% ethanol solution to prevent transmission of olfactory cues. 
This test was carried out on three consecutive days.

Social interaction test The social interaction test was used as a last assay to assess the 
level of anxiety in SERT with or without acute TRP depletion. The inhibition of social 
behaviour was assumed to reflect an increase in anxiety (File and Hyde, 1978, File and 
Seth, 2003). In the social interaction test (File and Hyde, 1978, File and Seth, 2003), two 
rats were placed in a closed part of the open field, 50 × 50 × 50 cm with four black walls. 
The two animals that were tested together were weight- and genotype-matched, and 
had received the same treatment (both TRP- or both TRP+). The animals were placed 
in the test area at the same time and spent 10 minutes together, which were videotaped 
for later offline analysis by an observer who was blind to the treatment and genotype 
of the rats. Per interaction duo, total time of social interaction was measured, subdi-
vided into active social interaction and passive body contact. Active social interaction 
comprised sniffing, grooming, exploring, following, biting, etc the other rat. During 
passive body contact, the rats touch each other but do not explore, i.e. sitting or lying to-
gether. Between trials, the apparatus was cleaned with a 70% ethanol solution to prevent 
transmission of olfactory cues. In order to increase the number of observations, all rats 
were tested twice. They received the same treatment on both trials, but were exposed to 
a different unfamiliar testing partner on each trial.

Forced swim test When rats are forced to swim in an inescapable situation, they typi-
cally display an immobile posture, which is considered to reflect a state of behavioural 
despair. Antidepressant treatments are known to reduce immobility time in the forced 
swim test (Connor et al., 2000) and it is assumed that a procedure that produced depres-
sive-like effects should have the opposite effect, as has been reported repeatedly after 
chronic mild stress (Molina et al., 1994, Willner, 2005, Huang and Lin, 2006). The forced 
swim test was conducted as reported previously (Jans et al., 2007). In short, cylindrical 
glass tanks (50 cm tall × 18 cm diameter), filled to a depth of 30 cm with 22 (±1)° C 
water, were used in the forced swim test. Testing was carried out over three consecutive 
days. When a rat was placed in the water, its movements were videotaped in 5-min test 
trials for off-line measurement of the duration of immobility (s). The behavioural vari-
able ‘immobility’ was defined as follows: making no movements for at least 2 seconds 
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or making only those movements that were necessary to keep the nose above the water. 
The rats were allowed to slightly move their forepaws or support themselves by pressing 
their paws against the wall of the cylinder. Active climbing, diving and swimming along 
the wall were scored as mobility (s). Between trials the cylinders were cleaned and filled 
with clean water. This test was carried out on three consecutive days.

Object recognition test The object recognition test was performed as described in 
detail elsewhere (Ennaceur and Delacour, 1988, Prickaerts et al., 2002). During train-
ing and testing, the rats were housed individually. The apparatus consisted of a square 
arena (100 × 100 × 40 cm), with an open top, dark walls and a dark floor. Testing was 
carried out in dimmed white light. We used four different sets of objects that could not 
be displaced by a rat. Each object was available in triplicate. The different objects were: 1) 
a bowl with handle made of green china (maximal diameter 15 cm and a height of 9 cm), 
2) a cubic box (12 × 12 × 7 cm) made of polyvinyl, with a coloured topping (pink), 3) 
a china trapezium cylinder (with a maximal diameter of 12 cm and a minimum diameter 
of 10.5 cm) with a dish on top (diameter 12 cm), and 4) a brown tinned cylinder (with 
a diameter of 9.5 cm and a height of 15 cm). 

One day preceding testing, the animals were adapted to the procedure, i.e. they 
were allowed to explore the apparatus (without any objects) for 3 min. In the follow-
ing days, the rats were tested twice. A testing session comprised two trials with a 1-h 
interval between trials. The duration of each trial was 3 min. Two objects were placed 
in a symmetrical position about 10 cm away from the black wall. A rat was always 
placed in the apparatus facing the corner. During the first trial the apparatus contained 
two identical objects. After the first exploration period the rat was put back in its home 
cage. One hour later the rat was put back in the apparatus for the second trial, but now 
with dissimilar objects, a familiar one and a new one. The duration of exploring each 
object in both trials was recorded manually with a personal computer. Exploration was 
defined as directing the nose to the object at a distance of no more than 2 cm and/or 
touching the object with the nose. Sitting on the object was not considered as explor-
atory behaviour. In order to avoid the presence of olfactory trails, the objects were thor-
oughly cleaned between trials with a 70% ethanol solution. Moreover, each object was 
available in triplicate so that none of the two objects from the first trial had to be used 
as the familiar object in the second trial. In addition, all combinations and locations of 
objects were used in a balanced manner to reduce potential biases due to preferences 
for particular locations or objects.

After the rats were familiarized to the procedures of the task, testing with treat-
ment began. The first trial was given 4 h after the first oral administration. The delay in-
terval of 1 h was preferable since during this time, we expected the plasma TRP levels to 
remain low. The basic measures in the object recognition test were the times spent by rats 
exploring an object during trial 1 and trial 2. The discrimination index d2 ((exploration 
new object trial 2 – exploration familiar object trial 2)/total exploration time trial 2) was 
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calculated for each treatment condition (see Rutten et al., 2007). d2 is a relative index of 
discrimination between new and familiar object, because it corrects for total exploration 
time in trial 2 (see Şık et al., 2003). Rats that explored less than 5 s in any of the trials or 
explored only one of the objects were removed from analysis to avoid possible erroneous 
conclusions (see Şık et al., 2003).

The rats were tested without treatment (baseline), with TRP+, with TRP- and with 
TRP- 40g on different days. In the TRP- 40g condition, rats were treated with a mixture 
that contained 40g instead of the normal 100g of Solugel protein per 100ml. Because 
TRP was absent and the amino acids were given in a lesser concentration this resulted in 
milder tryptophan depletion. Previous research showed that lowering the concentration 
of Solugel protein in the TRP- mixture had dose-dependent effects on the plasma TRP/
ΣLNAA ratio, and that there was a positive correlation between the plasma TRP/ΣLNAA 
ratio and performance in the object recognition test (Lieben et al., unpublished data). 
The TRP- 40g condition was included because the standard TRP- treatment is known to 
impair object recognition in all experimental groups, suggesting this treatment results in 
a floor effect (Lieben et al., 2004b, Jans et al., 2007a). 

Statistical analysis

For all variables, treatment effects were analysed using parametric statistics (ANOVA). 
The effect of TRP depletion on BT was analysed using three-way repeated measures 
ANOVA with the factors genotype, treatment and time. In case of statistical signifi-
cance a two-way repeated measure ANOVA with the factors treatment and time was 
performed. Where appropriate, group differences were further analysed using an inde-
pendent sample T-test. Plasma amino acid concentrations were analysed with repeated 
measures ANOVA. Data of the open field test, elevated plus maze, home cage emergence 
test and forced swim test were aggregated over the three trials to enhance reliability 
(Ossenkopp and Mazmanian, 1985). It is known, for example, that the aggregated data 
of the open field test strongly correlate with indices of anxiety in other models, such as 
the plus maze and the light dark box (Blokland et al., 1992, Prickaerts et al., 1996, van 
der Staay and Blokland, 1996). The mean scores over the three testing days were used 
in statistical analysis, as was done in comparable studies (Blokland et al., 2002, Lieben 
et al., 2004b, Jans et al., 2007a). Because the data of the home cage emergence test was 
not normally distributed, Z-scores were calculated and used for statistical testing. Data 
from the two trials of the social interaction test were treated as independent observa-
tions because the testing partner differed in the two trials. To further characterize the 
differences between groups, post-hoc Bonferroni t-test was used (p < 0.05). In order to 
test our specific hypotheses, we also analysed the effects of treatment on behaviour in 
each experimental group separately. 

In the object recognition test, we compared the d2 values of the baseline and 
different treatment conditions with d2 values of a virtual control group. The virtual 
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control group had a d2 of zero, meaning there was no object recognition. The number 
of animals and SEM were similar to those of our treatment groups. Comparison with 
this virtual control group is used to evaluate more reliably whether discrimination per-
formance differs from zero in a certain treatment condition. The d2 values were com-
pared with ANOVA and a one-sided Dunnett post-hoc test was used to test whether 
d2 in a treatment condition was higher than in the virtual control group, which would 
indicate that the rats are able to discriminate the objects. 

Results

Biochemistry

Plasma levels. The effects of treatment and genotype on the plasma TRP/ΣLNAA ratio 
levels are shown in Figure 1. Plasma TRP levels and the plasma TRP/ΣLNAA ratio de-
creased over the four hours [Time: TRP: F(1,29) = 45.20, p<0.001; Ratio: F(1,29) = 31.43, 
p<0.001]. Plasma TRP levels and the TRP/ΣLNAA ratio were lower in the TRP- group com-
pared to the TRP+ group [Treatment: TRP: F(1,29) = 77.46, p<0.001; Ratio: F(1,29) = 84.91, 
p<0.001]. There was no Time × Genotype × Treatment interaction effect on TRP or on the 
ratio (F’s<0.4). There was no Genotype × Treatment interaction effect on TRP or on the 
ratio (F’s<2.15). There was a Time × Treatment interaction effect on TRP [F(1,29) = 206.17, 
p<0.001] and on the TRP/ΣLNAA ratio [F(1,29) = 181.17, p<0.001]. Further analysis showed 
that in the TRP+ condition there was a significant increase of TRP and the TRP/ΣLNAA 
ratio over the four hours [TRP: F(1,13) = 26.26, p<0.001; Ratio: F(1,13) = 23.01, p<0.001], 
whereas in the TRP- condition these were significantly decreased [TRP: (1,14) = 223.26, 
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p<0.001; Ratio: F(1,14) = 222.13, p<0.001]. There was no Time × Genotype effect and no 
effect of genotype on TRP levels and on the TRP/ΣLNAA ratio. 

Brain levels. As shown in Figure 2, there was a treatment effect on 5-HT in the frontal cor-
tex [F(2,66) = 41.46, p<0.001] and in the hippocampus [F(2,66) = 17.85, p<0.001]. Posthoc 
testing showed that in both structures, 5-HT levels were lower in the TRP- condition than 
in the untreated and TRP+ conditions. Furthermore, in both structures, 5-HT concentra-
tions in the TRP+ condition were higher than in the untreated rats. There was a genotype 
effect on 5-HT in the frontal cortex [F(2,66) = 73.76, p<0.001] and in the hippocampus 
[F(2,66) = 67.25, p<0.001]. Posthoc analysis showed that in both structures, 5-HT levels in 
SERT-/- were lower than in SERT+/- and SERT+/+ rats. There were no Treatment × Genotype 
interaction effects on 5-HT in the frontal cortex and the hippocampus. 

When treatment effects were analysed within each genotype, it was found that 
in the frontal cortex there was a treatment effect on 5-HT in all genotypes [SERT+/+: 
F(2,20) = 9.80, p<0.001; SERT+/-: F(2,21) = 12.75, p<0.001; SERT-/-: F(2,21) = 27.88, 
p<0.001]. In all genotypes, 5-HT levels in the TRP- group were significantly lower 
than in the TRP+ group. In the SERT+/+ and the SERT+/- 5-HT was higher in the TRP+ 
group than in the untreated rats, which was not the case in SERT-/- rats. In SERT-/- rats 
5-HT was lower in the TRP- condition than in untreated rats, which was not the case 
in SERT+/+ and SERT+/- rats. In the hippocampus, there was a treatment effect on 5-HT 
in SERT+/- [F(2,21) = 9.29, p<0.001] and in SERT-/- rats [F(2,21) = 20.88, p<0.001], but 
not in SERT+/+ rats. In SERT+/- rats, 5-HT levels in the TRP+ condition were higher than 
in untreated and TRP- treated rats. In SERT-/- rats, 5-HT levels in the TRP- condition 
were lower than in the TRP+ condition and in untreated rats. 

There was a treatment effect on 5-HIAA in the frontal cortex [F(2,66) = 23.98, 
p<0.001] and in the hippocampus [F(2,66) = 34.35, p<0.001]. Posthoc testing showed 
that in both structures, concentrations in the TRP- condition were lower than in the 
untreated rats and in the TRP+ condition. In the hippocampus, 5-HIAA was higher 
in untreated rats than in TRP+ treated rats. There was a genotype effect on 5-HIAA in 
the frontal cortex [F(2,66) = 34.03, p<0.001] and in the hippocampus [F(2,66) = 35.30, 
p<0.001]. Posthoc analysis showed that in both structures, 5-HIAA levels in SERT-/- were 
lower than in SERT+/- and SERT+/+ rats. There were no Treatment × Genotype interaction 
effects on 5-HT in the frontal cortex and the hippocampus. In all genotypes, there was 
a treatment effect on 5-HIAA in the frontal cortex [SERT+/+: F(2,20) = 18.69, p<0.001; 
SERT+/-: F(2,21) = 4.29, p<0.05; SERT-/-: F(2,21) = 10.66, p<0.001]. Posthoc testing 
showed that in SERT+/+ 5-HIAA was lower in the TRP- group compared to the TRP+ 
group (p<0.01) and the untreated group (p<0.001). In SERT+/- and SERT-/- rats, 5-HIAA 
levels were lower in TRP- compared to untreated rats (SERT+/-: p<0.05; SERT-/-: p<0.001). 
In all genotypes, there was a treatment effect in the hippocampus as well [SERT+/+: 
F(2,20) = 28.19, p<0.001; SERT+/-: F(2,21) = 7.16, p<0.001; SERT-/-: F(2,21) = 11.91, 
p<0.001]. Posthoc testing showed that in SERT+/+ and SERT+/- rats 5-HIAA was lower 
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in the TRP- group compared to the TRP+ (SERT+/+: p<0.001; SERT+/-: p<0.05) and un-
treated group (SERT+/+: p<0.001; SERT+/-: p<0.01). In SERT-/- rats, 5-HIAA was higher in 
the untreated rats compared to rats treated with TRP+ (p<0.05) and TRP- (p<0.001).

There was a Treatment × Genotype interaction effect on the 5-HIAA/5-HT 
turnover in the frontal cortex [F(4,62) = 9.628, p<0.001] and in the hippocampus 
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[F(4,62) = 12.60, p<0.001]. There was a treatment effect on the turnover in the frontal 
cortex [F(2,62) = 11.60, p<0.001] and in the hippocampus [F(2,62) = 9.02, p<0.001]. 
Posthoc testing showed that in both structures, the turnover was lower in the TRP+ 
condition than in the untreated rats and in the TRP- condition. There was a genotype 
effect on 5-HIAA in the frontal cortex [F(2,62) = 13.64, p<0.001] and in the hippocam-
pus [F(2,62) = 28.62, p<0.001]. Posthoc analysis showed that in both structures, the 
turnover was higher in SERT-/- rats than in SERT+/- and SERT+/+ rats. In all genotypes, 
there was a treatment effect on 5-HIAA/5-HT turnover in the frontal cortex [SERT+/+: 
F(2,20) = 4.64, p<0.05; SERT+/-: F(2,21) = 3.78, p<0.05; SERT-/-: F(2,21) = 16.37, 
p<0.001]. Posthoc testing showed that in SERT+/+ 5-HIAA/5-HT was lower in the TRP- 
group compared to the untreated group (p<0.05). In SERT+/- 5-HIAA/5-HT was lower 
in TRP+ rats than in untreated rats (p<0.05). In SERT-/- rats 5-HIAA/5-HT was higher 
in TRP- compared to untreated rats (p<0.001) and TRP+ rats (p<0.001). In all geno-
types, there was a treatment effect in the hippocampus as well [SERT+/+: F(2,20) = 7.31, 
p<0.01; SERT+/-: F(2,21) = 4.10, p<0.05; SERT-/-: F(2,21) = 15.12, p<0.001]. Posthoc test-
ing showed that in SERT+/+ rats 5-HIAA/5-HT was lower in the TRP- group compared 
to the untreated group (p<0.01). In SERT-/- rats, 5-HIAA/5-HT was higher in the TRP- 
rats compared to untreated (p<0.01) and TRP+ treated rats (p<0.001).

Behavioural Tests

Open field test There was a trend towards a Genotype × Treatment interaction effect 
[F(2,66) = 2.76, p<0.08] on time spent in the center of the open field (Figure 3). There 
was no effect of genotype, but rats treated with TRP- spent more time in the center of 
the open field [Treatment: F(1,68) = 8.38, p<0.01]. There was no Genotype × Treatment 
interaction effect and no effect of genotype on time spent in the corners of the open 
field, but the TRP- rats spent less time in the corners than the rats treated with TRP+ 
[Treatment: F(1,68) = 4.97, p<0.05]. There was a Genotype × Treatment interaction ef-
fect on the distance the rats moved in the open field [F(2,66) = 5.17, p<0.01]. Genotype 
had no effect on the distance moved, whereas TRP- treated rats moved a longer dis-
tance compared to TRP+ treated rats [Treatment: F(1,66) = 5.41, p<0.05].

When treatment effects were analysed within each genotype, it was found that 
both SERT+/+ and SERT+/- rats treated with TRP- spent more time in the center [Treat-
ment: SERT+/+ F(1,23)=7.07, p<0.05; SERT+/- F(1,21) = 4.80, p<0.05], and moved 
a longer distance [Treatment: SERT+/+ F(1,23) = 7.28, p<0.05; SERT+/- F(1,21) = 6.55, 
p<0.05] compared to their TRP+ controls. SERT+/+, but not SERT+/- and SERT-/-, TRP- 
treated rats spent less time in the corners [Treatment: F(1,23) = 7.45, p<0.05] than 
TRP+ treated SERT+/+ rats. There were no treatment effects on any of the outcome 
parameters in SERT-/- rats. 
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Elevated plus maze Data of the time spent in the closed and open zones of the el-
evated plus maze are shown in Figure 4. Due to technical problems, data of 21 rats were 
lost. There were no Genotype × Treatment interaction effect on the time spent in the 
open or closed zones of the elevated plus maze [F’s (2,45) <0.72, ns]. Besides a tendency 
of shorter time spent in the closed zones after ATD [F(1,47) = 3.70, p<0.08], there were 
no significant effects of Genotype or Treatment on the time the rats spent in the open 
and closed zones [F’s (2,47) < 1.88, ns].

Home cage emergence test Due to methodological issues we could use the home 
cage emergence data of only half of the animals. Median escape latency data of the 
home cage emergence test are depicted in Figure 5. There was a Treatment × Genotype 
interaction effect on mean escape latency [F(2,30) = 4.14, p<0.05]. Genotype and treat-
ment did not affect escape latency. When treatment effects were analysed within each 
genotype, the TRP- treated SERT+/- rats showed a trend towards a longer escape latency 
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compared to their TRP+ controls [F(1,10) = 4.74, p<0.06]. Treatment did not affect 
escape latency in SERT+/+ and SERT-/- rats. 

Social interaction test There were no Genotype × Treatment interaction effects, Gen-
otype effects, or Treatment effects on the total time the rats spent in social interaction, 
the frequency of active social interaction, the duration of active social interaction, the 
duration of passive interaction or the percentage of active social interaction (Figure 6). 
There was a genotype effect on the frequency of passive body contact [F(2,65) = 3.88, 
p<0.05]. Post-hoc analysis revealed that the SERT+/+ rats showed more episodes of pas-
sive body contact than the SERT-/- rats (p<0.05). No treatment effects were found when 
treatment effects were analysed within each genotype.

Forced swim test There was no Genotype × Treatment interaction effect on immobil-
ity in the forced swim test [F(2,55) = 1.82, ns] and no Treatment or Genotype effects 
[F’s<0.94, ns]. Data are shown in Figure 7.
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Object recognition test The effects of Treatment and Genotype on discrimina-
tion index d2 in the object recognition test are shown in Figure 8. There was no 
Genotype × Treatment interaction effect [F(8,138) = 1.28, ns] and no effect of Genotype 
on discrimination index d2 [F(2,138) = 2.31, ns]. A treatment effect was found on the 
discrimination index d2 [F(4,146) = 21.65, p<0.001], post-hoc analysis showed that the 
baseline d2 and the d2 in the TRP+ and TRP- 40g condition differed from the virtual 
control group. Only in the TRP- conditions rats were unable to discriminate between the 
new and familiar object after a one-hour interval. When treatment effects were analysed 
within each genotype group, there was a treatment effect on d2 in all genotypes [SERT+/+ 
F(4,50) = 17.61, p<0.001; SERT+/- F(4,43) = 6.00, p<0.01; SERT-/- F(4,45) = 4.92, p<0.01]. 
In the SERT+/+ baseline, TRP- and TRP- 40g were different from the virtual controls, but 
TRP- was not. In the SERT+/- only baseline and TRP+ treatment were different from the 
virtual controls, but TRP- and TRP- 40g were not. In the SERT-/- rats only baseline was 
different from the virtual controls, whereas TRP+, TRP- and TRP- 40g were not. 
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Discussion
In the present study, the effects of acute TRP depletion using a gelatin-based protein-
carbohydrate mixture were examined in SERT+/+, SERT+/- and SERT-/- rats. The rats were 
tested in animal behavioural tests of anxiety- and depression- related behaviour and 
cognition to investigate whether the rats’ genotype influenced the behavioural response 
to ATD. On tests of anxiety- and depression- related behaviour there were no, or only 
small, effects of genotype and treatment. The effects of ATD on brain 5-HT and object 
recognition were stronger in SERT-/- rats than in SERT+/+ and SERT+/- rats. 

The biochemical data showed strong depletion of plasma TRP levels in the TRP- 
condition. Four hours after the first injection a depletion of 65% in SERT+/+, 61% in 
SERT+/- and 55% in SERT-/- rats was found. Moreover 5-HT and 5-HIAA levels in frontal 
cortex were decreased after TRP- treatment compared to TRP+ treatment. SERT-/- rats 
showed stronger depletion of 5-HT in the frontal cortex (63%) compared to SERT+/+ and 
SERT+/- rats (both 19%); and in the hippocampus, (70%) compared to SERT+/- rats (18%) 
and SERT+/+ rats (13%). In both the frontal cortex and hippocampus, 5-HIAA decreased 
to a similar extent in all genotypes. In both structures, 5-HIAA was lower after TRP- 
treatment than after TRP+ treatment. Whereas 5-HIAA/5-HT turnover is a bit lower 
in TRP+ and TRP- treated rats in SERT+/+ and SERT+/- rats, in SERT-/- rats, the turnover 
ratio is highly increased after TRP- compared to TRP+ and untreated rats as a result of 
strong decrease in 5-HT. In SERT-/- rats, ATD results in a stronger reduction of 5-HT in 
both brain structures than in SERT+/- and SERT+/+ rats, while de decrease in 5-HIAA is 
similar in all genotypes, suggesting similar breakdown of 5-HT in all genotypes. Because 
in SERT-/- rats released 5-HT cannot be transported back into the presynaptic neuron, 
the presynaptic 5-HT storage may be lower in SERT-/- than in the other genotypes and 
therefore their 5-HT levels may decrease more strongly after ATD.

At a behavioural level, ATD impaired object recognition memory, but did not influ-
ence affective behaviour. Healthy human subjects show impaired cognitive performance 
after ATD (Riedel et al., 1999, Riedel et al., 2002, Sambeth et al., 2007) and impaired 
object recognition in rats has been found in male and female Wistar rats (Lieben et al., 
2004b, Jans et al., 2007a). In this test all genotypes showed impaired object recognition 
after ATD. The relatively mild depletion of the TRP- 40g treatment impaired object rec-
ognition in SERT+/- and especially in SERT-/- rats but not in SERT+/+ rats where the d2 was 
lower than at baseline, but still different from the virtual control group with impaired 
object recognition. The stronger effects of the TRP- 40g treatment in SERT-/- rats may be 
related to the stronger effects of TRP- treatment on central 5-HT levels. The same dose of 
TRP- appeared to have a stronger effect on central 5-HT levels in SERT-/- rats compared 
to SERT+/- and SERT-/- rats. Notably, SERT-/- rats showed impaired object recognition 
after TRP+ treatment as well, although their baseline discrimination index d2 indicated 
normal object recognition when untreated. 
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The open field test and the elevated plus maze are generally accepted animal mod-
els for measuring exploration-conflict anxiety-related behaviour (Hogg, 1996, Prut and 
Belzung, 2003). In the open field test, TRP- treated SERT+/+ and SERT+/- rats spent more 
time in the center of the open field and had a longer distance moved compared to their 
TRP+ treated controls. These effects were not found in SERT-/- rats. ATD was hypoth-
esized to increase anxiety-related behaviour in vulnerable subjects, but here a decrease 
in anxiety-related behaviour was found in SERT+/+ and SERT+/- rats. In the elevated plus 
maze and the social interaction test, no effects of treatment and genotype were found 
on the behaviour of the animals. Time spent in the open zones of the elevated plus 
maze was very low, which might indicate a ceiling effect. In the home cage emergence 
test TRP- treated SERT+/- rats had a longer escape latency than SERT+/- TRP+ rats, but 
there were no treatment effects on escape latency in the SERT+/+ and SERT-/- rats. In the 
SERT+/+ and SERT-/- rats the escape latency in the home cage emergence was almost 
maximal in the TRP+ condition, making it impossible to increase the escape latency af-
ter TRP- treatment. Perhaps treatment effects would have been observed if the maximal 
escape latency had been set differently. 

The forced swim test was performed to assess depression-related behaviour in re-
sponse to ATD in SERT+/+, SERT+/-, and SERT-/- rats. Chronic mild stress and maternal 
separation increase the immobility in the forced swim test (Molina et al., 1994, Huang 
and Lin, 2006), indicating that an increased immobility is related to a higher ‘depres-
sive’-like state in rats. If the rats are vulnerable to ATD, their immobility will increase. 
No treatment or genotype effects were found in the forced swim test. Indicating that 
the depression-related behaviour seen in the forced swim test was not affected by TRP 
depletion. This is in line with previous results, where ATD had no effect on male and 
female rats in the forced swim test (Lieben et al., 2004b, Jans et al., 2007a). At basal 
levels in the Porsolt forced swim test, where rats are forced to swim for 15 minutes on 
day one, and subsequently tested for immobility on day 2 for 5 minutes, SERT-/- rats 
showed a significantly higher immobility time compared to SERT+/+ rats (Olivier et al., 
unpublished data). However, when SERT-/- rats are tested repeatedly in the forced swim 
test this difference between SERT+/+ and SERT-/- disappears (Olivier et al., unpublished 
data). Taken together, these results might suggest an impaired stress coping in SERT-

/- rats, which disappears after repeated testing of the forced swim test. And apparently, 
ATD does not affect this behaviour.

Most indices of anxiety-related behaviour in this study were high even in the TRP+ 
condition. Activity levels were generally low in all behavioural tests, including the object 
recognition test in which the duration of exploration was low. This may indicate that the 
rats in general had low levels of activity and exploration, which might suggest high levels 
of anxiety in these rats. Furthermore it is possible that these behaviours are related to 
the light-dark cycle the rats were on, with behavioural testing during the day in the light 
period which is the inactive period for rats. Naïve anxiety levels have been measured in 
previous studies during the light-period, where SERT-/- rats showed an increased anxi-
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ety-like behaviour compared to SERT+/+ rats (Olivier et al, unpublished data). However, 
exploration time in the test used here was very low and could have been increased by 
testing the rats during their active period.

The TRP+ treatment resulted in increased levels of plasma TRP and brain 5-HT, 
suggesting an active control. Essentially this means that we compared TRP depletion and 
mild TRP suppletion in SERT rats. This may have affected behaviour in the TRP+ condi-
tion. However, these effects were similar in all genotypes. Both this genotype difference 
in the central effects of ATD and the treatment effect in the TRP+ condition complicate 
the interpretation of the behavioural data.

Other possible shortcomings and limitations are the fact that the same group of 
rats was frequently subjected to the treatment, although the treatment condition var-
ied between tests. The tests used in this study required multiple testing trials to obtain 
valid indices of anxiety and depression. In previous studies with a similar design (Jans 
et al., 2007a) it has been shown that there were no differences in the treatment effect on 
the plasma TRP/ΣLNAA ratio when comparing the data of the blood sampling at the 
beginning and at the end of the study. Apparently, the treatment effect after the second 
exposure to the treatment was the same as after the thirteenth exposure. We therefore 
assume that the treatment has had comparable biochemical effects throughout the entire 
study although it cannot be excluded that repeated treatment had the same effects in all 
genotypes. It is possible that SERT+/- and SERT-/- rats were differently affected by repeated 
treatment compared to SERT+/+ rats. 

Furthermore, the repeated testing of the rats in the successive tests (Table 2) might 
have affected the performance from one test to the other. Because all rats were subjected 
to the same series of tests, we may assume that the effects of repeated testing were similar 
in all groups. However, it is possible that the different genotypes were differently affected 
by exposure to the behavioural test. It cannot be excluded that this successive testing 
could have interfered with treatment effects. This can only be tested if naïve rats are used 
for each individual test. 

It should also be noted that due to some technical and methodological issues on 
some tests, data of several rats had been lost. Hence, the groups and the power may have 
been too small to detect group differences.

The aim of the present experiment was to investigate whether male SERT+/+, SERT+/-, 
and SERT-/- serotonin transporter rats differ in serotonergic vulnerability. In humans, 
ATD impairs memory, but effects on mood are only seen in vulnerable subjects. In the 
present study, there were no strong indications of higher SV in SERT-/- and SERT+/- rats. 
Results of the open field test do not indicate higher SV in SERT+/- and SERT-/- compared 
to SERT+/+ rats. In the elevated plus maze and home cage emergence test there were prob-
ably ceiling effects, although the SERT+/- showed increased anxiety-like behaviour after 
ATD. In the social interaction tests and forced swim test there were no indications of SV 
in any genotype. Only in the object recognition test, SERT+/- and SERT-/- showed signs 
of higher SV by showing impaired object recognition after the milder ATD treatment 
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TRP- 40g. It is unsure however, whether this is just an effect of the stronger central 5-HT 
depletion in these rats, or whether these effects on memory can be interpreted as a sign 
of higher SV in SERT-/- and SERT+/- rats. 
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General discussion and conclusion
Although the mechanisms underlying depression are not yet fully understood, there 
is general consensus that 5-HT is involved in depression. The first monoamine the-
ories of depression proposed that depression was caused by monoamine deficiency.  
By now, however, the model of a deficit in 5-HTergic neurotransmission being primary 
in the aetiology of depressive disorders, and predictive of therapeutic response to drugs 
enhancing 5-HTergic neurotransmission has become obsolete: not all depressed pa-
tients present with 5-HT abnormalities, not all patients benefit from drugs enhancing 
5-HTergic neurotransmission, and several drugs that are devoid of major effects on 
5-HTergic neurotransmission are known to be effective antidepressants. Furthermore, 
the absence of robust mood effects in healthy controls after ATD indicates that mood 
is not a direct correlate of 5-HT functioning in the brain. In depressed patients, ATD 
does not result in a further decrease of mood. This could indicate a ceiling effect, or 
it could indicate there is no simple relation between 5-HT deficiency and depressed 
mood (Ruhe et al., 2007). Hence, the thinking has progressively evolved from an abso-
lute deficit to a high-risk model: low 5-HTergic neurotransmission is now thought to 
operate as a biological risk factor, resulting from innate and/or environmental factors, 
neither sufficient nor necessary, yet when combined may play an important role in the 
triggering and maintenance of mood disorders (Maes and Meltzer, 1995). Moreover, the 
categorical view -low 5-HT is specific for depression- has gradually been replaced by 
a dimensional approach: low 5-HT explains in part the vulnerability to mood liability 
across diagnoses, rather than depression per se. 

The aim of this thesis was to find evidence for the concept of serotonergic vulnerability in 
animal studies applying the method of acute TRP depletion. Serotonergic vulnerability 
was described and several possible causes were discussed (Chapter 2). Next, the presence 
of SV was studied experimentally by exposing rats to acute TRP depletion. Several pos-
sible vulnerability factors were studied: the female sex (chapter 4), different rat strains 
(chapter 5), stress (chapter 6), and absence or diminished functionality of the serotonin 
transporter (chapter 7). 

Serotonergic vulnerability

As was proposed in Chapter 2, serotonergic vulnerability means that the there is a vul-
nerability or sensitivity to natural or experimental alterations or dysregulations in the 
serotonergic system (based upon Maes and Meltzer, 1995, van Praag, 1996, Aberg-Wist-
edt et al., 1998, Bhagwagar et al., 2002, Booij et al., 2002, Neumeister et al., 2002, Riedel 
et al., 2002, Sobczak et al., 2002a, Sobczak et al., 2002b). There are various factors that 
may interfere with 5-HTergic functioning, such as genetic factors, a family history of 
depression, the female gender, stress, and drug use. The proposed model was one in 



183

General discussion and conclusion

which each factor disrupts the 5-HT system, resulting in serotonergic vulnerability, but 
psychopathology symptoms do not occur until a threshold is reached where the system 
can no longer compensate.

The female gender was proposed as a factor that may cause SV, based upon the 
higher prevalence of depression and anxiety in women compared to men (for review 
see Piccinelli and Wilkinson, 2000), the presence of several sex differences in serotoner-
gic indices and interactions between oestrogen and 5-HT. Furthermore, in human ATD 
studies mood effects are more prevalent in women than in men. We studied the effects of 
ATD in male and female rats (Chapter 4) and found that the effects of ATD on both brain 
TRP and behaviour in anxiety-related test situations depended on sex and the oestrous 
cycle phase of the females. Females in the pro-oestrus and oestrus phase of the oestrous 
cycle showed a stronger response to acute TRP depletion compared to male rats and 
females in met-oestrus and di-oestrus. 

Furthermore, we evaluated whether Sprague Dawley and Brown Norway rats dif-
fered in SV (Chapter 5) and concluded that Sprague Dawley rats showed a stronger 
behavioural response to ATD on almost all behavioural tests and thus appear to have 
higher SV, although biochemical effects were more pronounced in Brown Norways. 

The role of stress as a possible cause of SV was assessed in an experiment in which 
male Wistars were exposed to chronic mild stress, followed by a two-week resting pe-
riod, after which they were treated with ATD and behaviour and cognition were tested 
(Chapter 6). Although the chronic mild stress procedure was effective in causing an an-
hedonia-related reduction in sucrose consumption and blunted weight gain and lower 
corticosterone levels, it did not result in increased SV; in general the stressed group did 
not show stronger behavioural responses to ATD. 

In order to investigate the role of the serotonin transporter in serotonergic vulner-
ability, the effects of ATD were examined in SERT+/+, SERT+/- and SERT-/- rats (Chap-
ter 7). SERT-/- rats showed the strongest brain 5-HT reduction and was more sensitive 
to ATD effects on object recognition memory. SERT+/- showed intermediate sensitivity 
to ATD in the object recognition test. In other behavioural tests there was in general no 
indication of higher SV in SERT-/- and/or SERT+/- rats compared to SERT+/+ rats. 

Acute tryptophan depletion as a method to study SV

From the definition of SV, it is a logical consequence that SV can be demonstrated by 
challenging the 5-HT system. Several methods can be applied to challenge the seroto-
nergic system and study the effect of serotonin on behaviour in animal experiments. 
These include challenging the serotonergic system with a serotonergic probe, such as 
5-HT releasing agents, SSRIs, receptor agonists or antagonists, and methods that chal-
lenge the 5-HT system by reducing serotonergic functioning. Serotonergic challenge 
tests, involving the administration of a 5-HTergic probe and the subsequent assessment 
of one or more anterior pituitary hormones, such as cortisol, ACTH, growth hormone 
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and prolactin, can be used to measure serotonergic responsivity in human and animal 
studies. A blunted neuroendocrine response to serotonergic agonists has been found in 
depressed patients, but it is unclear whether this abnormality persists following clinical 
recovery (Bhagwagar et al., 2002). More research is needed to evaluate the use of sero-
tonergic drug challenges as a tool for studying SV. 

Selective neurotoxins such as 5,7-dihydroxytryptamine (5,7-DHT) (Harrison 
et al., 1997, Hall et al., 1999), or the tryptophan hydroxylase inhibitor p-chlorophenyl-
alanine (PCPA) (Mazer et al., 1997) can be used to study the chronic effects of selec-
tive reductions of 5-HT. These methods may be valuable tools for studying the role 
of serotonin in behaviour, but because these methods have permanent consequences 
they are, at least is their current form, not ideal for studying SV. Due to their toxicity, 
these methods cannot be applied in human studies. Acute tryptophan depletion on the 
other hand, results in a transient reduction in peripheral and central TRP and central 
5-HT. The method of acute tryptophan depletion has been described as a way to iden-
tify a subgroup of patients with a specific serotonergic ‘vulnerability’ (Aberg-Wistedt 
et al., 1998) and as a suitable model of vulnerability to depression (Booij et al., 2005). 
The mood response to ATD in healthy controls with a family history of depression 
might indicate a biological vulnerability, which is revealed by the depletion (Ruhe et al., 
2007). A relapse of depressive symptoms in remitted patients after ATD probably re-
flects a biological vulnerability of the 5-HT system (Booij et al., 2002, Booij et al., 2003, 
Bell et al., 2005, Ruhe et al., 2007), which increases their risk to become depressed. In 
two prospective studies, the mood response to ATD in remitted patients was used to 
predict later relapse/recurrence (Neumeister et al., 1999, Moreno et al., 2000). ATD may 
disclose a trait vulnerability rather than a pure state dependent change due to depletion 
(Ruhe et al., 2007). From Chapter 4, 5, 6 and 7 of this thesis it appears that ATD func-
tions as a method to reveal SV in rats as well. 

Specificity of acute tryptophan depletion

Whether ATD can be used to study SV depends on the selectivity and specificity of the 
ATD method on 5-HT. ATD is theorized to result in reduced synthesis of 5-HT (Gessa 
et al., 1974, Moja et al., 1989) and reduced synthesis of proteins in general (Blazek and 
Shaw, 1978, Cortamira et al., 1991). The latter effect is a non-specific effect that occurs 
after the depletion of any amino acid. In order to test the specificity of the ATD method, 
(Klaassen et al., 1999) treated healthy volunteers with an amino acid either lacking TRP 
or lacking the essential amino acid lysine, or a balanced control mixture. They found 
that the ATD effects on mood and memory are specific for TRP depletion and are not 
caused by the depletion of an amino acid per se. This supports the hypothesis that ATD 
affects brain serotonin metabolism and not just brain protein metabolism in general. 
These results make general effects on protein synthesis an unlikely explanation for the 
ATD effects on mood and memory. 
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Our ATD procedure appears to selectively lower plasma and central TRP and cen-
tral 5-HT and 5-HIAA. There were no considerable treatment effects on other plasma 
(chapter 3, Lieben et al., 2004a) and brain amino acids (Chapter 4, Lieben et al., 2004a). 
Although plasma concentrations of several amino acids changed over the four hours 
after treatment, these effects were generally similar in the TRP+ and the TRP- condi-
tion (Chapter 3). Although at the time of behavioural testing, several plasma amino 
acid concentrations differed between treatment conditions, these differences were small 
compared to the difference in TRP (Chapter 3). In male Wistars (Lieben et al., 2004a), 
Sprague Dawley and Brown Norway rats (Chapter 5) concentrations of DA, DOPAC, 
and HVA have been shown to be unaffected by ATD.

In this thesis, the most consistent finding was the ATD-induced impairment of 
object recognition. Previously, several non-serotonergic explanations of impaired object 
recognition after ATD have been suggested by our group (Riedel et al., 1999, Blokland 
et al., 2004, Lieben et al., 2004a). For example, ATD may affect N-methyl-D-asparate 
(NMDA) receptor functioning via the kynurenine (KYN) pathway. It is likely that ATD 
also decreases the amount of KYN, the primary degradation product of TRP, which 
is further converted to several metabolites, such as KYN acid (KYNA) and quinolinic 
acid (QUIN). Independent of each other, these metabolites are connected with NMDA 
receptors (Perkins and Stone, 1982), which can inhibit long term potentiation and lead 
to memory impairments (Morris et al., 1986, Saucier and Cain, 1995). KYNA has an 
antagonising effect on NMDA receptors and has a neuroprotective role, but QUIN can 
result in overstimulation of NMDA receptors and result in neurotoxic effects. Based 
on these facts it can be speculated that changes in the KYN pathway can affect cogni-
tive function. Furthermore, ATD has been reported to decrease citrulline (CIT) in the 
brain without affecting peripheral levels (Lieben et al., 2004a). It is known that arginine 
(ARG) is catalysed into CIT and nitric oxide (NO). ATD can affect CIT in the brain 
without affecting its precursor ARG, which could indicate that ATD might decrease 
NO synthesis, and in this way affect learning and memory (Prast and Philippu, 2001). 
Another possible explanation is that ATD results in memory impairment through 
a general decrease in protein synthesis, as drug-induced inhibition of protein synthesis 
in the brain is an animal model of memory disorders (Sarter et al., 1992). However, 
(Klaassen et al., 1999) showed that depletion of the essential amino acid lysine, which 
is not related to cognition or behaviour but was assumed to result in decreased protein 
synthesis, did not affect memory. 

Our TRP+ condition was designed to be a balanced control, but may have had 
some influence on peripheral and central AA concentrations. From the results presented 
in chapter 3, it appeared that a slight increase in TRP in the TRP+ condition could main-
tain a stable plasma TRP/ΣLNAA ratio over the four hours after treatment. Therefore, an 
additional 0.02 mg TRP of TRP was added to the TRP+ mixture in subsequent experi-
ments (Chapters 5, 6, and 7). However, this slight increase resulted in a small increase in 
the plasma TRP and the TRP/ΣLNAA ratio in the TRP+ condition in Sprague Dawley 
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and Brown Norway rats (Chapter 5) and in SERT+/+, SERT+/- and SERT-/- rats (Chapter 
7). In the latter rats, brain 5-HT was increased in the TRP+ condition. Whether this was 
also the case in the Sprague Dawley and Brown Norway rats is not known, as there were 
no brain samples of untreated rats available in that study. Thus, in some experiments our 
TRP+ condition may have resulted in mild TRP suppletion instead of being a balanced 
control. In other experiments a slight decrease in the plasma TRP/ΣLNAA ratio has been 
reported (Chapters 4 and 6).

In both human and rat studies, ATD can be used to reveal SV. In humans, the female 
gender, a family history of depression, serotonin transporter polymorphism genotype, 
and drug use can influence the response to ATD. In this thesis, female oestrous cycle 
phase (Chapter 4), rat strain (Chapter 5) and serotonin transporter genotype (Chapter 
7) influenced the response to ATD. 

Effects of ATD on TRP and 5-HT levels

Effects of ATD on plasma TRP and the TRP/ΣLNAA ratio were similar in all groups. 
Within some experiments, there were differences in the central effects of ATD. In Chap-
ter 4, females in pro-oestrus and oestrus show stronger central ATD reduction than fe-
males in met-/di-oestrus. This group of females also showed stronger behavioural effects 
of ATD. In Chapter 5, there was a dissociation between strong 5-HT depletion in the 
frontal cortex and hippocampus to ATD and strong behavioural effects. Brown Norway 
rats showed strong central 5-HT depletion in the absence of behavioural effects, while 
Sprague Dawley rats showed strong behavioural effects of ATD in the absence of strong 
central 5-HT depletion. However, ATD decreased 5-HIAA/5-HT turnover in Sprague 
Dawleys, but not Brown Norways, which may have been more important than 5-HT 
depletion in the occurrence of behavioural effects of ATD. This decreased turnover may 
indicate that 5-HT neurotransmission was decreased in Sprague Dawley rats. 

In Chapter 7, SERT-/- rats showed much stronger brain 5-HT reduction compared 
to SERT+/+ and SERT+/- rats. However, SERT-/- did not show increased anxiety- and de-
pression- related behaviour after ATD, again suggesting that decreased central 5-HT 
does not necessarily cause behavioural effects. A different behavioural response to ATD 
was found only in the object recognition task, after mild depletion. SERT-/- rats not only 
showed strong depletion of central 5-HT, they also showed strong increases in central 5-
HIAA/5-HT turnover. It is unclear whether either of these findings is related to the ATD 
effect on object recognition memory. It should be noted that SERT+/- rats showed object 
recognition impairment after mild depletion that was intermediate between SERT+/+ and 
SERT-/- rats, a pattern that was not found in either central 5-HT depletion or 5-HIAA/5-
HT turnover. However, these data are not available in the TRP- 40g condition, in which 
the differences in object recognition memory were found. 

In conclusion, ATD results in decreases plasma TRP and central TRP and 5-HT, but 
there is no straightforward relationship between peripheral or central ATD effects and 
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behavioural effects. It appeared that strong depletion of plasma TRP/ΣLNAA does not 
always predict strong 5-HT depletion, especially in the hippocampus, and that plasma 
TRP/ΣLNAA and central 5-HT depletion are not necessarily accompanied by decreased 
5-HIAA/5-HT turnover. In some cases, stronger behavioural and/or cognitive responses 
were associated with stronger TRP and/or 5-HT depletion effects in the brain. Lowering 
of the 5-HIAA/5-HT turnover may be important for the occurrence of behavioural ef-
fects, but more research is needed in this area. 

Effects of ATD on affective behaviour

In human studies, ATD does not lower mood in currently depressed patients, but it can 
cause mild effects on mood in remitted depressed patients, especially those treated with 
SSRIs, in euthymic untreated remitted depressed patients and in healthy volunteers. ATD 
has been found to result in mild, subclinical mood effects in vulnerable groups; mood 
lowering effects have been reported in subjects with higher baseline depression scores, 
in females, in subjects with a personal history of depression, in subjects with a history of 
suicide attempts in subjects with a family history of depression and in carriers of the s-
allele of the serotonin transporter promoter region polymorphism (see Bell et al., 2005). 
Results are generally mixed and even in the group of SSRI treated recovered patients only 
50-60% reported clinical worsening of mood in response to ATD (Booij et al., 2002). 
ATD, either combined with a pharmacological panicogenic challenge or not, generally 
does not result in increased anxiety in healthy volunteers, although small increases in 
anxiety and nervousness have been reported (Goddard et al., 1995, Klaassen et al., 1998). 
Similar to results in depression, ATD does not increase anxiety in untreated panic dis-
order patients, but combined with a panicogenic challenge ATD increased anxiety and 
the rate of panic attacks (Miller et al., 2000, Schruers et al., 2000). This was also found 
in SSRI treated remitted anxiety disorder patients (Bell et al., 2005). However, lowered 
5-HT has also been reported to have anxiolytic effects, such as impaired recognition of 
fearful facial expressions in women (Harmer et al., 2003) and reduced anxiety behaviour 
as measured by an inhibitory anxiety response during exposure to novel stimuli in rats 
(Bechtholt et al., 2007). 

In this thesis, anxiety-related behaviour was tested using the open field test, home cage 
emergence test, elevated zero or plus maze and social interaction test and depression- 
related behaviour was evaluated using the forced swim test. 

Anxiety-related behaviour In the open field test, ATD resulted in increased anxiety- 
related behaviour only in Sprague Dawley rats, they spent more time in the corners and 
moved a shorter distance after ATD (Chapter 5). Although females in the pro-oestrus 
and oestrus phase of the oestrous cycle showed a stronger response to ATD in the open 
field test compared to male rats and females in met-oestrus and di-oestrus, this response 
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was anxiolytic in nature: they spent less time in the corners and moved a longer distance 
(Chapter 4). In SERT+/+ and SERT+/- rats, TRP- treatment resulted in the anxiolytic effects 
of increased time spent in the center and increased distance moved compared to TRP+ 
treatment, but these effects were not found in SERT-/- rats (Chapter 7). In the chronic 
mild stress study, ATD did not have any effect on behaviour in the open field in any of 
the groups (Chapter 6). 

In the home cage emergence test, females in pro/oes showed a stronger behavioural 
response to ATD than females in met/di and men, and again this response was anxiolytic 
in nature: after ATD they escaped from the home cage after a shorter time (Chapter 4). 
A similar ATD effect was found in Sprague Dawley rats (Chapter 5). CMS pretreatment 
did not influence the ATD response on escape latency, but CMS rats showed higher es-
cape latency, suggesting an anxiogenic effect of exposure to the CMS procedure (Chapter 
6). SERT+/+ and SERT-/- rats showed ceiling effects, but SERT+/- rats had a higher escape 
latency after TRP- compared to TRP+ treatment, suggesting an anxiogenic response of 
ATD in these rats (Chapter 7). 

In the elevated zero maze, time spent in the open zones of the zero maze was 
decreased after TRP- treatment only the control rats of the CMS study (Chapter 6). In 
SERT+/+, SERT-/-, and SERT+/- rats, ATD did not influence behaviour on the elevated plus 
maze (Chapter 7), although marginal decrease of time spent in the closed zones after 
ATD suggests a decrease of anxiety- related behaviour after ATD.

In the social interaction test, ATD reduced the duration of passive body contact 
in males and females in pro/oes, but increased passive body contact was found in 
females in met/di. An increase in the percentage of active social interaction was found 
only in females in pro/oes (Chapter 4). In the CMS study, ATD resulted in a shorter 
duration of passive body contact (Chapter 6). Furthermore, TRP- treatment resulted 
in more aggressive behaviour compared to TRP+ treatment in the control rats of the 
CMS study. In Sprague Dawley and Brown Norway rats, and in SERT+/+, SERT-/-, and 
SERT+/- rats, ATD did not affect behaviour in the social interaction test (Chapters 
5 and 7). Effects of ATD on the total duration of social interaction were not found in 
any of the studies. 

In summary, The effects of ATD on anxiety-related behaviour are inconsistent. 
Decreased, increased, and unchanged indices of anxiety were found after ATD, and re-
sults were different in the various tests of anxiety-related behaviour. Females in pro/oes 
showed a stronger behavioural effect on anxiety- related behaviour after ATD compared 
to males and females in met/di. Sprague Dawley rats showed ATD effects on anxiety- 
related behaviour whereas no effects were found in Brown Norway rats. This may reflect 
higher SV in these groups. The ATD response on behaviour in the open field test and 
home cage emergence test was qualitatively different in Sprague Dawley rats and in 
SERT+/- rats, indicating that the open field test and the home cage emergence test mea-
sure different aspects of the anxiety domain. This is in accordance with previous reports 
suggesting that escape behaviour, as measured in the home cage emergence test, may 



189

General discussion and conclusion

reflect a different anxiety-related trait than the activity and time spent in the different 
zones of the open field test and plus maze (Prickaerts et al., 1996).

Depression-related behaviour When rats are forced to swim in an inescapable situ-
ation, they typically display an immobile posture, which is considered to reflect a state 
of behavioural despair. Antidepressant treatments are known to reduce immobility time 
in the forced swim test (Connor et al., 2000) and it is assumed that a procedure that 
produced depressive-like effects should have the opposite effect, as has been reported 
repeatedly after chronic mild stress (Molina et al., 1994, Willner, 2005, Huang and Lin, 
2006). Previous ATD studies showed mixed results (Blokland et al., 2002, Lieben et al., 
2004b). In this thesis, immobility was found to be higher in males than in females in all 
oestrous cycle phases (Chapter 4) and in Sprague Dawley rats compared to Brown Nor-
way rats (Chapter 5). ATD did not result in increased immobility in study described in 
this thesis, although the Strain × Treatment interaction effect on immobility that was re-
ported in Chapter 6 indicated opposite effects of ATD on immobility in Sprague Dawley 
and Brown Norway rats. Thus, the only group that showed signs of SV in the forced swim 
test was the Sprague Dawley strain. Perhaps the forced swim test is not very sensitive in 
detecting effects of ATD.

Effects of ATD on memory

In healthy subjects ATD impairs consolidation of newly learned information/material 
(Klaassen et al., 1999, Riedel et al., 1999, Schmitt et al., 2000, Riedel et al., 2002, Sambeth 
et al., 2007). In general, these affects are found independent of SV factors and show some 
similarity to symptoms of depression. In the experiments described in this thesis, ATD 
affected memory in the object recognition test. Usually, there was no difference in object 
recognition after TRP- treatment between assumed SV and non-SV subjects, all groups 
show impaired object recognition. This effect was found in male and female Wistar rats, 
in male Sprague Dawley rats and in male SERT+/+, SERT+/-, and SERT-/- rats. The only 
group that did not show this effect were the Brown Norways. These rats did show lower 
discrimination after TRP- treatment, but the effect was not significant. Thus in general, 
rats respond with impaired object recognition after two full doses of ATD, similar to the 
ATD-induced memory effects in humans. 

However, at a lower ATD dose, the object recognition test may be sensitive enough 
to detect differences between SV and non-SV groups. This was shown in SERT+/+, 
SERT+/- , and SERT-/- rats after a TRP- dose with only 40g of the TRP free protein in-
stead of the normal 100g. After this relatively mild depletion treatment impaired object 
recognition was found in SERT+/- and especially in SERT-/- rats but not in SERT+/+. Fur-
thermore, it was found in a mega-analysis that the ATD-induced memory impairments 
were larger in females than in males (Sambeth et al., 2007), which is generally not found 
in individual studies, probably because these smaller studies lack the statistical power to 
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pick up small effects. Thus, it appears that ATD-induced memory effects may be stronger 
in hypothesized SV subjects, provided that the statistical power is high enough and the 
memory test is sensitive enough to detect differences in impairment in the applied ATD 
procedure. The question remains whether these effects might represent mild first symp-
toms of depression or the starting symptoms of a cascade of altered brain function lead-
ing to depression (Ruhe et al., 2007), or whether the effects on cognition occur relatively 
separate from the mood effects. 

Final evaluation

Several studies in humans suggest that factors such as the female gender and genetic fac-
tors can cause SV, reflected by a mood response to ATD. In this thesis, we investigated 
several factors that could cause SV separately, in a controlled setting in an animal model. 
ATD elicited different behavioural effects in different groups of rats, suggesting ATD 
can be used in rats to study SV. Most of the factors tested, however, did not result in SV 
as reflected by an increased behavioural response to ATD on tests of anxiety-and depres-
sion-related behaviour. It appeared that oestrous cycle phase, rat strain and serotonin 
transporter genotype can influence the biochemical and behavioural response to ATD, 
whereas the female sex in general and exposure to chronic mild stress did not affect the 
behavioural response to ATD. Taken together, it could be argued that the presence of 
one factor may not be sufficient to cause SV. In human studies it is not always possible to 
separately study different factors that may influence the 5-HT system, which can explain 
the mixed results that are generally found in human studies. Although it is considered an 
advantage that animal studies allow for a more separate investigation of different factors, 
in this thesis it appeared that most of the separate factors did not result in SV or at least 
not in a level of SV that was revealed by ATD in these models.

A stronger effect of ATD on cognition may be associated with SV, just as the mood 
response to SV. ATD impairs object recognition memory in almost all groups of rats. 
However, when low-dose ATD was used, SERT rats showed a genotype dependent im-
pairment of object memory; SERT+/+ showed the least and SERT-/- the most impairment. 
This interesting finding indicated that the effects of ATD on memory may be a promising 
area of further study. The results described in this thesis indicate that the effects on mem-
ory are relatively straightforward and uncomplicated to study in animal models com-
pared to effects on ‘mood’. Hence, if a stronger memory impairment after ATD is able to 
discriminate between serotonergically vulnerable and non-vulnerable or less vulnerable 
populations, this would be an interesting model to further study of SV in rats. 

Several questions remain that might be interesting for future studies. In this thesis, 
genetic influences (different strains, Chapter 5; SERT, Chapter 7) were associated with 
the strongest behavioural responses to ATD. This raises the question whether the Wistar 
is the optimal strain to investigate SV in. Because it appears that the presence of a single 
factor that can affect the 5-HT system is not enough to cause SV, future studies investi-
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gating the effect of a factor that may cause SV (e.g., stress) may require the use of a rats 
train with already higher SV than the Wistar. At this point, it cannot be excluded that, for 
example, stronger Sex × ATD or CMS × ATD interaction effects would have been found 
when a strain with higher baseline SV had been used. The Sprague Dawley may be a good 
candidate, because this strain showed the strongest effect of ATD in the strains that have 
been tested thus far. It should be noted though, that Sprague Dawleys were not directly 
compared with Wistars in the same experiment, making it difficult to draw conclusions 
regarding the level of SV in Sprague Dawleys compared to Wistars. Furthermore, it is 
unclear why the Sprague Dawleys showed higher SV than Brown Norways. It would 
be interesting to further examine the differences in serotonergic functioning between 
these two strains, and what it is that makes the Brown Norways unresponsive to ATD. 
The influence of central 5-HT lowering in different brain structures, as well as the ATD 
effects on 5-HIAA and 5-HIAA/5-HT turnover require further investigation. Finally, 
the cognitive effects of ATD appear promising for further investigation; groups that are 
hypothesized to differ in SV should be tested in the object recognition test (and perhaps 
other cognitive tests) with different doses of ATD and/or varying inter-trial interval to 
evaluate whether impaired object recognition after ATD can be used to study SV.
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Summary

In this thesis a model is proposed in which serotonin is a vulnerability factor for the 
development of depression and other forms of psychopathology. Furthermore, the con-
cept of serotonergic vulnerability was evaluated in animal studies applying the method 
of acute TRP depletion. Groups of rats that were hypothesized to differ in SV were re-
peatedly treated with the gelatin-based protein-carbohydrate mixture and the effects of 
this method of acute TRP depletion on depression- and anxiety- related behaviour and 
cognition were evaluated by testing the rats in several behavioural tests. A stronger be-
havioural response to ATD on tests of anxiety- and depression- related behaviour was 
assumed to reflect SV.

Chapter 1: An introduction is provided in which the synthesis of serotonin from tryp-
tophan is described and the role of serotonin in depression and other forms of psycho-
pathology is discussed, which points to serotonin as a vulnerability factor.

Chapter 2: The concept of serotonergic vulnerability is outlined. In recent years, the 
term ‘serotonergic vulnerability’ has been used in scientific literature, but so far it has 
not been explicitly defined. In this chapter an attempt is made to elucidate the SV con-
cept. SV can be defined as increased sensitivity to natural or experimental alterations of 
the serotonergic system. Several factors that may disrupt the serotonergic system and 
hence contribute to SV are discussed, including genetic factors, female gender, person-
ality characteristics, several types of stress and drug use. It is explained that SV can be 
demonstrated by means of manipulations of the serotonergic (5-HTergic) system, such  
as 5-HT challenges or acute tryptophan depletion (ATD). Results of 5-HT challenge 
studies and ATD studies are discussed in terms of their implications for the concept 
of SV. The proposed model is one in which each factor disrupts the 5-HT system, until 
a threshold is reached where the system can no longer compensate and pathology oc-
curs. In this way, a combination of the factors described may result in depression or oth-
er 5-HT related disorders.
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Chapter 3: To further investigate the pharmacokinetic effects of acute TRP depletion, 
several experiments were carried out in which dose and treatment effects of acute tryp-
tophan depletion using a gelatin-based protein-carbohydrate mixture are studied in male 
and female Wistar rats. A protocol with two injections with 90 minutes interval or one 
with three injections with 60 minutes interval resulted in depletion of peripheral TRP 
levels of about 65–70% two to four hours after the first treatment. Object recognition was 
impaired two, four, and six hours after the first of two doses acute tryptophan depletion, 
suggesting that the central effects occurred rapidly and continued until at least six hours 
after the first of two doses, in spite of decreasing treatment effects on plasma TRP levels 
at that time point. The method of acute tryptophan depletion described here can be used 
to temporarily lower peripheral tryptophan levels and consequently affect 5-HT levels, to 
study the relationship between serotonin and behaviour by temporarily lowering brain 
tryptophan in male and female rats.

Chapter 4: Women are more vulnerable to develop depression and anxiety disorders 
than men. This may be related to higher serotonergic vulnerability in women. In this ex-
periment it was evaluated whether male and female Wistar rats differ in serotonergic vul-
nerability. Female oestrous cycle phase was determined by means of vaginal smears and 
the females were divided into two groups based on their oestrous cycle phase: pro-oes-
trus/oestrus and met-oestrus/di-oestrus. Blood samples showed stronger TRP depletion 
in males than females. In contrast to plasma concentrations, treatment effects on some 
brain TRP concentrations were influenced by oestrous cycle phase, females in pro-oes-
trus/oestrus showed the strongest response to TRP depletion. In tests of anxiety- related 
behaviour, females in pro-oestrus/oestrus also showed the strongest behavioural response 
to acute TRP depletion. Acute TRP depletion affected object recognition, but did not affect 
behaviour in the forced swim test and a reaction time task. It is concluded that sex and 
oestrous cycle phase can influence several behavioural responses to ATD, and that females 
in pro-oestrus/oestrus show the strongest behavioural response to acute TRP depletion.

Chapter 5: It is known that genetic factors and a family history of depression are can 
increase the risk to develop depression. To test the hypothesis that different rat strains 
may differ in serotonergic vulnerability, Sprague Dawley and Brown Norway rats were 
treated with acute TRP depletion. These strains were chosen based on phenotypical char-
acteristics, including normal activity in behavioural tests used in this study. SD rats ap-
peared to have higher serotonergic vulnerability than BN rats, as they showed an increase 
in anxiety- and depression- related behaviour and impaired object recognition after ATD. 
We found a striking dissociation between ATD effects on hippocampal 5-HT concentra-
tions and on behaviour; hippocampal 5-HT was significantly lower after ATD in BN, but 
not in SD rats. The higher SV in SDs may be related to the ATD-induced decrease in 5-
HIAA/5-HT turnover, reflecting decreased neurotransmission, in the frontal cortex and 
hippocampus, which were not found in BNs. 

Summary
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Chapter 6: There is an obvious association between stress and depression. Depression 
is often preceded by stressful life events and stress can increase the vulnerability to de-
velop depression, this may be caused by stress effects on the serotonergic system which 
make the system more vulnerable. To investigate whether stress can increase serotoner-
gic vulnerability, we studied the influence of exposure to chronic mild stress on the ef-
fects of ATD. The CMS caused anhedonia, blunted weight gain and lower corticosterone 
levels. CMS was followed by a two-week resting period, after which CMS and ATD both 
influenced behaviour on some tests, but overall the CMS procedure did not result in 
serotonergic vulnerability, as the CMS rats in general did not show stronger behavioural 
responses to ATD than controls. 

Chapter 7: During the last decade the serotonin transporter has been a major focus of 
attention in the genetic factors involved in depression. In humans, a form of a serotonin 
transporter polymorphism resulting in less transporter efficiency has been associated 
with an increased risk to develop depression. The aim of this experiment was to investi-
gate whether male wildtype (SERT+/+), heterozygous (SERT+/-), and knockout (SERT-/-) 
serotonin transporter rats differ in serotonergic vulnerability. Plasma TRP levels and 
brain 5-HT and 5-HIAA levels were decreased in all genotypes after ATD, but the stron-
gest effects were seen in SERT-/- rats. Results of most tests of anxiety- and depression- 
related behaviour did not indicate higher SV in SERT+/- and SERT-/- compared to SERT+/+ 
rats. In the object recognition test however, a SERT gene-dose effect was found on object 
recognition memory after a relatively mild ATD protocol, which may reveal an increased 
vulnerability to serotonin-related disorders. 

Chapter 8: In the final chapter a general discussion is presented of the findings that 
were described in this thesis. Oestrous cycle phase, rat strain and serotonin transporter 
genotype can influence the biochemical and behavioural response to ATD, whereas the 
female sex in general and exposure to chronic mild stress were not associated with SV. In 
some cases, stronger behavioural and/or cognitive response was associated with stronger 
central depletion effects in the brain. In general it appeared that most of the separate 
factors did not result in SV or at least not in a level of SV that was revealed by ATD in 
these models. A stronger memory response to ATD may be associated with SV, just as 
the mood response to SV. ATD impairs object recognition memory in almost all groups 
of rats. However, when low-dose ATD was used, SERT rats showed a genotype depen-
dent impairment of object memory; SERT+/+ showed the least and SERT-/- the most im-
pairment. This interesting finding indicated that the effects of ATD on memory may be 
a promising area of further study. The use of ATD to study SV and the specificity of the 
ATD method are discussed, as well as directions for future research.

Summary
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Samenvatting

In dit proefschrift getiteld “Serotonerge kwetsbaarheid – experimenten in ratten waarin 
de methode van acute tryptofaan depletie wordt toegepast” wordt een model beschre-
ven waarin serotonine (5-HT) wordt voorgesteld als een kwetsbaarheidfactor voor het 
ontstaan van depressie en andere 5-HT-gerelateerde stoornissen. Het concept ‘sero-
tonerge kwetsbaarheid’ wordt geëvalueerd in experimenten waarin ratten werden be-
handeld met acute tryptofaan depletie. Verschillende groepen ratten, die verondersteld 
werden te verschillen in serotonerge kwetsbaarheid, zijn herhaaldelijk behandeld met 
een eiwit-koolhydraat mengsel op basis van gelatine, met of zonder tryptofaan, en de 
effecten van deze behandeling op angst- en depressie-gerelateerd gedrag en geheugen 
werden gemeten. Sterkere effecten van ATD op gedrag zouden een hogere serotonerge 
kwetsbaarheid reflecteren. 

Hoofdstuk 1: Inleiding waarin de synthese van 5-HT uit tryptofaan wordt beschre-
ven en de rol van 5-HT in depressie wordt geëvalueerd, wat uitmondt in een beschrij-
ving van de rol van 5-HT als kwetsbaarheidfactor voor het ontstaan van depressie en 
andere stoornissen.

Hoofdstuk 2: Het concept ‘serotonerge kwetsbaarheid’ wordt beschreven. De laatste 
jaren wordt de term serotonerge kwetsbaarheid (SK) gebruikt in de wetenschappelijke 
literatuur, maar niet expliciet gedefinieerd. In dit hoofdstuk wordt SK gedefinieerd als 
toegenomen gevoeligheid voor natuurlijke of experimentele veranderingen in het sero-
tonerge systeem. Verschillende factoren worden besproken die het serotonerge systeem 
kunnen beïnvloeden en zo SK kunnen veroorzaken, zoals genetische factoren, het vrou-
welijke geslacht, persoonlijkheidsfactoren, verschillende soorten stress en drugsgebruik. 
Er wordt uitgelegd dat SK kan worden aangetoond door het serotonerge systeem te ma-
nipuleren, zoals wordt gedaan met 5-HT challenges en acute tryptofaan depletie (ATD). 
Uitkomsten van experimenten met 5-HT challenges en ATD worden besproken met 
betrekking tot de implicaties voor de SK hypothese. Er wordt een model voorgesteld 
waarin verschillende factoren het 5-HT systeem beïnvloeden, tot er een drempel wordt 
bereikt waarin het systeem niet meer kan compenseren en psychopathologie ontstaat. 
Op deze manier kan een combinatie van de beschreven factoren resulteren in depressie 
of andere 5-HT gerelateerde stoornissen.
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Hoofdstuk 3: Om de farmacokinetische effecten van acute tryptofaan depletie ver-
der in kaart te brengen, zijn verschillende experimenten gedaan waarin doserings- en 
behandelingseffecten van ATD, door middel van eiwit-koolhydraat mengsel op basis 
van gelatine, zijn onderzocht in mannetjes en vrouwtjes Wistar ratten. Een protocol met 
2 injecties met 90 minuten interval of een protocol met 3 injecties met 60 minuten inter-
val leidde tot een daling van plasma TRP van ongeveer 65–70% 2 tot 4 uur na de eerste 
behandeling. Twee, vier en zes uur na de eerste behandeling was object herkenning ver-
slechterd, waaruit blijkt dat de centrale effecten van ATD snel optreden en lang aanhou-
den, terwijl het effect op plasma TRP concentratie na 6 uur al sterk is afgenomen. Acute 
tryptofaan depletie kan gebruikt worden om tijdelijk de concentraties van plasma TRP 
en dus centraal TRP en 5-HT te verlagen, om zo de relatie tussen serotonine en gedrag te 
bestuderen in mannelijke en vrouwelijke ratten.

Hoofdstuk 4: Depressie en angststoornissen komen meer voor bij vrouwen dan bij 
mannen. Dit kan komen door een grotere SK bij vrouwen. In dit experiment werd geke-
ken of mannelijke en vrouwelijke Wistar ratten verschillen in SK door gedrag te meten 
na behandeling met acute tryptofaan depletie. Bij vrouwtjes werd fase van de hormonale 
cyclus bepaald door middel van uitstrijkjes en de vrouwtjes werden verdeeld in twee 
groepen: vrouwtjes in pro-oestrus/oestrus en vrouwtjes in met-oestrus/di-oestrus. ATD 
leidde tot een sterkere daling van plasma TRP bij mannetjes. De centrale effecten bleken 
echter afhankelijk te zijn van de cyclusfase en waren het grootst in vrouwtjes in pro-oes-
trus/oestrus. In tests van angst- en depressie-gerelateerd gedrag vertoonden vrouwtjes in 
pro-oestrus/oestrus ook de grootste gedragseffecten als gevolg van de ATD behandeling. 
ATD verstoorde object herkenning in alle groepen, maar had geen invloed op gedrag 
in de forced swim test en een reactietijd test. Er wordt geconcludeerd dat sekse en fase 
van de hormonale cyclus invloed kunnen hebben op gedragsresponse op ATD, en dat 
vrouwtjes in pro-oestrus/oestrus de grootste gedragseffecten laten zien.

Hoofdstuk 5: Genetische factoren en het voorkomen van depressie in de familie ver-
hogen het risico op een depressie. Om de hypothese te testen dat rattenstammen ver-
schillen in SK, werden Sprague Dawley (SD) en Brown Norway (BN) ratten herhaal-
delijk behandeld met ATD. Deze stammen waren voornamelijk gekozen op basis van 
fenotypische kenmerken, zoals normaal gedrag in de tests die in dit experiment werden 
gebruikt. SD ratten bleken een grotere SK te hebben dan BN ratten, want ze toonden een 
toename in angst- en depressie-gerelateerd gedrag en verslechterde object herkenning 
na ATD. Er was een dissociatie tussen 5-HT verlaging in de hippocampus en gedragsef-
fecten van ATD, aangezien 5-HT in de hippocampus was verlaagd in BN ratten, maar 
niet in SDs. De hogere SV in SD rats kan gerelateerd zijn aan een gevonden daling in 
5-HIAA/5-HT turnover na ATD, duidend op afgenomen 5-HT neurotransmissie, in de 
frontale cortex en hippocampus. Deze daling werd niet gevonden bij BN ratten. 

Samenvatting
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Hoofdstuk 6: Er is een duidelijke relatie tussen stress en depressie: depressie wordt vaak 
voorafgegaan door stressvolle gebeurtenissen en stress kan de kans op een depressie doen 
toenemen. Dit laatste kan veroorzaakt worden door de effecten van stress op het sero-
tonerge systeem, waardoor dit systeem meer kwetsbaar kan worden. Om te onderzoeken 
of stress kan leiden tot toegenomen SK, werden mannetjes Wistars gedurende drie weken 
blootgesteld aan chronische milde stress. De stress leidde tot anhedonia, afname van de 
groei en lagere corticosteron concentraties. Na de stress volgde en herstelperiode van twee 
weken, waarna de ratten werden behandeld met ATD om te kijken of de stress had geleid 
tot langdurige kwetsbaarheid van het serotonerge systeem. Hoewel de stress en de ATD 
allebei invloed hadden op het gedrag in sommige tests, leidde blootstelling aan chronische 
milde stress niet tot een toegenomen SK, want de ratten in de stress groep vertoonden over 
het algemeen geen grotere gedragseffecten van ATD dan de ratten in de controlegroep. 

Hoofdstuk 7: Binnen de genetische factoren die ten grondslag liggen aan depressie 
is de laatste jaren veel aandacht besteed aan de 5-HT transporter. Bij mensen leidt een 
vorm van een polymorfisme in de 5-HT transporter tot verminderde effectiviteit van 
deze transporter en een toegenomen risico op depressie. In dit experiment werd bestu-
deerd in hoeverre mannelijke wildtype (SERT+/+), heterozygote (SERT+/-), and knockout 
(SERT-/-) 5-HT transporter ratten verschillen in SK.Plasma TRP en centrale 5-HT en 
5-HIAA concentraties waren afgenomen in alle genotypes na ATD, maar de sterkste 
effecten werden gevonden in SERT-/- rats. Hoewel resultaten van de meeste tests op het 
gebied van angst- en depressie-gerelateerd gedrag niet wezen op hogere SK in SERT+/- 
en SERT-/- ratten dan in SERT+/+ rats, werd er in de object herkenningstaak een grotere 
gevoeligheid voor milde ATD gevonden in SERT+/- en vooral SERT-/- ratten . 

Hoofdstuk 8: In het laatste hoofdstuk worden alle bevindingen bediscussieerd die in dit 
proefschrift besproken zijn. Fase van de hormonale cyclus, rattenstam en 5-HT transpor-
ter genotype kunnen de biochemische en gedragsmatige effecten van ATD beïnvloeden, 
terwijl het vrouwelijke geslacht in het algemeen en blootstelling aan chronische milde 
stress niet hebben geleid tot grotere SK. In sommige gevallen waren sterkere veranderin-
gen in gedrag en cognitie geassocieerd met sterkere centrale depletie effecten. Over het 
algemeen kan worden geconcludeerd dat de meeste bestudeerde factoren niet hebben 
geleid tot duidelijke SK, tenminste niet tot een niveau van SK dat aan het licht te brengen 
was met ATD in de gebruikte tests. Een sterkere verstoring van geheugen na ATD is mo-
gelijk geassocieerd met SV, net als een toename in angst- en depressie-gerelateerd gedrag. 
ATD verstoord object herkenning in bijna alle onderzochte groepen ratten. Een mildere 
ATD behandeling, die leidt tot minder sterke daling van plasma TRP, veroorzaakte een 
verstoring van object herkenning die afhankelijk was van het SERT genotype: SERT+/+ 
vertoonden de minste verstoring en SERT-/- de meeste. Deze interessante bevinding in de 
effecten van ATD op geheugen nodigen uit tot verder onderzoek. Het gebruik van ATD 
om SV te bestuderen en de specificiteit van de ATD methode worden bediscussieerd. 

Samenvatting
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Abstract
Substantial differences in cognitive function between men and women 
have been recognized for well over 50 years, and there is increasing evi-
dence that fluctuations in sex hormones in are associated with changes 
in cognitive pattern. In this experiment the effects of sex and oestrous 
cycle phase on object recognition memory were studied in Wistar rats. 
Females were divided into two groups based upon oestrous cycle phase 
as determined by vaginal cytology; the first group consisted of females in 
pro-oestrus and oestrus, and the second group was composed of females 
in met-oestrus and di-oestrus. No sex difference was found, but within 
the group of females, oestrous cycle phase significantly affected object 
recognition memory. Females in pro-oestrus/oestrus showed better ob-
ject recognition memory compared to females in met-oestrus/di-oestrus. 
These results suggest that oestrous cycle can influence behaviour and 
cognition and hence should be taken into account in experiments that 
include female subjects. 
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Introduction
Sex differences have been observed in many behavioural tests in both humans and labo-
ratory rats and sex differences in cognitive processes are well known. In general, women 
perform better than men on verbal and memory tasks, whereas men excel in spatial tasks 
(Delgado and Prieto, 1996, Collins and Kimura, 1997). Rodents are commonly used to 
study cognitive functions, and they also show sex differences: males tend to perform bet-
ter than females in spatial memory tasks (Jonasson, 2005), while females show a better 
performance in an object recognition test (Ghi et al., 1999). The object recognition test 
is a non-spatial memory test in which a familiar object is substituted by a novel one. The 
object recognition test is ethologically relevant, because it relies on the animals natural 
exploratory behaviour. Rats typically respond to environmental changes by preferential 
exploration of novel objects over those that are familiar, and this preference indicates the 
consolidation of information regarding the identity of the object.

Because of the fluctuations of female hormone levels observed during the oes-
trous cycle, oestrous cycle stage is emerging as an important consideration when 
working with female animals (Singletary et al., 2005). If females differ from males 
on some, but not all, days of the oestrous or menstrual cycle and when females are 
selected randomly, they may not be randomly distributed across the cycle, and a sex 
difference could be missed.

By 2 months of age, young female rats are reproductively mature and exhibit oes-
trous cycles and ovulation every 4 to 5 days. This is one of the most rapid ovarian cycles 
among mammals, and its is made possible by truncating the cycle after ovulation. In 
other female mammals, ovulation is followed by a luteal phase, which is maintained by 
hormones produced by the corpus luteum (a transient endocrine gland comprising the 
residual components of the follicle that remain after ovulation). In rats, the corpus lute-
um becomes functional only when the female engages in sexual behaviours that activate 
a progestational reflex that prolongs the secretion of progesterone from the corpus lu-
teum. Female rats exhibit regular cyclicity until middle age, when animals then undergo 
a transition to irregular cyclicity and finally to acyclicity by 12 to 18 months of age. Gen-
erally, by 10 to 12 months of age, animals lose the ability to conceive and are considered 
to be ‘reproductively senescent’ (Becker et al., 2005, Singletary et al., 2005).

The rat oestrous cycle can be divided into four stages: pro-oestrus, oestrus, met-
oestrus, and di-oestrus. The ovarian cycle begins with the development of follicles in the 
ovary. Low concentrations of FSH from the pituitary stimulate follicular development. 
Oestradiol secretion increases gradually during this phase. In the rat, this stage is 2 days 
long. The first day is called met-oestrus, and the second day is di-oestrus. This is the fol-
licular phase, which is followed by the preovulatory period, pro-oestrus in rats. Oestra-
diol increases dramatically, acting on the brain to trigger GnRH release, which induces 
a surge of LH from the pituitary that induces ovulation. Progesterone rises a few hours 
before ovulation and contributes to this process. Once LH and progesterone are released 
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into the circulation, ovulation occurs 10–12 hours later. Oestrus is the period of sexual 
receptivity and the actual day of ovulation (Becker et al., 2005, Singletary et al., 2005).

Ovarian steroid action in the brain is not limited to reproductive effects and behav-
iours. In rats, as well as other species, these effects produce transient changes in behav-
iour. Measuring a trait in gonadally intact males and females is important because it gives 
information on the trait measured under natural conditions, with all endocrine feedback 
systems operating and all natural gonadal secretions operating (Becker et al., 2005). Re-
search during the pas decade confirms that gonadal steroids have the ability to influence 
the structural properties of the brain regions that subserve learning and memory (Sut-
cliffe et al., 2007). In order to investigate the effects of the female oestrous cycle on object 
recognition memory, the group of females were subdivided in females in the pro-oestrus/
oestrus phase (pro/oes; characterized by higher levels of oestradiol and progesterone) 
and females in the met-oestrus/di-oestrus phase (met/di; characterized by lower levels of 
oestradiol and progesterone) of the oestrous cycle. This resulted in a total of three differ-
ent experimental groups: males, females in pro/oes, and females in met/di.

Materials and methods

Animals

All experimental procedures were approved by the local ethical committee of the Maas-
tricht University for animal experiments and met governmental guidelines. Subjects 
were twelve 4-month-old male Wistar rats weighing between 330 and 390 g at arrival 
and twenty-four female Wistar rats of the same age, weighing between 160 and 235 g 
at their arrival (Charles River, the Netherlands). All rats were singly housed in standard 
Macrolon cages on sawdust bedding in an air-conditioned room (±21° C). The animals 
always had free access to food and water. They were kept under a reversed 12/12-h light/
dark cycle. The lights were on from 17.00–05.00 h. A radio, which was playing softly, 
provided background noise. 

Oestrous cycle

To determine the oestrous cycle phase of each female, vaginal smears were taken be-
tween 7.00 and 10.00 am on all testing days. A plastic smear loop was inserted in the 
vaginal opening, gently rotated and withdrawn. The smear loop was immediately rolled 
onto a glass slide and allowed to air dry. Slides were examined under a light microscope 
for the presence of nucleated epithelial cells, cornified epithelial cells, leukocytes, and 
mucus. Oestrous cycle stage was determined using the following criteria: 1) pro-oestrus: 
predominantly nucleated epithelial cells; 2) oestrus: predominantly cornified epithelial 
cells; 3) met-oestrus: cornified epithelial cells and leukocytes; 4) di-oestrus: predomi-
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nantly leukocytes, some nucleated epithelial cells and mucus (Singletary et al., 2005). 
Female sex steroids vary with oestrous cycle phase. Plasma oestradiol levels peak during 
pro-oestrus and decrease during oestrus and met-oestrus, whereas the highest plasma 
progesterone levels have been observed during pro-oestrus and oestrus with lower levels 
during met-oestrus and di-oestrus (Butcher et al., 1974). Based on these plasma levels of 
sex steroids, we subdivided the group of females into two groups based on oestrous cycle 
phase. Females in pro-oestrus and oestrus formed one group, and the other group con-
sisted of females in met-oestrus and di-oestrus. Similar subdivisions of cycling females 
have been made in other studies measuring behaviour and oestrous cycle (Contreras et 
al., 2000). In short, there were three experimental groups in this study: males, females in 
pro-oestrus and oestrus (pro/oes), and females in met-oestrus and di-oestrus (met/di).

Object recognition test 

The object recognition test was performed as described in detail elsewhere (Ennaceur and 
Delacour, 1988, Prickaerts et al., 2002). The apparatus consisted of a circular arena, 83 cm 
in diameter. Half of the 40-cm-high wall was made of grey polyvinyl chloride, the other 
half of transparent polyvinyl chloride. Testing was carried out in dimmed white light. We 
used four different sets of objects that could not be displaced by a rat. Each object was 
available in triplicate. The different objects were: 1) a cone consisted of a grey polyvinyl 
chloride base (maximal diameter 18 cm) with collar on top made of brass (total height 
16 cm), 2) a standard 1 l transparent glass bottle (diameter 10 cm, height 22 cm) filled 
with water, 3) a massive metal cube (10 × 5 × 7.5 cm) with two holes (diameter 1.9 cm), 
and 4) a massive aluminium cube with a tapering top (13 × 8 × 8 cm). 

In the week preceding testing, the animals were adapted to the procedure, i.e., they 
were allowed to explore the apparatus (without any objects) twice for 3 min. In the follow-
ing days, the rats were trained until a stable discrimination performance was shown. A test-
ing session comprised two trials. The duration of each trial was 3 min. Two objects were 
placed in a symmetrical position about 10 cm away from the grey wall. A rat was always 
placed in the apparatus facing the wall at the middle of the front (transparent) segment. 
During the first trial the apparatus contained two identical objects. After the first explora-
tion period the rat was put back in its home cage. One hour later the rat was put back in 
the apparatus for the second trial, but now with dissimilar objects, a familiar one and a new 
one. The duration of exploring each object in both trials was recorded manually with a per-
sonal computer. Exploration was defined as directing the nose to the object at a distance of 
no more than 2 cm and/or touching the object with the nose. Sitting on the object was not 
considered as exploratory behaviour. In order to avoid the presence of olfactory trails, the 
objects were always thoroughly cleaned. Moreover, each object was available in triplicate so 
that none of the two objects from the first trial had to be used as the familiar object in the 
second trial. In addition, all combinations and locations of objects were used in a balanced 
manner to reduce potential biases due to preferences for particular locations or objects. 
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Statistical analysis 

The basic measures in the object recognition test were the times spent by rats exploring 
an object during trial 1 and trial 2. The discrimination index d2 ((exploration new object 
trial 2 – exploration familiar object trial 2)/total exploration time during trial 2) was 
calculated for each group (Rutten et al., 2007). d2 is a relative index of discrimination 
between new and familiar object, because it corrects for total exploration time in trial 2 
(Şık et al., 2003). Effects of experimental group on object recognition were analysed with 
univariate ANOVA.

Results
There was no effect of experimental group on exploration times in trial 1 or trial 2 [Trial 
1: F(2,32) = 0.54, ns; Trial 2: F(2, 32) = 1.53, ns]. Exploration times are shown in Table 
1. There was no effect of sex on discrimination index d2 [F(1,33) – 0.039, ns]. However, 
there was an effect of experimental group on d2 [F(2,32) = 5.85, p<0.01]. Posthoc Bon-
ferroni (p<0.01) showed that d2 was significantly higher in females pro/oes compared to 
females met/di [p<0.01] (Figure 1).

Table 1. Exploration times in both trials of the object recognition test

Exploration time Male Female pro/oes Female met/di
Trial 1 286.92 (26.01) 320.82 (27.17) 286.83 (26.01)
Trial 2 393.25 (30.75) 425.18 (32.12) 347.92 (30.75)

Mean exploration times (s) and SEM.
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Figure 1. Object recognition test. Effects of experimental group on discrimination index d2. ** p<0.01. 
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Discussion
In the present study, male and female Wistar rats were tested in an object recognition test 
to study the effects of sex and oestrous cycle phase on object recognition memory. After 
the one-hour interval, all experimental groups spent a longer time exploring the novel 
object than the familiar object, indicating intact object recognition. No sex effect on 
object recognition was found, but females in pro-oestrus/oestrus had significantly better 
object recognition compared to females in met-oestrus/di-oestrus. 

Previous studies have found normal object recognition memory after a one-hour 
interval in male (Lieben et al., 2005, Lieben et al., 2006, Rutten et al., 2007) and female 
Wistar rats (Jans et al., 2007). In the present study there was no sex effect on object rec-
ognition, whereas better object recognition in females compared to males has been re-
ported previously (Ghi et al., 1999, Sutcliffe et al., 2007). However, in these studies longer 
lasting memory retrieval in females compared to males was found when the inter-trial 
interval was increased, an aspect that was not examined in the present study. 

The finding of a significant oestrous cycle phase effect on object recognition, 
whereas there is no sex difference could be an important one. This could mean that in 
studies with a larger subject sample, females could show either better or worse object rec-
ognition, or there could be no sex difference, depending on the oestrous cycle phase that 
the majority of females were in during testing. Usually, female rodents and other mam-
mals that spend a lot of time together synchronise their oestrous cycles, making it more 
likely that the females in one experiment are not evenly distributed across all oestrous 
cycle phases. Even if females in one experiment are in different phases, a sex difference 
could be missed because of the high variability in responses among the females.

In the present study, vaginal cytology was used to determine the oestrous cycle 
phase of the females and there were no blood samples taken to verify the oestrous cycle 
phase by measuring blood hormone levels. Vaginal smears are a reliable method of de-
termining oestrous cycle phase, but inferring hormone levels from vaginal smears may 
not be as reliable. Although hormonal fluctuations during the oestrous cycle have been 
reported before (Becker et al., 2005, Singletary et al., 2005), having both hormonal and 
cytology data from the same rats could have increased the reliability of the results.

Another shortcoming of this study may be the rough division of oestrous cycle 
phases we made, by grouping pro-oestrus and oestrus together, and met-oestrus and di-
oestrus in another group. We made this division based on the follicular (i.e., met-oestrus 
and di-oestrus) when oestradiol and progesterone are low, and pro-oestrus/oestrus when 
levels are high. This may be considered a shortcoming, because there are big hormonal 
changes from pro-oestrus to oestrus, especially in oestradiol levels, which are high in 
pro-oestrus and low in oestrus (Becker et al., 2005, Singletary et al., 2005).

Furthermore, the females may have been exposed to higher levels of stress than the 
males, because of the vaginal smears that were taken several times throughout the study. 
Although there may not have been a direct effect of the stress on behaviour on the tests 
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because the smears were taken at least three hours before testing, the presumably higher 
levels of stress in the females may nevertheless have influenced the results.

In conclusion, the present study showed no sex difference in the object recogni-
tion test with a one-hour interval between trials. Within the females, however, oestrous 
cycle phase significantly affected object recognition memory. These results suggest that 
oestrous cycle phase can influence behaviour and cognition and hence should be taken 
into account in experiments that include female subjects. 
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