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List of abreviations
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5-HT 5-hydroxytryptamine   =   serotonin
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5-HIAA 5-hydroxyindoleacetic acid
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IDO indoleamine 2,3 di-oxygenase

NMDA N-Methyl-D- Aspartate

CNS central nervous system

SSRI serotonin specific reuptake inhibitor
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Chapter 1
Introduction and scope of the thesis

In this thesis the relation between central serotonergic neurotrans-
mission and behavioral correlates are investigated. The serotonergic
system has been subject of psychiatric research and speculation for
over 5 decades. Traditionally deficient serotonergic function is asso-
ciated with depression but currently the role of serotonin in virtually
any psychiatric disorder is recognized. Serotonergic neurons project
extensively onto many brain regions and the anatomy of these pro-
jections show remarkable similarity across species. So, the seroto-
nergic system is a phylogenetically old system. Although the system
is involved in many physiological processes it is the sole mediator of
none of them. These properties indicate that the system plays a
modulative role in brain function.
Initially, the involvement of the serotonergic system in psychiatric
disorders has shifted attention from its role in human non-pathologi-
cal states. However, since modulation of the system is widely used
to alleviate psychiatric symptoms, gaining insight into the physiology
of the system may contribute to rationalisation of psychiatric treat-
ment.   
Release of serotonin in the brain is highly dependent on plasma
levels of its precursor tryptophan. After acute dietary depletion of
tryptophan divergent behavioural effects have been observed in psy-
chiatric patients and healthy volunteers. Longer lasting depletion of
plasma tryptophan levels in non-psychiatric populations might result
in more pronounced symptoms unbiassed by psychiatric diagnosis.
We studied patients suffering from somatic diseases leading to
modulation of plasma tryptophan levels and thus brain serotonin
levels. In this way, chronic disturbances of the serotonergic system
could be studied. Furthermore, these patients made it possible to
study the circumstances in which the serotonergic system is com-
promised providing insight in the (patho)physiological role of the
system. We focused on the possible role of serotonin as a link bet-
ween somatic disease and associated psychological states. This
subject has been further investigated through literature research.  
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In chapter 2 an overview is given of existing literature on the modu-
lation of plasma tryptophan levels in somatic states. Several patho-
physiological mechanisms of tryptophan depletion and the possible
consequences for behaviour and emotional wellbeing are described.
In chapters 3 and 4 the psychiatric and cognitive profiles of carci-
noid patients have been investigated. Carcinoid tumours are marked
by intermittent peripheral production of large amounts of 5-HT. In
this way, the chronic consequences of plasma tryptophan fluctua-
tions could be studied. In chapter 5 tryptophan catabolism under the
influence of induced inflammation and the behavioural consequen-
ces of this is described. In chapter 6 the treatment we performed in
3 patients is described. In chapters 7 and 8 the consequences of
administration of endotoxin on tryptophan catabolism in animals and
healthy volunteers are illustrated. A model of tryptophan depletion in
infectious circumstances are thus provided. Finally, in chapter 9, an
overview is given of the cicumstances and consequences of modu-
lation of plasma tryptophan levels across species. This gives some
insight in the  physiological meaning of plasma tryptophan fluctua-
tion. This is followed by a general discussion.
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Chapter 2
Tryptophan as a link between
psychopathology and somatic states

Sascha Russo1, MD, Ido P. Kema2, PhD, Maria R. Fokkema2, MSc, Jim C.
Boon1,MD, Pax H.B. Willemse3, MD, PhD, Elisabeth G.E. de Vries3, MD, PhD,
Johannes A. den Boer1, MD, PhD and Jakob Korf1, MD, PhD

1 Department of Biological Psychiatry,
2 Department of Laboratory Medicine,
3 Department of Medical Oncology,

University Hospital Groningen, the Netherlands 

Abstract
Several somatic illnesses and treatments with pro-inflammatory
drugs or hormones are associated with psychiatric co-morbidity. We
propose that availability of the essential amino acid tryptophan,
which is the precursor of serotonin, may be involved in psychiatric
symptoms. 
Tryptophan depletion experiments have shown to provoke various
symptoms such as depression and anxiety thereby pointing to a
nonspecific role of the cerebral serotonin system. The catabolism of
tryptophan is stimulated by stress, various hormones and inflamma-
tion via the induction of the enzymes tryptophan pyrrolase (in the
liver) and indoleamine 2,3 di-oxygenase (ubiquitous). Under these
circumstances the production of serotonin is also attenuated due to
the exhaustion of enzymatic co-factors. 
It is argued that the coupling of peripheral tryptophan levels to cere-
bral serotonin concentrations has physiological significance which
could explain why aberrations within the serotonergic system are
found in so many conditions. The clinical implications and therapeu-
tic consequences of the variability of tryptophan and consequently in
the serotonergic metabolism are discussed.
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Introduction
Many somatic diseases are associated with disturbed emotional
functioning. Co-morbidity of depression, anxiety or irritability with
various diseases such as rheumatoid arthritis, viral infection and
Cushing's disease has been well documented (1;2). Classically,
such psychopathology is considered to be the psychological reaction
to a severe life event . A strong correlation between physical impair-
ment and mood should therefore be expected. Several clinical stu-
dies, however, indicate a weak or absent relation (3;4). A weak cor-
relation may imply that other factors are playing a role in the precipi-
tation of psychiatric illness in somatically ill patients. The present
review is an attempt to identify an underlying physical mechanism
that may contribute to the development of psychiatric disturbances. 
We propose that the essential amino acid tryptophan (TRP) may
serve as a link between somatic and psychiatric illnesses. Via this
amino acid cerebral serotonergic (5-HTergic) function is modulated.
Several reviews implicate aspects of TRP metabolism in psychiatric
diseases (5;6). Although the possible relation of 5-HT function and
psychiatric illness has been investigated for more than four decades
(7), surprisingly little attention has been paid to the possible conse-
quences of TRP modulation during somatic disease. In the present
review, the focus lies on the significance of fluctuations in the availa-
bility  of TRP in a wide variety of somatic diseases and treatments
and the occurrence of psychiatric co-morbidity. Moreover, the possi-
ble biological significance of availability of TRP, and thus 5-HT, will
be discussed.
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Physiological metabolism of tryptophan.
TRP is an essential amino acid of which the  daily dietary intake is
approximately 20 mmol. Reference values range between 45-60
mmol/L plasma (8). In contrast to the other amino acids which are
not protein bound,  50-85% of TRP is bound to albumin. There is
discussion whether the protein bound fraction of TRP is able to
cross the blood brain barrier (BBB). A high correlation between free
TRP and cerebrospinal fluid 5-hydroxyindoleacetic acid (5-HIAA)
levels in primates has been reported (9). Adding albumin to injected
TRP has been shown to inhibit single pass cerebral uptake in the rat
(10). However, the  binding of TRP to albumin is unstable so it may
hardly limit cerebral TRP uptake (11). In fact, dissociation of TRP
from albumin has already been observed in rabbit cerebral microcir-
culation (12). Therefore, it seems plausible that a large fraction of
protein-bound TRP can be transported over the BBB. 
Under non-pathological conditions TRP is subjected to three major
metabolic routes. This is illustrated in figure 1. It is either incorpora-
ted in tissue proteins, converted into 5-HT or ultimately catabolized
to CO2 and water. Under normal circumstances (excluding growth),
the net synthesis and degradation of protein are in balance, therefo-
re the metabolic flux of dietary TRP through this pathway is negligi-
ble.
About 1% of dietary TRP is converted to 5-HT. The first and rate-
limiting step in this process is the hydroxylation to 5-hydroxytryptop-
han (5-HTP) via the enzyme TRP-5-hydroxylase (EC 1.14.16.4).
This is in turn decarboxylated by the pyridoxal phosphate (vitamin
B6) dependent enzyme, aromatic acid decarboxylase (EC 4.1.1.28).
A great proportion of the 5-HT synthesis takes place in the entero-
chromaffin cells predominantly found in the gut. Ten to 20% of the
conversion of TRP to 5-HT however takes place after crossing the
BBB. The central availability of TRP is marginally dependent on the
cerebral demand, but is determined by the transport of  TRP over
the BBB where it competes with the other large neutral amino acids.
These include phenylalanine, tyrosine, threonine, leucine, isoleucine
and valine. Under physiological circumstances, the cerebral enzyme
TRP hydroxylase is unsaturated. Oral administration of TRP leads to
the elevation of the  5-HT metabolite, 5-HIAA in cerebrospinal fluid
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(CSF) both in clinical and animal studies (Bender 1983). Conversely,
rapid TRP depletion, through the ingestion of  an amino acid bever-
age void of TRP, resulted in impaired cerebral 5-HT formation.
Plasma levels of TRP were thus reduced to approximately 10% of
baseline levels a few hours after ingestion (13). Microdialysis stu-
dies on rats indicated that dietary depletion of TRP diminishes cere-

bral 5-HT release in both acute and chronic phases (14). In vervet
monkeys, CSF levels of 5-HIAA are diminished following TRP deple-
tion (9). Together, these experiments indicate that dietary TRP
depletion leads to a rapid reduction of cerebral 5-HT synthesis.
The third and final pathway is the enzymatic degradation of TRP to
kynurenine. About 99% of dietary TRP is metabolized along this oxi-
dative or kynurenine pathway. Usually, nicotinamide adenine dinu-
cleotide and H2O are formed via TRP oxygenase (EC 1.13.11.11)
which is found mainly in the liver. 
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Figure 1: summarized model of oxidative (down) and hydroxylase (right) pathways of TRP.

(* = tetrahydrobiopterin dependent reaction, + = pyridoxal phosphate dependent reaction).



Induction of TRP catabolism
The oxidative TRP catabolism can be induced by a variety of exter-
nal and internal mechanisms. For e.g., TRP oxidase activity of the
liver is induced by the adrenal stress hormone cortisol (15). In rats
undergoing immobilization stress , a decrease in plasma TRP levels
of 20% was observed (16). In volunteers, administration of cortisol
also results in  a reduction of plasma TRP levels (17). 
Induction of oxidative TRP catabolism also occurs via the enzyme
indoleamine 2,3 di-oxygenase (IDO, EC 1.13.11.17) (18). IDO activi-
ty in non-pathological conditions is minimal, but the enzyme is highly
inducible in a variety of tissues by pro-inflammatory cytokines such
as interferons (19). In diseases such as AIDS and cancer, the for-
mation of endogenous interferon-gamma appears to be increased,
whereas plasma TRP levels are decreased (20). Severe TRP deple-
tion, by impairing protein formation, may be related to anti-tumor,
antiviral and antibacterial effects (19). Dietary supplementation of
TRP given to patients exhibiting IDO induction does not appear to
be effective as more TRP will be degraded along the oxidative path-
way. Therefore, no increase in 5-HT and protein synthesis will be
exhibited. Furthermore, in macrophages and microglia (the latter are
located in the brain), TRP is ultimately metabolized to quinolinic
acid, an excitotoxic agonist, due to its interaction with glutamate
receptors of the NMDA type. In non-inflammatory states de novo
synthesis of quinolinic acid does not take place in the brain (21). In
gerbils, central nervous system (CNS) quinolinic acid production is
highly increased in inflammatory states (22). Although quinolinic acid
is a relatively weak agonist for most receptor subtypes, it has a rela-
tively high affinity to the N-methyl-D-aspartate (NMDA) receptor
complex containing NR2b subunits (23). Excessive TRP may lead to
convulsions and apoptosis (24). During activation of the oxidative
pathway of tryptophan, cerebral 5-HT synthesis is compromised by
some other factors. In this pathway vitamin B6 is needed for the
conversion of 3-hydroxykynurenine to 3-hydroxyanthranilic acid. The
enzyme kynureninase, catalyzing the formation of 3-hydroxyanthra-
nilic acid, forms pyridoxamine at the active site during the transfor-
mation thereby inactivating itself. Reactivation takes place in the
presence of high concentrations of vitamin B6, which displaces pyri-
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doxamine (25). This may compromise the (also vitamin B6 depen-
dent) 5-HT synthesis. Kynurenine, of which elevated levels are
found during induction of the oxidative pathway of tryptophan, may
also compete with TRP for passage over the BBB. Another pathway
that may compromise 5-HT synthesis,  during inflammation, is the
formation of neopterin. Neopterin production is stimulated by interfe-
ron-gamma and serves a role in the oxidative armature of activated
leucocytes. This compound is formed at the cost of tetrahydrobiop-
terin, a co-factor in 5-HT synthesis, which has the same precursor,
7,8-dihydroneopterin (26). 
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TRP depletion studies
TRP depletion paradigms have been used in a broad range of psy-
chiatric disorders (27;28). During depression, mood is negatively
influenced by TRP depletion both in unmedicated patients and in
those remitting on an SSRI (29). In autistic patients, TRP depletion
provokes anxiety and anger (30), whereas in individuals with buli-
mia, binge eating and increased irritability have been reported
(31;32). In patients with panic disorder, anxiety symptoms are incre-
ased or unchanged after TRP depletion (33;34). TRP depleted
patients with premenstrual syndrome showed increased irritability.
(35). In patients with obsessive compulsive disorder, compulsive
behavior was found to be enhanced after TRP depletion (36). In
healthy individuals, mild effects of TRP depletion have been repor-
ted on mood, hostility and irritability (37;38). 
Taken together, most of the TRP depletion experiments emphasize
a role for 5-HT in emotional behavior. However, not a single symp-
tom, but a variety of symptoms were provoked, indicating that con-
founding variables such as diagnosis and method of assessment
might play a role. So depletion of TRP may provoke symptoms,
depending on the susceptibility of the individual. The most con-
sistent behavior reported in this context is aggression-related. It
should be emphasized that the TRP depletion experiments are short
lasting (several hours only) and may therefore only have conse-
quences in vulnerable individuals, whereas long-term depletion may
precipitate other symptoms as well. 
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Altered TRP metabolism in some endocri-
nological states

Reports on the effects of oral contraceptives on TRP metabolism
have been available since the late sixties (39;40). Among the most
frequently reported side-effects are depressed mood, irritability and
emotional instability (41). Rose et al. observed increased excretion
of xanthurenic acid, a metabolite of TRP, in women under oral
contraceptive therapy. This could be due to the estrogen component
that triggers the liver enzyme TRP-oxygenase. In addition, during
oral contraceptive therapy, 5-HTP decarboxylase, which produces 5-
HT, is no longer saturated with its co-factor vitamin B6, thus affec-
ting 5-HT synthesis (42). Plasma levels of total TRP appear to be
normal under oral contraceptive therapy (43);(44). To date, these
side effects of oral contraceptives are only discussed incidentally.
One study found no effects of modern contraceptives on vitamin B6
status, presumably because they contain less estrogen compared to
those studied previously (50 mg estrogen vs. 30 mg) (45). 
Post partum, Maes et al. found lower plasma TRP values in 31
women (mean 51mmol/L) compared to controls (mean 63 mmol/L)
(46;47). Abou-Saleh et al. found plasma TRP levels of 41mmol/L
versus 48 mmol/L in controls. These TRP values correlated with
depression scores (47). Recently, Maes et al. found no relation bet-
ween post partum TRP levels and depressive symptoms (48). 
In 15 Cushing's disease patients, cortisol levels were associated
with depression and lowered plasma TRP (mean 64 mmol/L) com-
pared to 15 treated patients with normalized cortisol levels (mean 70
mmol/L) (49).
In diabetes mellitus patients, several aberrations of TRP metabolism
are reported, although few studies have been performed in humans.
In diabetic rats, several indications for reduced cerebral availability
are present (50). Cangiano et al. found normal plasma TRP levels in
20 diabetic patients. However, they did observe elevated levels of
amino acids competing with TRP for transport over the BBB, sug-
gesting less central availability of TRP in these patients (51).
Fierabracci et al. observed a blunted increase in concentration in 15
non-regulated insulin dependent diabetic patients, when  compared
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to regulated patients after TRP loading, suggesting enhanced cata-
bolism (52).
Together these data show multiple relations between endocrinology
and central 5-HT neurotransmission though not always via fluctua-
tions of plasma TRP levels. 
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Gastrointestinal diseases and
TRP metabolism

In celiac disease, a relation between attenuated levels of TRP in
cerebrospinal fluid of seven patients and the presence of depressive
symptoms has been found. Both biochemical and clinical disturban-
ces were reversible by a year gluten-free diet. The authors suggest
that this could be indicative of poor intestinal absorption of TRP
(53). In 12 patients suffering from celiac disease, beneficial effects
of 6 months treatment with 80 mg/day of vitamin B6 supplementa-
tion have been reported (54). The underlying mechanism however is
unclear. Low plasma TRP levels in 15 untreated children suffering
from celiac disease (mean 13 mmol/L) were found as compared to
12 treated children (mean 31 mmol/L) and 12 healthy control chil-
dren (mean 81 mmol/L) (55).  Low plasma TRP values have also
been reported in 40% of 32 patients diagnosed with Crohn's disease
(56). 
Carcinoids are neuroendocrine malignancies originating from cells
characterized by their ability to produce and secrete biogenic ami-
nes including 5-HT. Most carcinoid tumors originate in the gut.
Peripherally produced 5-HT however, cannot pass through the BBB.
Hypothetically, a central depletion might arise due to peripheral con-
sumption of the precursor TRP. A few case-reports indicate a rela-
tionship between carcinoid and depression, stupor, anxiety , hostility,
sleeping disorders or psychosis (57-59). In a retrospective study of
22 carcinoid patients 50% exhibited depressive symptoms (60).
Recently we observed low TRP levels in carcinoid patients (Russo
et al. 2002, in press).
In conclusion, a number of gastrointestinal diseases are associated
with psychological disturbances. TRP stores are especially vulnera-
ble to intestinal mal-absorption, probably because TRP is the least
abundant but essential amino acid.
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Infectious and inflammatory diseases
In 27 patients suffering from atopic dermatitis, a correlation was
found between psychological factors, elevated levels of interferon-g
and decreased NK cell activity (61). Fassbender et al found a corre-
lation between depressive symptoms, regional brain inflammatory
markers, assessed with magnetic resonance imaging, and activation
of the hypothalamus-pituitary-adrenal axis in patients suffering from
multiple sclerosis. Surprisingly, depression did not correlate with
physical impairment (4). Also, in non-inflammatory diseases such as
cancer, cellular immune activation (elevated neopterin TRP levels)
correlated with depressive symptomatology (20). These data
emphasize that depression is often directly linked with  inflammatory
processes. However, it is not yet clear which immunological mecha-
nisms are responsible for these psychiatric symptoms but enhanced
TRP catabolism is probably one of them. In 52 systemic lupus
erythematosus patients lower plasma TRP levels (mean 53 mmol/L)
were found when compared to 49 controls (mean 73 mmol/L) (62).
Meyer et al. found decreased plasma TRP levels in 50 sarcoidosis
patients (mean 48 mmol/L) when compared to 18 healthy controls
(mean 59 mmol/L)(63). In another study, HIV-1 patients' plasma
TRP levels were negatively correlated with neuropsychiatric symp-
toms (64). This again illustrates the inverse relationship between
immune activation and the availability of TRP and therefore cerebral
5-HT tone.
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Interferon treatment
Since the eighties, interferon-alpha and beta have become available
by recombinant DNA techniques. They are used to treat various
diseases because of their immunomodulatory effects. Acute side
effects include fever, nausea, vomiting, diarrhea, depression and
malaise although most of these symptoms are transient. Shortly
after the introduction of interferon therapy also severe long-term
psychiatric side effects, in particular depression, have been repor-
ted. In a study by Otsubo et al. 37% of 81 patients investigated were
diagnosed with depression according to DSM III-R criteria during
interferon therapy (65). Anxiety, irritability and psychosis have also
been described in those receiving interferon therapy (66;67). Some
authors have reported impulsive suicide during  interferon-alpha the-
rapy (68). High dose interferon treatment (800 x 106 IU daily) resul-
ted in elevated levels of irritability in 9 lung cancer patients during
the first week of treatment (69). This subject has recently been
reviewed (35). According to some authors, psychiatric side effects
are the main reason for the discontinuation of interferon therapy
(66). Brown et al.  related interferon treatment to increased TRP
catabolism (70). In addition to affective side effects, interferon thera-
py also influences cognitive functioning (71-73). In interferon therapy
and advanced HIV infection, the cumulation of quinolinic acid has
been hypothesized to cause cognitive symptoms. These disturban-
ces appear to persist even one year after discontinuation of therapy
as seen in 14 cancer patients (74). Recently, beneficial effects of
paroxetine, a serotonin specific reuptake inhibitor (SSRI), on
depressive symptoms were reported during interferon therapy.
Prophylactic treatment with this compound decreased the percenta-
ge of patients with depression following high dose interferon treat-
ment in 40 patients from 45% to 11% (75). 

26



Medical consequences.
Alterations in TRP availability may have major consequences in
medical practice. Firstly it may explain precipitation of psychiatric
disorders in some somatic diseases and therapies, as reviewed
here. Secondly however, it may also have therapeutic consequen-
ces. The first treatment option is to provide information about the
nature of the symptoms to the patient and his or her relatives, which
may help to cope with undesirable behavior. Regular TRP monito-
ring may help to understand the occurrence of unrecognized co-
morbid psychopathology, such as depression, irritability and aggres-
sion. Normalization of TRP metabolism or antidepressant medica-
tion (e.g. SSRI therapy) may improve quality of life in a wide variety
of somatic illnesses and also in cases where the pathophysiology of
psychiatric symptoms is not clear since 5-HT is not etiologically lin-
ked to any specific disease. In this context it is important to differen-
tiate between etiology and pathophysiology of psychiatric diseases
(76). Finally, delineation of the TRP link has implications for our
understanding of the mechanism of action of antidepressants. If this
proposed link is crucial, it can be anticipated that psychopathology
in somatic patients, concomitant with low TRP, respond to SSRI the-
rapy and not to other (e.g. nor-adrenaline specific) antidepressants,
whereas in TRP-normal patients, other therapeutic interventions
against psychiatric co-morbidity are to be considered. Moreover,
optimal therapeutic responses with SSRI's may only be achieved
when sufficient TRP is available to maintain a minimal cerebral 5-HT
transmission. Furthermore, SSRI's are also able to modulate the
inflammatory response itself (77). This could add to the therapeutic
effect in auto immune disorders, but might disturb beneficial respon-
ses in, for example, interferon therapy. Anyway, these findings sup-
port the hypothesis that irritable and depressive behavior in somatic
patients may be linked to factors other than the burden of the disea-
se alone.
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Figure 2: metabolism of tryptophan under normal, inflammatory and
hormonally induced situations. Size of arrows indicates quantitative
significance.
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Somatic states and tryptophan:
a consideration

As illustrated previously, in several somatic diseases with high co-
morbidity of affective symptoms, disturbances of the metabolism of
the essential amino acid TRP have been reported. These somatic
conditions can serve not only as a suitable model for TRP depletion
induced psychopathology, but they can also give information regar-
ding  the function of the 5-HT system. In particular, the psychopatho-
logical consequences of long-term aberrations of TRP metabolism
can thus be assessed. Such aberrations in somatic states are found
at the level of TRP uptake in the gut, as in gastrointestinal diseases.
In states accompanied by gross immune activation such as interfe-
ron treatment, advanced cancer or AIDS, TRP depletion seems to
be most pronounced. This is probably related to activation of IDO. In
hypercortisolaemia, plasma levels of TRP can be decreased through
the induction of usual TRP catabolism in the liver. After uptake of
TRP in the brain, biochemical conversions can be disturbed, as is
the case with psychological disturbances associated with oral
contraceptive therapy. These findings can be extrapolated to other
states where TRP catabolism via the oxidative pathway is enhan-
ced. In these conditions, TRP metabolism is shifted away from 5-HT
formation that is further impaired due to the decreased availability of
vitamin B6 and tetrahydrobiopterin. This could be related to the
behavioral adaptations often noted in immune activated states. We
propose that TRP, the amino acid most sensitive to depletion and
the precursor of 5-HT, has a signaling role in physiology. It is there-
fore not surprising that 5-HT modulates a range of cerebral proces-
ses which continue to function in its absence (78). TRP depletion is
associated with both external and internal unfavorable circumstan-
ces such as inflammation, stress-hormone release and food deple-
tion. 
Of the somatic states mentioned above, depression is the most
reported psychiatric condition. However, depression is a syndromal
entity, which was developed and classified in a psychiatric setting
based on clusters of symptoms. Most researchers in the previously
mentioned studies have focussed on the depressive symptoms thus
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avoiding classification problems. It could be possible that psychopa-
thology caused solely by TRP depletion, presents itself in ways that
do not match DSM IV classification and consequently is underrepor-
ted. Another problem that may contribute to the high rates of
depression reported in somatic patients lies in the fact that most
depression rating scales also include somatic symptoms. In this
context it is remarkable that increased irritability is spontaneously
reported to occur as an (unexpected) symptom in studies performed
in patients suffering from diseases that are associated with TRP
degradation (69;79-82). This is in accordance with the symptoms
found in TRP depletion experiments in healthy volunteers.
Further studies should be performed to investigate which pattern of
symptoms is specific for psychiatric co-morbidity in somatic patients.
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Patients with carcinoid syndrome exhibit symp-
toms of aggressive impulse dysregulation
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abstract

Objective Carcinoid tumors can produce excessive amounts of bio-
genic amines, notably serotonin. We assessed psychiatric symp-
toms in carcinoid patients and peripheral metabolism of tryptophan,
the precursor of serotonin.
Method Twenty consecutive patients with carcinoid syndrome
underwent a structured psychiatric interview applying DSM IV
(Diagnostical Statistical Manual). Tumor activity was measured by
determination of 24-hours urine excretion of 5-hydroxyindoleacetic
acid (5-HIAA) and platelet serotonin levels. Plasma tryptophan
levels were measured and compared to sex and age matched refe-
rences.
Results Fifteen patients (75%) fulfilled diagnostic DSM IV criteria for
a disorder of impulse control. Tryptophan plasma levels were lower
in patients compared to  controls (p=0.031) and were correlated
negatively with urinary 5-HIAA excretion (p=0.001). 
Conclusions Impulse control disorders are prevalent in patients
with carcinoid syndrome. The serotonin production by the tumor
possibly decreases the tryptophan pool in the cerebrospinal fluid,
which is the essential substrate for the production of brain serotonin
as a pivotal neurotransmitter.
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Introduction
Carcinoids are neuroendocrine malignancies derived from cells cha-
racterized by their ability to produce and secrete serotonin.
Peripherally produced serotonin can not pass the blood-brain bar-
rier. Excess of serotonin causes diarrhea and flushing when liver
metastases are present or when the tumor originates from organs
not draining into the portal circulation. The so-called carcinoid syn-
drome usually develops many years after onset of the disease.
Because of the relatively long survival and indolent course of the
disease, quality of life is an important treatment issue. Carcinoids
are divided into foregut (respiratory tract, stomach, duodenum and
pancreas) midgut (ileum and appendix) and hindgut (left colon and
rectum). Especially tumors originating from the midgut are active
serotonin producers (1). Patients with disseminated disease under-
go (palliative) surgery and/or are treated with somatostatin analo-
gues or interferon-alpha (1). Beside physical discomforts, serotonin
overproduction can result in emotional disturbances. Case reports
indicate a relationship between carcinoid and depression, anxiety
symptoms, hostility, sleeping disorders and psychosis (2, 3, 4).
Major et al. found in 22 carcinoid patients, that 50% exhibited
depressive symptoms (5). In a study in carcinoid patients, of which
18 showed elevated urinary 5-HIAA excretion, two cases of depres-
sion were reported (6). In a more recent study no relation between
measures of depression and anxiety and tumor neuroendocrine acti-
vity were found (7). In contrast with the present study, both studies
included carcinoid patients regardless of the presence of carcinoid
symptoms. Previous studies divert strongly both in the nature and
prevalence of reported symptoms. These reports have focussed on
psychiatric syndromes such as depression and anxiety and have not
applied DSM IV criteria for objective psychiatric diagnosis. In the
present study, we observed that personality changes, with patients
showing aggressive behaviors, are highly prevalent in carcinoid syn-
drome patients. Moreover we tested whether these psychiatric
symptoms are related to the metabolic activity of the carcinoid as
measured by plasma tryptophan and platelet serotonin levels and
urinary 5-HIAA excretion.
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Methods
Patients:
Patients with histologically proven midgut carcinoid tumor, leading to
carcinoid syndrome, visiting the Department of Medical Oncology,
University Hospital Groningen, were asked to participate in this
study. Additional criteria were: over 18 years of age, verbal adequa-
cy, capable to perform diagnostical tests, life expectancy over six
months. The study was approved by the local medical ethical com-
mittee. All patients gave written informed consent after complete
description of the study. As controls served patients suffering from
hepatitis C or Crohn's disease. These patients were recruted for
another study by our group and were not selected. However, hepati-
tis C patients with a history of substance abuse were excluded. The
interviewer was not blind to diagnosis since the course of the illness
was part of the interview. 

Psychiatric assessment:
Patients and controls were assessed by a structured diagnostical
interview by a psychiatrist (JB) that took approximately 90 minutes
(8). In this interview, the full scope of major DSM IV disorders such
as depression, anxiety and psychosis was addressed. Patients were
invited to take along their spouses. The structured interview in which
current DSM IV diagnosis was made, was followed by an interview
in which premorbid personality, course of the illness and the relation
with psychiatric comorbidity, when present, was assessed. The inter-
viewer was blind to the biochemistry and not preoccupied by any
hypothesis. He was, however, not blind to the diagnosis of the
patients. This was not possible since duration and course of the ill-
nesses were part of the interview. Furthermore, carcinoid patients
are easily to recognize since most of them show typical skin reacti-
ons, especially in the face. Diagnoses were based on DSM IV crite-
ria.

Biochemical measurements:
The 24-hours urine samples were collected using two l brown poly-
propylene bottles (Sarsted, Nuembrecht, Germany) containing 250
mg each of Na2S2O5 and EDTA as preservatives. Urine
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samples were acidified to pH 4.0 with acetic acid and stored at -200
C. Venous blood samples were collected in vacutainer tubes contai-
ning 0.12 ml (0.34 mmol/l) EDTA solution. Plasma samples, after
centrifugation, were stored at -20° C until analysis. The quantifica-
tion of urinary 5-HIAA, total plasma tryptophan and platelet rich
plasma serotonin was performed with methods based on high per-
formance liquid chromatography with fluorometric detection (9, 10).
Urine samples were collected in the 24 hours preceding the visit to
the clinic in which the plasma samples were taken and the psychia-
tric interviews took place.
For platelet rich plasma levels of serotonin, and urine levels of 5-
HIAA reference ranges of 2.8-5.4 nmol/109 platelets and 0.8-3.8
mmol/mol creatinine were sustained respectively (10). For the
assessment of total 24-hours excretion of 5-HIAA, urinary creatinine
level was measured. All plasma samples were all taken between 10
and 12 a.m. Control subjects were not recruted for this study but
were taking part in a study performed simultaneously by our group
in which plasma tryptophan and platelet serotonin were also measu-
red. The urinary 5-HIAA was not measured but reference values are
available.

Statistics
Plasma levels of tryptophan and platelet serotonin in patients and
controls were compared using the two-tailed paired Student's t-test.
Total 24-hours excretion of 5-HIAA in mmol was computed out of 24-
hours urinary levels of 5-HIAA/mmol creatinine. Total 5-HIAA excre-
tion was correlated to plasma levels of tryptophan in patients by the
Spearman rank test. Platelet serotonin content was correlated to
plasma tryptophan levels in patients by the Spearman rank test. The
differences in the number of patients suffering from psychopathology
in carcinoid and control patients was computed by the chi-square
test. Also, a chi-square test was performed to compare total 24-
hours 5-HIAA excretion in carcinoid patients suffering from aggressi-
ve personality change versus patients that did not. Plasma tryptop-
han levels between these groups were compared using analysis of
variance. 
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Table 1: Demographical, medication and treatment data of patients.
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Results
Twenty out of 23 eligible patients participated in the study (table 1).
Eleven were male, nine female. Age ranged from 46-76 with a mean
of 61 years. Treatment consisted of octreotide subcutaneously in 12
patients (dose range 0.1-0.6 mg/day) and interferon-a subcutane-
ously in two patients (2.5 million U/day), while two patients used
both drugs. Three patients occasionally took oxazepam 10 mg befo-
re sleeping; one patient used the antidepressant amitriptyline.
All patients previously established increased urinary 5-HIAA excre-
tion and 18 patients exhibited urinary levels of 5-HIAA of at least 5
mmol/mol creatinine at the interview. In carcinoid patients plasma
tryptophan levels (n=20, mean 42.6 ± 12.6 mmol/l) were lower com-
pared to controls (n=20, mean 51.07 ± 5.7, t= 2.40, df=19, p=0.026).
Platelet serotonin level was increased in patients (mean 24.9 ± 10.7)
compared to controls (mean 2.7 ± 1.2, t= 8.9, p <0.001). In carcinoid
patients a significant negative correlation did exist between total 24-
hours urinary excretion of 5-HIAA (mean 440 mmol, see figure 1)
and plasma tryptophan levels (n=20, r =-0.66, df=19, p=0.001). No
correlation was observed between the platelet serotonin content and
plasma tryptophan level. For 19 patients the psychiatric interview
was their first and usually it took at least 20 minutes before psychia-
tric symptomatology could be discussed. Fifteen patients were
accompanied by their partner. Controls (11 male, 9 female) were
suffering from Crohns' disease (n=7) or viral hepatits C (n=13). Their
age ranged from 28 to 59 years with a mean of 52 years. Five con-
trols were accompanied by their partner.
In 15 carcinoid patients (eight male, seven female), increased
expression of aggressive impulses was reported leading to distur-
bed social functioning which discriminated them strongly from the
control group (df=1, p= 0.008). This symptomatology reached DSM
IV criteria and the patients were diagnosed as having a personality
change due to a medical disorder, DSM IV code 310.1. The main
criteria for this diagnosis were the persistent character of the perso-
nality change and the associated functional impairment. These
patients were characterized by high expression of verbal aggression
in social or vocational situations in a manner, which was described
by patients and their spouses as 'not fitting to the patients former
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personality'. Severity ranged from increased irritability at home to
verbal offence at work. All employed patients suffering from this
complaint (n=6) had serious problems at work. One patient, who
was a managing director, had become so aggressive that employ-
ees avoided him. This patient finally had to quit his job. Another
patient lived in the constant fear of impulsively killing his wife, a fear
that was shared by her. Twelve out of 16 married patients exhibited
marital problems. All patients experienced these complaints as seve-
re handicaps in social functioning. No contact with the law was
reported. The increase in impulsivity was first noted by the partners
of the patients. All diagnostic information acquired from spouses
was only taken into account when confirmed by the patient. The
aggressiveness is marked by impulsivity, as patients feel regret
shortly after an offence is made. In most cases, the symptoms of
decreased impulse control preceded typical carcinoid symptoms
such as flushing and diarrhea. The change in personality was retro-
spectively reported usually before the tumor was diagnosed. In car-
cinoid patients, no relationship between plasma levels of tryptophan
(df= 18, p= 0.84) or total 24-hours 5-HIAA excretion (df=19, p= 0.40)
and the presence of aggressive personality change was established.
No psychotic symptoms, i.e. hallucinations and delusions, were
found in any of the patients. Three patients were suffering from
anxiety symptoms; none of them, however reached the criteria for a
DSM IV diagnosis.
Depressive symptomatology consisting of mild dysthymia, which
again did not reach DSM IV diagnostic criteria, was found in five
patients. One of these patients, who also suffered from symptoms of
aggressive personality change, used the antidepressant amitriptyline
without effect on any of the symptoms. Two patients were on interfe-
ron-alpha treatment. 
One patient suffering from hypersomnia slept 16 hours a day. In this
woman no psychiatric symptoms were present. In control patients,
no structural psychopathology was observed. Two of them were suf-
fering from mild depression. One of them was diagnosed with bor-
derline personality disorder.
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Figure 1: Plasma levels of tryptophan correlate negatively with 24-
hours urinary excretion of 5-HIAA, in carcinoid patients (p=0.001, r=-
0.66). Open dots refer to patients not suffering from impulse control
dysregulation.
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Discussion
The present study demonstrates that, in patients with carcinoid syn-
drome, personality changes marked by aggressive impulse dysregu-
lation are frequent. This finding is in line with the study of Patchell
and Possner 1986 (6) reporting normal prevalence of depressive
symptoms in carcinoid patients. Most previous studies used psycho-
metric scales based on DSM described pathologies. However, it
could well be that somatic patients suffering from psychopathology
might show symptoms that do not fit regular DSM syndromal classi-
fication. These symptoms will be missed easily when patients are
examinated with fixed psychometric scales. The psychopathology
we report in these patients could only be classified as 'personality
due to a medical disorder'. Since this diagnose lacks any specificity,
it will not distinguish between patient groups. It, however, does imply
that patients suffered from social invalidation indicating the severity
of the disorder. Symptoms of aggressive personality change were
usually retrospectively reported before the full expression of the car-
cinoid syndrome with diarrhea and flushing. This only occurs after
dissemination of the tumor into the liver since before this moment
excessive production of serotonin in the gut will be cleared by the
portal circulation. Therefore, increased aggression might be the first
symptom of the tumor. Depressive symptomatology not reaching
DSM IV status was observed in five patients, two of whom received
interferon-a. Interferon-a treatment itself has been associated with
depression (11). In the present study, plasma levels of tryptophan in
carcinoid patients were negatively correlated with tumor endocrine
activity as measured by 24-hours 5-HIAA excretion. This points to
interference of the carcinoid tumor with plasma tryptophan levels. In
our patient sample, plasma tryptophan levels did not correlate with
impulse control problems. This is possibly due to physiological fluc-
tuations of plasma tryptophan levels. In contrast, psychiatric diagno-
ses were made based on symptoms over the last 4 weeks. Platelet
serotonin levels were high in carcinoid patients. This is related to
peripheral overproduction of serotonin by the carcinoid tumor. We
propose that a relation may exist between symptoms of aggressive
impulse dysregulation and excessive peripheral production of sero-
tonin by the carcinoid tumor. Under physiological circumstances,
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serotonin cannot pass the blood-brain barrier and cerebral serotonin
synthesis is highly dependent upon availability of the precursor, the
essential amino acid tryptophan (12). It might well be that in brain
tissue, a serotonergic dysfunction is due to peripheral consumption
of the precursor tryptophan. Cerebral uptake of tryptophan is inde-
pendent of cerebral demand, but is determined by the ratio of plas-
ma tryptophan versus the other large neutral amino acids competing
for passage over the blood-brain barrier (12). Our findings are in line
with reports of increased hostile reactions in healthy subjects under-
going acute tryptophan depletion (13,14). In vervet monkeys, CSF
levels of 5-HIAA are inverse correlated with social impulsivity (15).
Low cerebral serotonin levels have been associated with aggressive
suicide attempts, impulsive arsonism and with outwardly directed
hostility in personality disorders (16, 17). In fact, this feature is asso-
ciated with (auto)aggression regardless of diagnosis (18). The rela-
tion between the cerebral serotonergic system and impulsive
aggression has recently been reviewed (19). Our observations of
impulsive aggression in social situations fit within such a specific
aberration of the serotonergic system. Tryptophan depletion might
occur in many somatic states such as inflammatory diseases or
patients undergoing treatment with recombinant interferon-alpha
(20). Unfortunately, no structural research has been performed to
investigate possible aggressive behaviors although irritability is fre-
quently observed in such patients (21).
Occurrence of impulse control disorders has not been reported
before in carcinoid patients. Symptoms of disordered aggressive
impulse control are hard to detect because most clinicians and rese-
archers focus on symptoms of mood, anxiety and psychosis, for
which in these patients no differences were observed with the gene-
ral population. Another difficulty in diagnosing aggressive impulse
dysregulation is the reluctance of patients to discuss these issues,
since they may have led to marital and social problems.
Interpersonal problems however, can provide appropriate entrance
to the discussion of aggressive behavior. In this regard it has to be
noted that aggressive behavior in some controls may be unrecogni-
zed because only 5 controls were accompanied by their spouses. In
carcinoid patients the first treatment option should be optimal treat-
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ment of the tumor aimed at reducing serotonin production with e.g.
octreotide or interferon-alpha. Treatment options of the psychopa-
thology with antidepressant drugs are limited, since most antide-
pressants will influence not only central but also peripheral seroto-
nergic metabolism in carcinoid patients. Accordingly, it has been
shown that antidepressants may provoke diarrhea and flushing (22).
So the first option is to provide information about the nature of the
symptoms to the patient and his or her relatives, which may help to
improve social functioning. Options for medication to treat impulse
control problems in carcinoid patients that will be tolerated, i.e. not
interfering with peripheral metabolism of serotonin by interference
with peripheral breakdown or uptake processes, have yet to be
developed. 
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Chapter 4
Neuropsychological investigation into
the carcinoid syndrome
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Abstract
Rationale: In patients suffering from metastatic carcinoid tumors
chronic disturbances of serotonergic metabolism are frequently pre-
sent. Serotonin is supposed to influence a range of cognitive functi-
ons.
Objectives: The present study evaluates the cognitive performance
of carcinoid patients.
Methods: In 14 patients with proven carcinoid syndrome neuro-
psychological functioning was studied. Visual search, sustained
attention, set shifting ability and spatial working memory were
assessed using tests from the CANTAB neuropsychological battery.
This was compared with performance of matched healthy controls.
Results: Plasma tryptophan levels were lower compared to con-
trols. Patients showed an enhanced ability to learn new stimulus-
response associations. Sustained visual attention however, was
impaired. 
Conclusion: Cognitive patterns were different from those found in
depressive patients and partly mimicked those found in tryptophan
depletion experiments. Further investigation has to point out the role
of serotonergic changes in the accomplishment of affective states.
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Introduction
Carcinoids are the most commonly occurring tumors of endocrine
nature in the gastrointestinal tract with an incidence of 1-2 per
100,000. Although carcinoids occur in every age group there is a
peak in the sixth and seventh decade. These neuroendocrine malig-
nancies are derived from cells classified to the Amino Precursor
Uptake and Decarboxylation system due to their ability to secrete
biogenic amines. They are found throughout the body predominantly
in the gastrointestinal tract where they are dispersed as single cells
in the (sub)mucosal layers. In case of metastatic disease carcinoids
are characterized by high secretion of serotonin (5-HT) leading to
increased platelet 5-HT content and high excretion of the main
metabolite of 5-HT, 5-hydroxyindoleacetic acid (5-HIAA). It has been
estimated that the tumor contains up to 200 times the normal total
body 5-HT and that as much as 60% of all dietary tryptophan may
be consumed by the tumor. A consequence could be that the brain
becomes deficient in tryptophan thereby affecting neuronal 5-HT
synthesis. It is well known that the rate of cerebral synthesis of this
amine, in humans, is highly dependent of upon the availability of the
precursor tryptophan (Bender 1983). In patients with metastatic car-
cinoid disease a variety of psychiatric complications has been repor-
ted. In case reports a relationship between carcinoid and depres-
sion, anxiety, hostility, sleeping disorders or psychosis have been
described (Hanna 1965;Trivedi 1984). Major et al. found in 22 carci-
noid patients, that 50% exhibited depressive symptoms (Major et al.
1973). In a study in 18 carcinoid patients, two cases of depression
(11%) were reported (Patchell and Posner 1986). In these studies,
diagnoses were made retrospectively.
In humans, there is a limited amount of literature available on the
role of the serotonergic system in cognition. Some studies examined
the cognitive effects of reduced central serotonergic activity by
experimentally depleting healthy subjects from tryptophan, which is
the precursor of 5-HT. These studies revealed   impairments in visu-
ospatial paired associative learning (Park et al. 1994) and in both
visual (Rubinsztein et al. 2001) and verbal delayed recognition
(Riedel et al. 1999; Schmitt et al. 2000). With respect to executive
function, tryptophan depletion seems to improve focused attention

54



and verbal fluency (Schmitt et al. 2000) and the ability to dissociate
incompatible visuo-motor response associations (Coull et al. 1995)
while it disrupts the ability to learn changed stimulus-reward associ-
ations (Rogers et al. 1999). We propose that in carcinoid patients, a
peripheral overconsumption of tryptophan could result in a central
depletion of 5-HT, which in turn induces specific cognitive impair-
ments. This hypothesis was tested by examining performance of
metastatic midgut carcinoid patients on the Cambridge
Neuropsychological Test Automated Battery (CANTAB, Fray et al.
1997). Results will be discussed in relation to those found by trypt-
ophan depletion studies in healthy volunteers and in subjects with
major depression.
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Materials and Methods 
Subjects
Between September 1999 and July 2000, all patients visiting the
Department of Medical Oncology, University Hospital Groningen with
histologically proven metastatic midgut carcinoid tumor, leading to
carcinoid syndrome, were asked to participate in this study.
Additional criteria were: over 18 years of age, verbal adequacy,
capable to perform diagnostic  tests, life expectancy over 6 months,
stable phase of disease. No medication interfering with 5-HT meta-
bolism. Fourteen (8 males, 6 females) out of 17 eligible patients
agreed to participate in the study (see table 1). The age of partici-
pants ranged from 46-75 years with a mean of 60 years. Treatment
consisted of octreotide subcutaneously in 15 patients (dose range
0.1-0.6 mg/day). Verbal intelligence was estimated with the Dutch
translation of the National Adult reading test (Schmand et al. 1991).
Ten patients were classified according to this test in the group with
an I.Q. between 100 and 110 and four with an I.Q. between 110 and
120. Fourteen healthy volunteers matched for sex and I.Q.  served
as a control group. Their age ranged from 45- 69 years with a mean
of 52 years. The study was approved by the local medical ethical
committee. All subjects gave informed consent after the study proce-
dure had been explained to them. 

Biochemical measurements
Venous blood samples were collected between 9 and 12 a.m. in
vacutainer tubes containing 0.12 mL (0.34 mmol/L) EDTA solution.
Plasma samples, after centrifugation, were stored at -20° C until
analysis. The quantification of total plasma tryptophan in mmol/L,
urinary 5-HIAA in mmol/mol creatinine and platelet rich plasma sero-
tonin in nmol/109 platelets was performed with methods based on
high performance liquid chromatography with fluorometric detection.
For platelet rich plasma levels of serotonin, and urine levels of 5-
HIAA reference ranges of 2.8-5.4 nmol/109 platelets and 0.8-3.8
mmol/mol creatinine were sustained (Kema et al. 1993).
In order to establish reference values for tryptophan, blood samples
were collected between 9 and 12 a.m. in 14 healthy controls mat-
ched for sex and age. These subjects were not recruited for this
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study but were taking part in a study performed simultaneously by
one of our group members (I.P.K.) for the establishment of reference
values for blood tryptophan levels.

Neuropsychological assessment
The following four tests from the CANTAB battery were run.  
Intra-/extra-dimensional shift (ID/ED) task
This task assesses the ability to attend to the specific attributes of
compound stimuli, and to shift that attention when required. Two arti-
ficial dimensions are used: color- filled shapes and white lines. Two
stimuli (one correct, one incorrect) are displayed, initially each of
only one dimension, then each of both dimensions (first adjacent,
then overlapping). Feedback teaches the subject which stimulus is
correct, and after six correct responses, the stimuli and/or rules are
changed. These shifts are initially intra-dimensional (e.g. color filled
shapes remain the only relevant dimension) then later extra-dimen-
sional (white lines become the only relevant dimension). The test
consists of 9 stages. These are: 1 simple discrimination, 2 simple
reversal, 3 and 4 compound discrimination, 5 compound reversal, 6
intra dimensional shift, 7 reversal, 8 extra dimensional shift, 9 rever-
sal. For each stage, the number of trials required to attain criterion
for that stage is displayed.
Matching to Sample Visual Search (M to S) 
Matching to Sample Visual Search is a speed/accuracy trade-off
task, testing the subject's ability to match visual samples. An
abstract pattern, composed of four colored elements is presented in
the middle of the screen. After a brief delay, a varying number of
similar patterns are shown in a circle of boxes around the edge of
the screen. Only one of these matches the pattern in the center of
the screen and the subject must indicate which it is by touching it.
The score indicates the percentage of correct indications and the
latency of the response.
Rapid Visual Information Processing (RIVP)
Rapid Visual Information Processing is a test of vigilance (sustained
attention) with a small working memory component. A white box
appears in the center of the computer screen, inside which digits,
from 2 to 9 appear in a pseudo-random order, at the rate of 100
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digits per min. Subjects are requested to detect consecutive odd or
even sequences of digits and to register responses using the press-
pad. Initially, the computer prompts the subject when sequences
appear and gives feedback when the pad is pressed. As the practice
part of the test progresses, these cues are gradually phased out,
and in the assessment part no cues or feedback are given. The
score is displayed in the probability of hit and the probability of false
alarm. Further, the sensitivity i.e. how good the subject is at detec-
ting target sequenties is shown. The also displayed response bias is
the tendency to respond regardless of whether the target seguence
is present.  A score close to 1 indicates that the subject gave few
false alarms. The latter two measures are calculated by CANTAB
following descriptions published earlier (Grier 1971).
Spatial Working Memory (SWM)
This self-ordered searching task assesses both accuracy of spatial
working memory and strategic ability at the same time. The aim of
the test is that the subject finds a blue 'token' in each of the boxes
displayed and use them to fill up an empty column on the right hand
side of the screen, whilst not returning to boxes where a blue token
has previously been found. The color and position of the boxes used
are changed from trial to discourage the use of stereotyped search
strategies. Accuracy of spatial working memory is measured by the
number of errors (returning to an 'empty' box in which already a
token has been found. The strategy score indicates the ability of the
subject to adopt a systematic searching approach. 

Statistical analysis
Plasma levels of tryptophan and CANTAB results between patients
and controls were compared using analysis of variance with
Bonferroni post hoc tests used to determine the direction of signifi-
cant effects (SPSS 10.0). Because there were group differences in
age, in all analyses age was treated as an independent factor.
Plasma tryptophan levels were correlated to 24 h urinary 5-HIAA
using the Spearman rank test.
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Table 1: Demographical, medication and biochemical data of
patients.
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Results 
Biochemical analysis
All participants exhibited platelet 5-HT content above reference valu-
es. Plasma tryptophan levels (mean 41.2 mmol/L, standard devia-
tion 13.1) were lower compared to sex and age matched healthy
controls (mean 56.7 mmol/L, standard deviation 9.3, F(1,26)= 4.42,
p=0.045). Plasma levels of tryptophan were negatively correlated to
24h urinary 5-HIAA levels (F(1,26) =-7.67, p=0.001). No significant
effect of age differences between the two groups were detected in
any task except for the M to S visual search.

Neuropsychological tests (see table 2)
ID-ED shift 
Remarkably, carcinoid patients needed on average less trials to
complete the task than the reference control group (F(1,26) = 4.86,
p= 0.037).This seemed due to superior compound discrimination.
Furthermore, there were no group differences in the number of trials
required on the reversal stages of the task. With respect to the criti-
cial ID and ED stages, we found trend-like evidence that carcinoid
patients performed better on the ID stage, while there were no
group differences at the ED stage of the task. 
SWM
Total errors were compared between groups. There was an effect of
group due to carcinoid patients making significantly less errors than
the controls (F(1,26) = 5.13, p= 0.032). No group differences were
present in the strategy scores, indicating that both groups used an
equally efficient searching strategy. 
M to S
The dependent variables used for analysis were percentage correct
and mean latency (in ms). No differences were detected between
correct percentages. However, carcinoid patients needed significant-
ly more time to select the matching stimulus (F(1,26) = 6.91,
p=0.014). Independent testing revealed a significant effect of age
differences between the groups on this test (F(1,26) = 5.7, p =
0.026).
RVIP
Carcinoid patients displayed a decreased sensitivity in visual atten-
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tion (F(1,26) =12.05, p = 0.002) due to a decreased percentage of
hits (F= 10.03, p= 0.004). Carcinoid patients used a more liberal cri-
terion for deciding when the stimulus was a target (F(1,26) =8.29, p
= 0.008), however they did not make more false alarms than normal
controls (F(1,26) = 0.094, p=0.76). 

table 2: Neuropsychological test data of carcinoid patients and nor-
mal controls
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Discussion
Biochemical analysis revealed that plasma tryptophan levels of our
patient group was significantly lowered, which can be taken to
reflect a reduced central 5-HT function (Young et al. 1985). The
negative correlation between tumor endocrine activity and plasma
tryptophan levels further indicates that 5-HT-ergic neurotransmission
is disturbed in these patients due to decreased precursor availability. 
With respect to executive function, carcinoid patients needed signifi-
cantly fewer trials to complete all stages of the ID/ED Task. This
suggests that patients were overall faster than controls to learn what
aspects of the stimuli were relevant for reinforcement. There was
(trend-like) evidence that this enhanced ability was also present
when patients had to generalize a previously learned discrimination
to a novel set of exemplars from the same category (IDS), and
when these discriminations were subsequently reversed. However,
patients performed comparable to controls when they had to shift
their attention to a previously irrelevant stimulus dimension (EDS).
These data refer to a slightly superior ability of carcinoid patients to
learn relatively easy discriminations. However, this advantage is no
longer present when more demanding discriminations must be
made. This enhanced learning in the early stages of the task sug-
gests that carcinoid patients do not 'stick' very much to previously
learned associations, and instead are very quick in acquiring new
behavioral responses. It is possible that this bears some relation to
the 'lability' of attentional set that was recently observed after trypt-
ophan depletion in healthy volunteers (Rubinsztein et al. 2001). This
is reminiscent of the report of Coull et al. 1995 in which tryptophan-
depleted subjects were better able to suppress automatic visuo-
motor response associations. It is also in line with the study of
Schmitt et al. in which enhanced ability of tryptophan depleted
volunteers in to suppress visuo-verbal response tendencies in the
Stroop task was reported. Our data contrast with those observed in
major depression, as these patients are specifically impaired on the
EDS stage of the task, while performance in earlier stages are unim-
paired (Beats et al. 1996; Purcell et al. 1997).
Our data reveal normal performance on the match to sample task.
Though carcinoid patients took more time to react, this was found to
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be related to age differences between patients and controls. This
suggests that the carcinoid patients did not have particular problems
in directing their visual attention and selecting the matching stimu-
lus. 
Significant impairments were found on the RVIP task, in that
patients were less able than controls to detect target sequences
from a long series of digits presented on the computer screen. This
refers to a decreased sensitivity of sustained visual attention. In
addition, carcinoid patients used a more liberal response bias, indi-
cating that these patients said more easily 'yes' to a particular stimu-
lus. However, this response tendency did not result in a significantly
elevated number of false alarms on the task. The finding of impaired
sustained attention in carcinoid patients seems difficult to interpret,
as the ATD studies that we know of did not include measures of
sustained attention in their test batteries. In a recent rat study, no
effects of ATD were found on sustained attention (Blokland et al.
2002). In depressive patients, sustained attention was found to be
impaired as measured by the Continuous Performance Test (Liu et
al. 2002).
Finally, on the spatial working memory task, carcinoid patients made
significantly fewer errors than normal controls, while they used an
equally efficient strategy. This refers to a superior ability of carcinoid
patients to hold visuospatial information 'on line' in short term
memory while performing the task. These findings contrast with the
lack of effect of tryptophan depletion on spatial working memory
(Park et al. 1994) and normal performance of depressive patients on
this task (Purcell et al. 1997). However, animal studies do provide
evidence of improved working memory function in 5-HT depleted
conditions (Fontana et al. 1995, Altman and Normile 1986).
Administration of the 5-HT releasing agent fenfluramine was repor-
ted to impair spatial working memory processes of healthy volun-
teers (Luciana et al. 1998). 
An issue that has to be addressed is the possible effect of medica-
tion on cognitive performance in the patient group. Most patients
were on the somatostatin analogue octreotide. However, this com-
pound is not likely to pass the blood-brain-barrier (Jaehde et al.
1994). In a recent study somatostatin was shown to improve memo-
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ry function in Alzheimer patients. However, these effects were not
seen in an age matched group of healthy controls. The authors link
these effects of somatostatin to specific defects in insulin-mediated
energy metabolism seen in Alzheimer disease. In our patient group,
glucose levels were not abnormal. Taken together, the cognitive pat-
terns we found in carcinoid patients are probably not caused by
medication.  Another issue is the possibility of secretion of neuroen-
docrine substances by the carcinoid tumor other then 5-HT. In this
case the observed  cognitive changes may not be specifically cau-
sed by 5-HT depletion. However, although some carcinoids do
secrete small amounts of histamine and/or cathecholamines, highly
hydrophilic substances do not cross the blood brain barrier. Because
they are secreted only in small amounts this will not interfere with
precursor availability. This means that changes in cerebral neuro-
transmission in our patient group can be attributed to a specific 5-
HT-ergic effect.      
In conclusion, we found evidence for impaired sustained attention
but superior discriminative learning and visuospatial span in patients
suffering from midgut metastatic carcinoid. These cognitive features
of carcinoid patients only partly mimic earlier findings in tryptophan
depleted volunteers. One explanation for this is that long-lasting
disturbances in the central serotonergic system are present in carci-
noid patients, while acute tryptophan depletion accomplishes only
transient changes. Furthermore, the profile of cognitive impairments
in our patients does not resemble the one observed in depressive
patients except for impaired sustained attention but this feature is
highly unspecific. Further investigations should learn if studies in
chronic tryptophan depleted subjects will lead to new insights into
the role of 5-HT in the accomplishment of affective states. It will be
useful to study carcinoid patients using tests that measure cognitive,
behavioral and affective functions. 
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Chapter 5
Irritability rather than depression during
interferon treatment is linked to increased
tryptophan catabolism

Sascha Russo1 MD, Ido P. Kema2 PhD, Elizabeth B. Haagsma3 MD, PhD, Jim C.
Boon1 MD, Pax H.B. Willemse4 MD, PhD, Johan A. den Boer1 MD, PhD,
Elisabeth G.E. de Vries4 MD, PhD, Jakob Korf1 PhD

Departments of Biological Psychiatry1, Pathology and Laboratory Medicine2,
Gastroenterology and Hepatology3 and Medical Oncology4

University Hospital Groningen, the Netherlands.

Abstract
Objective: Treatment with recombinant interferon is associated with
high rates of psychiatric comorbidity. We investigated the relation
between catabolism of the essential amino acid tryptophan and psy-
chiatric symptoms in patients undergoing combination treatment with
interferon-alpha and ribavirin. 
Methods: Eighteen patients were included with viral hepatitis C who
received interferon. Patients were free of psychotropic medication. A
psychiatrist screened patients before and while on interferon-alpha
treatment for two months, using a structured diagnostical interview.
Fasting plasma tryptophan and platelet serotonin  levels were mea-
sured at each visit.
Results: At baseline no evident psychopathology was observed.
After 2 months interferon treatment 10 patients experienced increa-
sed aggression. No other structural psychopathology was observed.
In the group of 10 patients suffering from increased aggression,
tryptophan levels were decreased (p=0.003). Platelet serotonin
levels were found to be decreased (p= 0.002).
Conclusions: Aggressive impulse dysregulation is highly prevalent
in patients receiving interferon treatment. This is associated with
decreased plasma tryptophan levels which may lead to attenuated
peripheral and central serotonergic neurotransmission.
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Introduction
Since the eighties, interferons have become available for therapeu-
tic indications through production by recombinant DNA techniques.
Interferons are used in the treatment of hepatitis C, multiple sclero-
sis and various malignancies because of their immunomodulatory
and antitumor effects (1). Shortly after the introduction of interferon
therapy severe psychiatric side-effects have been reported (2). In
particular depression fulfilling DSM criteria was frequently observed.
Such psychiatric side-effects are not only important as such and
should therefore be avoided or treated, but they are also responsi-
ble for a significant number of failures of the interferon therapy. In a
recent review by Menkes and MacDonald, it is suggested that
depression during interferon therapy may be associated with increa-
sed catabolism of tryptophan, the precursor of serotonin (5-HT) (3).
Low levels of plasma tryptophan may lead to impaired synthesis of
peripheral and cerebral 5-HT as the first enzyme involved in the
synthesis of this amine is not saturated under physiological condi-
tions. Most of the peripheral 5-HT is confined to blood platelets and
their 5-HT levels may be used as an overall index of 5-HT synthesis
(4). Interferons, notably of the gamma-type, are powerful inducers of
indoleamine dioxygenase (IDO) in immune-activated cell such as
macrophages and brain microglia.  IDO is an enzyme that can
cause enhanced tryptophan degradation and thus low plasma levels
of the aminoacid (5). Decreased plasma levels of tryptophan have
indeed been observed during interferon treatment (6). In 26 patients
with malignant melanoma receiving high dose interferon-alpha, a
relation between depressive symptoms and decreased availability of
tryptophan was established (7). The patients underwent a semi
structured interview for the determination of DSM-IV depression.
This implies that psychiatric symptoms other than depression have
not been explored during the interview. In a recent study Horikawa
et al. recommended further research to clarify the clinical features of
interferon associated psychopathology other than depression (8).
Here we report the effects of 2 months interferon-alpha treatment in
hepatitis C patients on the development of psychopathological
symptoms and the levels of plasma tryptophan and platelet 5-HT.
The patients were subjected to a standardised psychiatric interview
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to determine objectively and in detail possible psychopathology. We
observed that aggressive impulse dysregulation and irritability were
present in about half of the patients. These symptoms correlated
with indices of serotonin function. The possible therapeutic conse-
quences in terms of diagnosis and treatment of the psychopathology
will be discussed.
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Patients and methods
Subjects
Patients with viral hepatitis C under consideration to be treated with
interferon-alpha were asked to participate in the study. Diagnoses
were based on positive serology and liver biopsy. Patients with men-
tal illness including current substance abuse were excluded.
Patients had to be free of substance abuse for at least 5 years.
Some patients received interferon-alpha 5 million U subcutaneously
daily for 4 weeks. This was followed by 8 weeks of 5 million U inter-
feron-alpha 3 times a week. Then, a scheme of 3 million U three
times a week was sustained. Other patients were treated with pegy-
lated interferon-alpha 100 or 125 mg/week subcutaneously. With this
compound equal plasma levels of interferon-a are achieved but
injections only need to be administered weekly. All patients also
received ribavirin 1000 or 1200 mg/day orally. 
The study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki and was a priori approved by the local medi-
cal ethical committee. After complete description of the study, all
patients gave written informed consent. 

Psychometric measurements
One of us (JCB) studied the patients making use of a structured
interview (9) before and after 2 months of interferon treatment.
Additional diagnostic measurements were performed making use of
the Hamilton Rating Scale for Depression (Hamilton 1960), Hamilton
Anxiety Scale (Hamilton 1959) and the Symptom-Checklist-90, a 90-
item self-rating scale (Arrindell 1973). Diagnoses were based on
DSM IV (Diagnostic Statistical Manual, American Psychiatry
Association, 1994) criteria. The interviewer was blind to the patients'
biochemical data. 

Biochemical and hematological measurements:
Venous blood samples were collected at baseline and after 2
months of treatment in vacutainer tubes containing 0.12 mL (0.34
mmol/L) EDTA solution. Participants were fasting for at least 4 hours
before venipuncture. Plasma samples were centrifuged and stored
at -20° C until analysis. The quantification of total plasma tryptophan
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(in mmol/L) and platelet rich plasma 5-HT (in nmol 5-HT/109 plate-
lets) was performed using high performance liquid chromatography
with fluorometric detection (10). For platelet rich plasma levels of
serotonin, reference ranges of 2.8-5.4 nmol/109 platelets and for
plasma tryptophan levels reference values between 40 and 70
mmol/L were sustained (11). Platelet 5-HT content was calculated
by dividing the concentration of 5-HT, expressed as nmol 5-HT/109

platelets, by the number of platelets in platelet-rich plasma. To esti-
mate the whole blood content of 5-HT, for each patient, the platelet
count was multiplied with platelet 5-HT content. This was multiplied
with an estimated factor 0.5, for the cellular fraction of blood, to yield
a value per liter blood. Because bone marrow depression is a
known side effect of interferon, total platelet count was determined
before and during therapy. Serum levels of thyroid stimulating hor-
mone (TSH) were routinely monitored because of previous reports
of hypothyroidism during interferon treatment (12). 
To investigate whether interferon-alpha directly influences platelet 5-
HT uptake, platelet 5-HT uptake was measured in vitro in EDTA anti-
coagulated blood containing different concentrations of interferon-a
and in EDTA blood of patients treated with interferon-alpha as des-
cribed earlier (13).

Statistical analysis
Plasma levels of tryptophan and platelet 5-HT levels were compared
before and while 2 months on interferon treatment using the paired
two tailed Student's t-test. Separate analyses of plasma tryptophan
levels were performed in patients displaying increased irritability ver-
sus those without such symptoms. A crosstab was then composed
by dividing patients in those with or without increased irritability and
patients whose tryptophan levels were decreased from baseline ver-
sus patients that did not show any attenuation, or showed increased
plasma tryptophan levels. The two-tailed chi-square test was then
performed. The same procedure was followed dividing patients in
those who experienced sustained viral clearance after treatment and
those that did not versus decrease of plasma tryptophan level. The
Spearman rank test was used to investigate possible relationships
between both baseline plasma tryptophan levels, those observed
during interferon treatment and the presence of psychopathology
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during the treatment. The same procedure was applied to platelet 5-
HT concentration. Outcomes of psychometric scales were analysed
before and during interferon treatment using analysis of variance.
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Results
Patients
Eighteen eligible hepatitis C patients, five females and 13 males,
with median age 43 years (range 24-55 years) were studied. All
patients either had a history of intravenous drug use (n=11) or had
received blood transfusions (n=7). Patients either had viral hepatitis
C subtype 1b (n=10), subtype 3a (n=6) or subtype 1a (n=2). None
of the patients displayed signs of liver cirrhosis. The first five
patients received daily injections with interferon-alpha. The other 13
patients were treated with pegylated interferon. 

Psychiatric examination
At baseline, no evident psychopathology was observed in any of the
18 patients.  After 2 months interferon treatment, 10 patients (two
females) experienced increased irritability and expression of aggres-
sive impulses. Only symptoms present for at least half of the days in
the month before the interview were taken into account. The symp-
tomatology reached DSM IV criteria in 7 patients because of impai-
red social functioning. They were diagnosed as having a personality
change due to a medical disorder, DSM IV code 310.1. Three
patients reported increased irritability without impairments in social
or occupational functioning. Irritable patients were characterised par-
ticularly by a high expression of verbal aggression. The aggressive-
ness is marked by impulsivity, as patients feel regret shortly after an
offence is made. This led to relational problems in married patients
(n=6). Employed patients suffering from these aggressive symptoms
experienced vocational problems (n= 5). The presence of aggressi-
ve symptoms was not especially present in former intravenous drug
users. Nor the  type of interferon medication seemed to determine
psychiatric disturbances. Major depression was diagnosed in three
patients, one of whom also experienced increased aggression. One
woman showed an increase of serum TSH up to 37 mU/L without
exhibiting clinical signs of hypothyroidism. This patient also display-
ed increased aggression. No significant changes were measured on
the Hamilton Rating Scale for Depression, Hamilton Anxiety Scale
and the Symptom-Cecklist-90 before and during the treatment (data
not presented).  
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Biochemical data
No significant changes in mean plasma tryptophan levels were
detected before (mean 49.4 mmol/L, range 34.6-59.6) and during
(mean 47.4, range 34.6-58.2) treatment (df=17, p= 0.21 see figure
1). No direct influence of interferon-alpha on platelet 5-HT uptake
was observed in vitro. Platelets obtained from patients treated with
interferon-alpha showed in vitro also no altered 5-HT uptake. A rela-
tion between treatment success, defined as sustained viral clearan-
ce after the treatment, and attenuated tryptophan levels could also
not be established (df=1, p= 0.618). 
Increased irritability proved to be the predominate symptom.
Therefore, for analyses we divided patients in those who reported
this symptom spontaneously and those that did not, regardless of
the symptoms reached DSM IV criteria. In 10 of 12 patients, in
which a decrease of plasma tryptophan was observed, we observed
the presence of increased irritability (df= 1, p= 0.013). In the group
of 10 patients experiencing increased irritability, tryptophan levels
were decreased (df=9, p= 0.003) which was not the case in the
other eight patients (df=7, p= 0.148). A relationship between decrea-
sed plasma tryptophan during interferon treatment and increased
irritability and aggression was present (p=0.047). No relation bet-
ween baseline plasma tryptophan levels and increased aggression
during treatment was observed (p= 0.865). At baseline, one patient
and during interferon treatment four patients exhibited a plasma
tryptophan level below the reference value. Platelet 5-HT levels
were higher before (mean 3.7 nmol/109 platelets, range 2.5-5.4)
than during treatment (mean 3.0 nmol/109 platelets, range 1.1-4.8,
df=17, p= 0.002, see figure 2). Before treatment one patient exhibi-
ted platelet 5-HT level under the reference value and 6 during inter-
feron treatment. Whole blood platelet count was attenuated in all
patients after 2 months interferon treatment. The mean number of
platelets was 206 x 109/L (range 116-330) before and 160 x 109/L
(range 104-247) during interferon treatment. The mean content of 5-
HT in whole blood decreased from 382 nmol/L to 242 nmol/L blood.
No relation was found between direction of change in platelet 5-HT
content and increased aggression (df=1, p=0.28). There was howe-
ver a trend both for baseline and during treatment platelet 5-HT
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level to be lower in patients suffering from impaired impulse control
during treatment (df=1, p=0.065, df=1, p= 0.073 respectively).

Table 1: Patient characteristics, biochemical, virological and psychi-
atric measurements before and during interferon therapy
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Figure 1: Plasma tryptophan levels before and during interferon tre-
atment. Black lines indicate the presence of increased irritability.

Figure 2: Platelet 5-HT content before and during interferon. Black
lines indicate the presence of increased irritability.
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Discussion
In this study aggressive impulse control dysregulation, rather than
depression, was prevalent in 10 patients. These symptoms appear
to precipitate in particular in patients who showed attenuation of
plasma tryptophan levels. Moreover in most patients there was also
a decreased platelet content of 5-HT, suggesting that the peripheral
synthesis of the amine was suboptimal. The observation that plasma
tryptophan decrease was related to increased irritability suggests
that fluctuations of plasma tryptophan, rather than absolute levels
are relevant for the development of psychopathology. In line with
this is the observation that only four patients exhibited tryptophan
levels below the reference value.
These clinical symptoms are in line with the findings of increased
hostility following acute tryptophan depletion seen in healthy volun-
teers (14). We observed more pronounced symptoms than Young et
al. possibly due to the chronic character of the changes in 5-HT
transmission in our patients. Our findings support a role for cerebral
5-HT in the modulation of aggressive behavior, as have been repor-
ted in both animal experiments and in other patients (15). In the
study of Capuron et al. (7), the psychiatric interview focused on
depressive symptoms. However, in this study, irritability was one of
the symptoms from the dimension mood that correlated particularly
with decreases in plasma tryptophan.
Aggressive symptomatology of patients could not be measured by
the psychometric scales we used. This was in part due to the obser-
vation that depression was not the predominant pathology, so
psychometric scales could not be used, except for a few sub-items
of these scales. In fact, symptoms such as impulsivity only manifest
itself occasionally and can not always be assessed adequately by
the application of a test during a single interview. Often patients
even denied initially the problem of impulse dysregulation and
aggression. So these symptoms were only found in the course of
the interview. There may thus be the risk of subjectivity in the
assessment of the symptoms. The interviewing clinician was, howe-
ver, blind to the chemistry, so his conclusions were supported by the
tryptophan data. An advantage is that the clinical interview's open
structure allowed to explore beyond the boundaries of DSM IV syn-
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dromes such as depression. Strict application of DSM-IV criteria
may restrict exploration of psychiatric complaints in interferon trea-
ted patients.
Whole blood 5-HT levels decreased in all patients suggesting that
the availability of peripheral tryptophan for the conversion to 5-HT
was indeed decreased during interferon treatment. This suggests
that the platelet 5-HT level might be indicative for peripheral availa-
bility of tryptophan whereas plasma tryptophan level is indicative of
cerebral availability of the amino acid. Total platelet counts were
diminished as expected during interferon therapy due to depression
of bone marrow. No relation between any biochemical or clinical
parameter and sustained viral clearance after the treatment could be
established. Our patient group did not lend itself to draw conclusions
on this subject because various viral subtypes were included which
vary strongly in treatment success chances. The size of our patient
sample was to small for stratification of this parameter. All patients
were co-medicated with ribavirin. Ribavirin is believed to interfere
with viral RNA and DNA replication. Theoretically, ribavirin may have
contributed to psychiatric side effects but Maddrey observed no
additional effect of comedication with ribavirin on psychiatric symp-
toms in 2,089 patients treated for hepatitis C (16).
The results of the present study may have direct clinical implica-
tions. We advise to provide information about the nature of the
symptoms to the patient and his or her relatives, which may help to
improve social functioning. Some patients made enquiries of the
possibility to supplete tryptophan in their diet. Tryptophan can be
purchased freely as a food supplement. However, excess tryptop-
han in patients exhibiting induction of indoleamine dioxygenase
might be contraindicated. In macrophages and microglia (the latter
are located in the brain), tryptophan is ultimately metabolized to qui-
nolinic acid, an excitotoxic agonist because of its interaction with
glutamate receptors of the NMDA type. Excessive tryptophan may
lead to convulsions and apoptosis in patients exhibiting induction of
indoleamine dioxygenase (17). Pharmacological treatment options
include Serotonin Specific Reuptake Inhibitors. However, these
drugs are highly dependent on the available pool of 5-HT in the
brain as shown by tryptophan depletion experiments (18). In
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patients with attenuated brain 5-HT levels, postsynaptically acting 5-
HT agonists might be more effective.      
Our results emphasise that peripheral and central 5-HT levels can
be modulated by immune activating therapeutic interventions. In
general, the results illustrate a possible way how biological factors
such as cytokines may contribute to the development of psychiatric
comorbidity in somatic conditions. In related investigations the pro-
phylactic use of selective serotonine reuptake inhibitors (SSRI's) has
been advocated to prevent premature interruption of the interferon
therapy. This idea was particularly based on reports of the occurren-
ce of depression. The present study emphasises that drug treatment
may be also effective in reducing side effects related to aggression
and impulse control symptoms. Monitoring plasma tryptophan may
help to determine indication of such medication.
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Chapter 6
Mirtazapine for the treatment of interferon
induced psychopathology

S. Russo, MD, J.C. Boon, MD, E.B. Haagsma, MD, PhD, E.G.E. de Vries, MD,
PhD, J.A. den Boer, MD, PhD, J. Korf, PhD

To the editor: Psychiatric comorbidity is reported in 9 to 37% of
patients treated with recombinant interferon (1). Recently, diminis-
hed serotonergic neurotransmission has been proposed as the
pathophysiological mechanism (2). Treatment of these side-effects
focuses on serotonin specific reuptake inhibitors (SSRIs).
Prophylactic treatment with the SSRI paroxetine reduced the per-
centage of patients  developing depression from 45% to 11% (3).
SSRIs may not be the drugs of choice in all patients. In a case
report, the antidepressive effect of an SSRI was nullified by interfe-
ron (4). As an alternative we prescribed mirtazapine, an antidepres-
sant, with postsynaptic actions on the serotonergic and noradrener-
gic systems, which acts independent of available serotonin. Thus far
3 patients have been treated. The first patient was a 43 years old
female with multiple sclerosis. After 6 weeks treatment with interfe-
ron-beta (24 million U/week subcutaneously) depression and increa-
sed irritability began to develop. She received mirtazapine (30
mg/day orally) but after two days mirtazapine was discontinued
because of severe sedation. One week later she restarted mirtazapi-
ne at 7.5 mg/day and experienced relief already after three days.
Two weeks later the mirtazapine dose was increased to 15 mg/day
and the psychiatric symptoms completely resolved. She is now on
mirtazapine 15 mg/day for 15 months. The second patient was a 29
years old male hepatitis C patient, who received interferon-alpha 5
million U/day subcutaneously. After one month he became irritable,
gloomy and developed social problems due to increased expression
of verbal aggression. He received mirtazapine 15 mg/day orally and
all symptoms faded in a few days. This patient kept taking mirtazapi-
ne during the interferon-a treatment lasting 6 months. The third
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patient, a man of 27 years, received pegylated interferon-alpha sub-
cutaneously 125mg/ week for hepatitis C. After one month he beca-
me depressive and increasingly aggressive. Following mirtazapine
15 mg/day orally, symptoms relieved in a few days. One month later,
he ended mirtazapine treatment because he was free of symptoms.
No relapse of psychiatric symptoms occurred during the 6 month'
interferon-alpha course. Because irritability and aggressive persona-
lity change were the predominant symptoms in all three patients
they were diagnosed according to DSM IV criteria as having a 'per-
sonality change due to a medical disorder'. Diagnoses were made
by an experienced psychiatrist. These treatment results are remar-
kable for two reasons. Treatment effects appeared within days. This
was probably not related to the sleep inducing side-effect of mirtaza-
pine since none of our patients suffered from sleeping problems. In
contrast, antidepressive respons on paroxetine in patients receiving
interferon-alpha was recently reported to take 4 weeks (5). In addi-
tion, only low doses mirtazapine were needed compared to those
used to treat a common depression (30-45 mg/day). The findings
suggest that the low cerebral serotonin level caused by interferon
may limit antidepressive effects of SSRIs (2). However, our findings
are not based on a placebo controlled study and therefore interpre-
tation of the results has to be cautious.
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Effects of endotoxin on tryptophan
metabolism in pigs
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Abstract
Background Inflammatory processes are associated with depletion
of the essential amino acid tryptophan, the precursor of serotonin
(5-HT). We evaluated the peripheral responses of tryptophan and
both peripheral and brain metabolism of 5-HT to intravenous lipopo-
lysaccharide (LPS) administration in pigs. 
Methods In 6 crossbread barrows Escherichia Coli LPS was infu-
sed. Six pigs served as controls. Arterial and cerebrovenous levels
of plasma tryptophan, 5-hydroxyindoleaetic acid (5-HIAA) and plate-
let 5-HT were assessed 4, 24 and 120 h after infusion.
Results In LPS treated pigs plasma tryptophan levels were depleted
4 and 24 h after infusion with no arterial-venous differences. 5-HT
levels were enhanced in LPS exposed pigs with again no arteriove-
nous differences. Venous 5-HIAA levels were enhanced compared
to arterial levels 120 h after LPS infusion. Plasma tryptophan levels
correlated positively with with 5-HIAA levels 4 h after infusion in the
LPS group.
Discussion Following LPS there is an increased metabolism of
peripheral and brain 5-HT.
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Introduction
Administration of endotoxin in the form of lipopolysaccharide (LPS)
has often been used to induce inflammatory reactions in animals.
This paradigm has been used successfully to elucidate many
aspects of inflammatory responses (9). In men, infusion of LPS cau-
ses the release of cytokines resulting in short lasting sickness beha-
vior (10). Long-term inflammation induces enzymes such as indolea-
mine dioxygenase (IDO) in peripheral macrophages and cerebral
microglia and liver tryptophan pyrrolase, that ultimately cause chro-
nically decreased plasma tryptophan levels (6). A consequence of
low plasma tryptophan is low brain serotonin (5-HT) synthesis, as
the latter depends highly on the uptake of the precursor amino-acid
in the brain (1). In the present study we investigated the responses
of 5-HT and tryptophan in LPS exposed animals. It is questionable
whether the acute effects of LPS mimick the inflammatory response
of the tryptophan-5-HT metabolism seen in chronic inflammation. In
rats, enhanced production of 5-HT lasting about 24 h has been
observed following LPS administration (8). In contrast, during chro-
nic inflammation  attenuated 5-HT levels have been described cau-
sed by decreased availability of its precursor tryptophan (4). It is not
yet clear at which time point the enhanced production of 5-HT cea-
ses because of exhaustion of the precursor. More insight into the
metabolism of 5-HT in relation to the time course of an acute immu-
ne response might elucidate the physiological role of 5-HT. 
In order to assess peripheral and brain tryptophan metabolites
during an inflammatory challenge we performed experiments in pigs
exposed to intravenous LPS. We took simultaneous samples of both
arteral and cerebrovenous blood. Appropriate surgery was inpossi-
ble in smaller animals. The difference between arterial and cerebro-
venous levels was used as a measure of brain excretion of each
compound. In these samples tryptophan, 5-hydroxyindole acetic
acid (5-HIAA), the main metabolite of 5-HT, and platelet 5-HT were
determined. The present experiment shows that an increased meta-
bolism of both peripheral and brain serotonin was observed follo-
wing infusion of LPS.
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Materials and Methods
Animals and housing
Experimental protocols describing the management, surgical proce-
dures, and animal care were reviewed and approved by the ID-
Lelystad Animal Care and Use Committee (Lelystad, the
Netherlands). The study was performed in 12 crossbred Yorkshire
barrows with an average body weight of 35±2 kg (mean ± SEM). 

Surgery
Under general anaesthesia, polyethylene catheters (Tygon, i.d. 1.02
mm, o.d. 1.78 mm, lenght 1 m) were placed into the right carotid
artery and the right external jugular vein according to a modified
procedure as previously described (3,4). The catheters were filled
and sealed with physiological NaCl containing 50 IU heparin and
150,000 IU penicillin (Procpen; AUV, Cuijk, the Netherlands) per mL
and kept in and protected by a back pack which was glued to the
skin of the pig's back. After 1 week of postsurgical recovery, the first
series of blood sampling was performed. In the period between sur-
gery and the first series of measurements, the pigs were habituated
to the blood sampling procedure. 

Endotoxin administration
Escherichia coli LPS was dissolved in 0.9% NaCl (0.1 mg/mL). This
was administered via the portal vein at a dose of 5 mg/kg bodyw-
eight for 2 h and subsequently a dose of 2 mg/kg for the following 7
h (7). In control pigs 5 ml 0.9% NaCl was administered.

Blood sampling and plasma analyses
Blood samples of 5 mL were collected in heparinized tubes. Arterial
and venous blood was sampled at 4, 24 and 120 h after the start of
LPS infusion out of the carotid artery and jugular vein simultaneous-
ly.
Heparinized blood samples were collected in vacutainer tubes con-
taining 0.12 mL (0.34 mmol/L) ethylene diamine tetraacetic acid
solution. Plasma samples, after centrifugation, were stored at -20° C
until analysis. The quantification of total plasma tryptophan, plasma
5-HIAA and platelet rich plasma 5-HT was performed with methods
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based on high performance liquid chromatography with fluorometric
detection (5). 

Statistical analysis
Venous plasma tryptophan in mmol/L, plasma 5-HT in ng/L and 5-
HIAA levels in mmol/L 4, 24 and 120 h after administration were
compared between the LPS and NaCl group using analysis of vari-
ance. Arterio-venous differences for plasma tryptophan, 5-HIAA and
5-HT levels were performed separately in both groups using analy-
sis of variance. Correlations were calculated between levels of 5-
HIAA and plasma tryptophan at corresponding moments using the
Spearman rank test. For analyses SPSS version 10.0 was used.
Only p-values smaller or equal 0.05 were considered significant.
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Results
In tabel 1 all results are summarized separately for LPS and NACl
treated pigs in arterial and venous blood. For each measurement,
the number of pigs studied is indicated. 
Venous plasma tryptophan levels were attenuated in LPS treated
pigs 4 ( F=15.6, p<0.01), 24 (F=7.4, p= 0.022) and trend-wise 120 h
(F=4.9, p= 0.052) after LPS administration compared to NaCl trea-
ted animals. This is shown in figure 1. Plasma tryptophan levels
showed no arterial-venous differences in all cases. The quantifica-
tion of 5-HT and 5-HIAA was possible in three pigs of each group.
Plasma 5-HT levels were enhanced 24 h after infusion in LPS expo-
sed pigs (F= 8.40, p= 0.022). Arterial-venous 5-HT differences were
not present in both groups. Plasma 5-HIAA levels did not differ bet-
ween groups. In the LPS, but not in the saline group, arterial-venous
differences in 5-HIAA were present due to enhanced venous levels
120 h after LPS infusion (F= 8.49, p= 0.044). Plasma tryptophan
levels correlated positively with  plasma 5-HIAA levels 4 h after LPS
administration (p< 0.01). 
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Table 1: Summary of results in LPS and NaCl treated pigs 
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Figure 1: Venous plasma tryptophan levels after LPS (±SD). The
interrupted line regards LPS treated pigs. The presence of * indica-
tes significant results
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Discussion
The present study shows that LPS administration to pigs resulted in
an attenuation of plasma tryptophan levels 4 and 24 h after admi-
nistration. Plasma tryptophan depletion has also been detected
during chronic inflammation in humans (2). We observed no diffe-
rences between arterial and cerebrovenous levels. This might be
due to the relatively mild fluctuation of plasma tryptophan of about
30% following LPS. One passage through the brain under these cir-
cumstances might not be enough to produce a difference.
Furthermore, plasma tryptophan depletion is not only due to cere-
bral uptake. At 24 h peripheral 5-HT, produced out of tryptophan,
showed enhanced levels in the LPS group. Therefore, we presume
that a fraction of the extra tryptophan that is metabolized in the LPS
group has been transformed into 5-HT in the periphery. We additio-
nally observed enhanced 5-HIAA, the metabolite of 5-HT, excretion
by the brain 120 h after LPS administration as measured by enhan-
ced cerebrovenous blood content of 5-HIAA. This suggests enhan-
ced brain 5-HT production after LPS administration. This conclusion
corresponds with observations of increased 5-HT release in the rat
brain after LPS administration (3), suggesting that, at least part of
the depletion of tryptophan is due to the transformation to 5-HT both
in the periphery and the brain. Enhanced 5-HT production might
lead to exhaustion of tryptophan stores so 5-HT production will ulti-
mately attenuate. The studied time period however, does not allow
to draw definitive conclusions on this subject, although, venous 5-
HIAA levels correlated positively with plasma tryptophan levels only
4 h after LPS administration. The latter suggests that in the early
stage of the inflammatory response a direct relation exists between
tryptophan stores and 5-HT production. In later stages of an inflam-
matory response this relation could become distorted due to
exhaustion of tryptophan with declining tryptophan levels while 5-HT
and consequently 5-HIAA production continues. Taken together, the
data of the present study suggest that modification of tryptophan is
already apparent in the early stages of the inflammatory response. 
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Abstract
Introduction: Enhanced degradation of tryptophan is associated
with psychiatric comorbidity in patients suffering from chronic soma-
tic disease. Little is known however, about the effects of a transient
inflammatory stimulus in humans. We aimed to study the course of
tryptophan during an acute inflammatory challenge. 

Materials and methods: Six healthy volunteers were infused with
endotoxin.  Plasma levels of tryptophan, serotonin, neopterin, free
fatty acids, TNF-alpha and IL6 were monitored for 24 h. 

Results: Plasma tryptophan levels were attenuated 6.5-8 h after
infusion, preceded by and inversely correlated with a rise in free
fatty acids. Plasma serotonin levels become depleted after a short
lasting increase. Neopterin levels were higher after 24 h. 

Conclusion: After a short inflammatory stimulus tryptophan deple-
tion takes place in plasma. This might be due to influx into (brain)
tissue and probably not to enhanced oxidative tryptophan degrada-
tion. 

99



Introduction
Chronic inflammatory disease is associated with enhanced degrada-
tion of the essential amino acid tryptophan (Fuchs et al. 1991). This
has also been observed in patients receiving proinflammatory cytok-
ines such as interferon-alpha (Russo et al. 2003). Tryptophan is the
least abundant essential amino acid and following its depletion bac-
terial and tumor growth are attenuated (Kane et al. 1999).
Furthermore, synthesis of the cerebral neurotransmitter serotonin (5-
HT) depends on the availability of its precursor tryptophan.
Consequently, brain 5-HT levels and turnover are low during chronic
inflammation (Bender 1983). However, in rats, following endotoxin
administration, cerebral tryptophan and 5-HT were higher after a few
hours (Dunn and Welch 1991). This suggests that in the initial
phase of an immune response the influx of tryptophan into the brain
is enhanced. 
Several processes interact with tryptophan metabolism during acti-
vation of the immune system. Firstly, increased free fatty acid plas-
ma levels occur which is hypothesized as an important modulator of
the immune response (Weinberger et al. 2001). Free fatty acids may
displace tryptophan from albumin thus inducing a switch from bound
to free tryptophan in plasma (Struder et al. 1997). Since albumin
binding partly prevents tryptophan uptake in rat brain this will lead to
enhanced flux of tryptophan into (brain) tissue (Etienne et al. 1976).
Secondly, activation of the cellular immune system leads to inducti-
on of the ubiquitous enzyme indoleamine dioxygenase (IDO) that
degrades tryptophan (Grohmann et al. 2003). IDO is stimulated by
proinflammatory cytokines (notably interferon-gamma) which are
secreted by activated lymfocytes. These cytokines also enhance
production of the methyl group donor, neopterin (Wang and Dunn
1999). Neopterin has been used as a measure of cellular immune
activation (Maes et al. 1994). In the present study, endotoxin was
administered as an inflammatory stimulus to healthy volunteers. The
goal was to determine the sequence of inflammatory responses lea-
ding to acute tryptophan depletion in the circulation. This can provi-
de more insight into the physiological role of 5-HT during inflamma-
tion. 
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Patients and methods
Six healthy male subjects, mean age 28.8 (range 19-43) years partici-
pated in an earlier published study (Fijen et al. 2001). From these indi-
viduals stored blood samples were available. Medical history, physical,
hematological and biochemical examinations were unremarkable. A
radial artery catheter was placed for blood sampling. At time point zero
sterile endotoxin (Escherichia Coli, bath EC-6, US Pharmacopeia,
Twinbrook Parkway, Rockville, MD, USA) was administered at a dose
of 4 ng/kg body weight (10,000 endotoxin U/mg). Plasma for the deter-
mination of cytokines was drawn, with EDTA as a preservative, pre-
dose and at 0.25, 0.5, 1,2,3,4,6,8 and 24 h after endotoxin infusion via
an indwelling catheter. Latter samples were put immediately on ice,
centrifuged (1,500 g, 15 min, 4 0C) and stored at -80 0C until analysis.
The Investigations Review Board of the University Hospital approved
of the study. All individuals gave written informed consent.

Biochemical measurements:
The quantification of total plasma tryptophan in mmol/L and plasma 5-
HT levels in ng/L were performed with methods based on high perfor-
mance liquid chromatography with fluorometric detection (Kema et al.
2001). Plasma neopterin levels in pg/mL were determined using a
commercially available ELISA (Brahms Diagnostic, Germany) and
plasma free fatty acid levels in umol/L were determined with a specto-
fotometric assay. TNF-alpha and IL6 in pg/mL were determined using
MEDGENIX EASIATM kits from BioSource (BioSource Europe SA,
Srad, Belgium). These data were taken from the original study and
used as control parameters for the time sequence of the overall immu-
ne reaction (Fijen et al. 2001). 

Statistical analysis
Changes over time in plasma tryptophan, 5-HT, neopterin and free
fatty acid levels were analyzed using the Bonferroni Holm corrected
paired Student's t-test. Correlations between mean free fatty acid
levels, mean cytokine levels, mean 5-HT levels and mean plasma
tryptophan levels were analyzed using the 2-tailed Pearson's rank test.
P-values smaller or equal 0.05 were considered significant. Data are
expressed as meas ± SEM. SPSS version 10.0 was used.
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Results
Clinical symptoms and signs
Healthy male subjects experienced a flu-like syndrome following
endotoxin administration with elevated temperatures, chills, increa-
sed heart rate, headache and muscle pain. The temperature was
increased from 2 until 8 h after infusion of endotoxin and peaked at
3-4 h following infusion (peak temperature 38.4± 0.310 C) (Fijen et
al. 2001). 

Biochemical measurements
Compared to baseline values plasma tryptophan levels were attenu-
ated 6.5, 8 and 24 h after endotoxin administration (respectively T-
test (t)= 4.85, 9.15 and 4.63, p= 0.025, 0.001 and 0.024, see figure
1). All patients showed a drop in plasma tryptophan starting within 4
h, reaching its lowest level at 8 h. 5-HT levels were, compared to
baseline, enhanced 1 h (t= -2.8, p=0.037) but decreased, 4.5 (t=
3.0, p= 0.030), 6.5 (t= 3.0, p= 0.030) and 8 (t= 3.7, p= 0.015) h after
endotoxin administration. Plasma free fatty acid concentration was
increased 2.5, 3, 4.5 and 6.5 h after endotoxin administration (t= -
4.62, -3.98, -3.70 and -4.70, p= 0.030, 0.044, 0.049 and 0.020, res-
pectively). Plasma levels of free fatty acids were inversely correlated
with tryptophan (correlation coefficient=-0.62, p= 0.029, see figure 2)
and 5-HT (correlation coefficient= -0.69, p= 0.030). Plasma tryptop-
han levels were positively correlated with 5-HT levels (correlation
coefficient= 0.673, p= 0.033). No correlations between fluctuations
in plasma tryptophan, TNF-alpha (correlation coefficient =0.16, p=
0.67) or IL6 over 24 h (correlation coefficient = 0.099, p= 0.79) were
present. Also 5-HT level fluctuations did not correlate with either
TNF-alpha (correlation coefficient 0.0230, p= 0.93) or IL6 levels
(correlation coefficient= -0.28, p= 0.44). TNF-alpha (data included
from earlier publication by Fijen et al. 2001 for comparison) appea-
red 30 min after injection in the circulation, reaching peak levels
(6535±4048 pg/mL) 3 h after infusion. IL6  appeared 1 h after injecti-
on, reaching peak levels (8232±6554 pg/mL) at 3 h after infusion.
Neopterin levels were increased only 24 h after infusion (mean
15.3±3.07 nmol/L) compared to baseline values (mean 5.07±0.75,
t=-9.53, p<0.001).
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Figure 1: changes (SEM) in time of free fatty acids (A), plasma
tryptophan (B), neopterin (C), TNF-a (D), IL6 (E) 
and platelet 5-HT (F) 
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Figure 2: the relation between plasma tryptophan and free fatty
acids (a) and plasma tryptophan and plasma 5-HT levels (b). Mean
values of volunteers are shown for each of the 10 time points.
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Discussion
This study shows that endotoxin administration attenuates total plas-
ma tryptophan levels in healthy subjects. Enhancement of free fatty
acids levels in plasma precedes decrease of plasma tryptophan
concentration and is inversely correlated with it. It has already been
shown that  a switch from albumin-bound to free tryptophan occurs
under the influence of free fatty acids during inflammation (Struder
et al. 1996). A proportion of this free tryptophan could be used for
the peripheral production of 5-HT. This could explain the initial incre-
ase of plasma 5-HT level. However, release of the splenic blood pla-
telet pool can also result in enhanced plasma 5-HT levels. Another
part of the albumin disseminated tryptophan will be transported over
the blood brain barrier since enhanced 5-HT production in rat brain
after endotoxin administration has already been observed by Dunn
and Welch 1991. This adds to the notion that during the first phase
of the immune response both cerebral and peripheral availability of
tryptophan is enhanced. Plasma 5-HT and tryptophan levels were
positively correlated. Consequently, 5-HT levels dropped after 4.5 h
even before plasma tryptophan levels decrease. Therefore, plasma
5-HT level appears to be a sensitive index for the peripheral availa-
bility of tryptophan. Peak levels of the proinflammatory cytokines IL6
and TNF-alpha appear in plasma several hours before tryptophan
metabolism becomes distorted. No correlation was observed bet-
ween these and tryptophan and 5-HT. This is probably the case
because mean levels of the cytokines have already normalized
when mean tryptophan and 5-HT levels are decreasing. This is not
in line with a recent study in which in vitro production of TNF-alpha
after administration of LPS in mononuclear blood cells was decrea-
sed by 5-HT. (Cloezta-Ayarani et al. 2003). Therefore, we additional-
ly computed the Pearson's correlation coefficient  between 5-HT and
TNF-alpha for each of the 10 measuring points separately. To rule
out possible individual differences in the time frame of occasions we
did not use mean levels of 5-HT and TNF-alpha. This revealed a
significant negative correlation between the parameters on 8 of the
10 time points (correlation coefficients -0.99 to -0.81, p values 0.010
to 0.049). We conclude that an inverse relation between 5-HT and
tryptophan exists in the first stage of the inflammatory response.
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This might have a function in the negative feedback on the immune
response. Since the decrease of plasma tryptophan concentration
precedes enhancement of neopterin levels our data suggest that the
induction of IDO is probably not the cause of tryptophan depletion in
the first 24 h of the immune response. 
In conclusion, during the acute phase of the immune response plas-
ma tryptophan concentration decreases. This is probably due to a
shift of tryptophan from albumin. Increased plasma concentration of
free tryptophan will lead to increased uptake of tryptophan into the
brain and consequently enhanced brain 5-HT production and to
enhanced production of pheripheral 5-HT. After a few hours periphe-
ral tryptophan stores exhaust, leading to a decreased peripheral
production of 5-HT. Further studies should give more information
about the physiological significance of shifts in both the peripheral
as the cerebral availability of tryptophan during acute inflammation.
It would be informative to additionally study behavioral consequen-
ces in the course of the immune response to find out if they correla-
te with changes in tryptophan influx into the brain.

106



References

Bender, D. A. 1983. Biochemistry of tryptophan in health and disease. Mol.
Aspects. Med. 6, 101-197.

Cloez-Tayarani, I., Petit-Bertron, A.F., Venters, H.D., Cavaillon, J.M. 2003.
Differential effect of serotonin on cytokine production in lipopolysaccharide-stimu-
lated human peripheral blood mononuclear cells: involvement of 5-hydroxytrypta-
mine2A receptors. Int. Immunol. 15, 233-240.

Dunn, A. J. and Welch, J. 1991. Stress- and endotoxin-induced increases in brain
tryptophan and serotonin metabolism depend on sympathetic nervous system
activity. J.Neurochem. 57,  1615-1622.

Etienne, P., Young, S. M., and Sourkes, T. L.1976. Inhibition by albumin of trypt-
ophan uptake by rat brain. Nature 262, 144-145.

Fijen, J.W., Zijlstra, J.G., de Boer, P., Spanjersberg, R., Cohen Tervaert, J.W., van
der Werf, T.S., Ligtenberg, J.J., Tulleken, J.E. 2001. Suppression of the clinical
and cytokine response to endotoxin by RWJ-67657, a p38 mitogen-activated pro-
tein-kinase inhibitor, in healthy human volunteers. Clin. Exp. Immunol. 124, 16-20.

Fuchs, D., Moller, A. A., Reibnegger, G., Werner, E. R., Werner-Felmayer, G.,
Dierich, M. P., and Wachter, H. 1991. Increased endogenous interferon-gamma
and neopterin correlate with increased degradation of tryptophan in human immu-
nodeficiency virus type 1 infection. Immunol. Lett. 28, 207-211.

Grohmann, U., Fallarino, F., Puccetti, P. 2003. Tolerance, DCs and tryptophan:
much ado about IDO. Trends Immunol. 24, 242-248.
Kane, C.D., Vena, R.M., Quellette, S.P., Byrne, G.I. 2001. Intracellular tryptophan
pool sizes may account for differences in gamma interferon mediated inhibition
and persistence of chlamydial growth in polarized and nonpolarized cells. Infect.
Immun. 67, 1666-1671.

Kema, I.P., Meijer, W.G.,Ooms, B., Willemse, P.H.B. and de Vries, E.G.E. 2001.
Profiling of tryptophan related plasma indoles in carcinoid patients using automa-
ted on-line solid phase extraction with high performance liquid chromatography
and fluorescence detection. Clin. Chem. 47, 1811-1821.

Kubera, M., Kenis, G., Bosmans, E., Zieba, A., Dudek, D., Nowak, G., and Maes,
M. 2000. Plasma levels of interleukin-6, interleukin-10, and interleukin-1 receptor
antagonist in depression: comparison between the acute state and after remis-
sion. Pol. J. Pharmacol. 52,  237-241.

107



Maes, M., Scharpe, S., Meltzer, H. Y., Okayli, G., Bosmans, E., D'Hondt, P.,
Vanden Bossche, B. V. and Cosyns, P. 1994. Increased neopterin and interferon-
gamma secretion and lower availability of L-tryptophan in major depression: fur-
ther evidence for an immune response. Psychiatry Res. 54, 143-160.

Russo, S., Kema, I. P., Fokkema, M. R., Boon, J. C., Willemse, P. H., de Vries, E.
G., den Boer, J. A., and Korf, J. 2003. Tryptophan as a link between psychopatho-
logy and somatic states. Psychosom. Med. 65, 665-671.

Struder, H. K., Hollmann, W., Platen, P., Wostmann, R., Ferrauti, A., and Weber,
K. 1997. Effect of exercise intensity on free tryptophan to branched-chain amino
acids ratio and plasma prolactin during endurance exercise. Can. J. Appl. Physiol.
22, 280-291.
Wang, J. and Dunn, A. J. 1999. The role of interleukin-6 in the activation of the
hypothalamo-pituitary-adrenocortical axis and brain indoleamines by endotoxin
and interleukin-1 beta. Brain. Res. 815, 337-348.

Weinberger, B., Carbone, T., England, S., Kleinfeld, A. M., Hiatt, M., and Hegyi, T.
2001. Effects of perinatal hypoxia on serum unbound free fatty acids and lung
inflammatory mediators. Biol. Neonate 79, 61-66.

108



109



110



Chapter 9
Tryptophan dependency of brain seroto-
nin is evolutionary conserved and of 
functional significance

Sascha Russo, MD1, Ido P. Kema, PhD2, Jan Haavik, PhD3 and Jakob Korf, PhD1

Departments of Psychiatry1 and Laboratory Medicine2 University Hospital

Groningen, The Netherlands and Department of Biochemistry and Molecular
Biology, University of Bergen3, Norway.

Abstract

Introduction: The cerebral 5-HT system is phylogenetically old and
shows remarkable anatomical resemblance among species. The goal
of this review is to investigate the physiological role of 5-HT in the
accomplishment of behavioral states.
Tryptophan and 5-HT: In higher organisms, tryptophan is an essenti-
al amino acid and is also the least abundant of the natural amino
acids. Its catabolism is, among others, increased by inflammation and
by stress hormones. Fluctuations of plasma tryptophan levels have
direct consequences on brain 5-HT synthesis and release and this
relation is seen in all species studied. 
Behavioral consequences of low tryptophan and 5-HT levels: In
humans, decreased brain 5-HT neurotransmission is associated with
impulsive aggression. In animals ranging from fish to primates, 5-HT
turnover is inversely related with social rank and aggressive behavior. 
Conclusions and hypothesis: The precursor dependency of 5-HT
production and its behavioral consequences probably have a survival
value. We hypothesise that the tryptophan-dependency of 5-HT functi-
on is related to adaptation to adverse circumstances. Deficient 5-HT
neurotransmission has been associated with many psychiatric condi-
tions, but may be etiologically linked to none of them. Restoring 5-HT
transmission by medication may be effective in patients exhibiting
depletion of tryptophan.
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Introduction
Over the last 5 decades a large body of data has been published
implicating the serotonin (5-hydroxytryptamine, 5-HT) system in a
wide variety of psychiatric disorders, including depression, panic dis-
order, generalized anxiety disorder, obsessive compulsive disorder,
eating and borderline personality disorders (Nutt et al. 1999). Data
of postmortem studies, cerebrospinal fluid (CSF) studies and plate-
let studies have converged to the suggestion of a deficient 5-HT
neurotransmission and possibly also of a reduced function of post-
synaptic 5-HT receptors in the central nervous system (CNS) in
these psychiatric disorders (Anand et al. 1994, Kahn et al. 1988).
For instance, a reduced content of cerebrospinal fluid (CSF) 5-
hydroxyindoleacetic acid (5-HIAA, the main metabolite of 5-HT) has
been reported, though inconsistently, in several psychiatric disor-
ders. Little, if any, evidence is as yet available to propose that 5-HT
dysfunction is related to a particular disorder. Rather, current eviden-
ce suggests that low brain 5-HT is related to specific symptoms.
Accordingly, aggressive suicide attempts, impulsive fire setting, per-
sonality disorders with outward directed hostility have been associa-
ted with reduced CSF 5HIAA (Asberg et al. 1976, Roy et al. 1986).
Perhaps the most consistent observation in humans is a correlation
between low brain 5-HT function and impulsive aggressive behavior.
Therefore, a dimensional hypothesis has been put forward sug-
gesting that low cerebral 5-HT function correlates with inward or out-
ward directed hostility (van Praag et al. 1987). 
It has been well established in mammalians (including rodents and
humans) that the synthesis of brain 5-HT and so the function of this
neurotransmitter depends on the availability of the amino acid pre-
cursor tryptophan. Tryptophan is in most organisms an essential
amino acid and among the least abundant amino acids.
Consequently, this amino acid may easily become exhausted during
low food intake or increased catabolism, with possible consequen-
ces for cerebral 5-HT transmission. Conversely, during high food
intake or reduced catabolism brain 5-HT activity may become acti-
vated. The question that will be addressed in this review is what the
function of 5-HT could be both in physiological and pathological cir-
cumstances and how this function is influenced by the precursor
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amino acid tryptophan. Apparently, the organism perceives whether
tryptophan levels lie outside the range ensuring normal 5-HT functi-
on. We hypothesize that the relationship between accessibility of
tryptophan and 5-HT function in the brain, and possibly also in peri-
pheral tissue, is conserved during the evolution of species and must
therefore have survival value for the organism. Our arguments are
based on the following observations: 
1st:  the brain 5HT-system is a phylogenetically old and thus evoluti-
onary conserved system;  5-HT exerts a modulatory effect on many
behavioral and other functions.
2nd: in all thus far studied species the enzyme complex directly res-
ponsible for the biochemical synthesis of 5-HT in the brain (tryptop-
han hydroxylase) has high Km-values in the range of the physiologi-
cally effective (i.e. free, that is non-protein bound) concentration of
tryptophan. This means that a direct quantitative relation exists bet-
ween the concentration of tryptophan and 5-HT in the brain. 
3rd: tryptophan levels (and consequently brain 5-HT function) are to
a significant degree determined by inducible catabolism.
In this review evidence is gathered for these considerations. Then,
the behavioral consequences of modulation of the 5-HT system are
addressed. Finally, conclusions are drawn about the physiological
function of the system.
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A phylogenetic perspective of neuronal 5-HT
Neuronal localization of 5-HT and synthesizing enzymes have been
recognized in virtually every organism studied thus far. 5-HT functi-
ons as a neurotransmitter in even the most primitive nervous system
(Weiger 1997). For instance, in snail, leech and mollusks speciali-
zed 5-HT containing neurons have been identified. In the best-
understood molluscan nervous system (Aplysia californica) an
important projection of the 5-HT fibers projects to the muscles of the
buccal mass (mediating swallowing and biting) and to the lips and is
involved in feeding. In fish (e.g. platy fish, stingray, Senegal bichir,
rainbow trout) several clusters of 5-HT containing neurons in the
brain have been described, including the spinal cord, rhombencep-
halon, mesencephalon, prosencephalon, pituitary and retina. The
distribution of 5-HT cells in the brain stem shares many similarities
with that of other vertebrates, but there were also 5-HT-containing
cells outside the raphe nuclei in the lateral tegmentum. 5-HT fibers
and terminals arising from posterior tubercle/ tegmental origin have
been described in several fishes. It appears that the feature ascen-
ding projections of the 5-HT system arose early in phylogeny
(Margolis et al. 1985, Ritchie et al. 1983). In conclusion, 5-HT functi-
ons as a neurotransmitter in the most primitive organisms posses-
sing a CNS. In addition, to its function as neurotransmitter 5-HT is a
morphogen, that is already active during early development of peri-
pheral a organs and cerebral  wiring in a wide variety of animal spe-
cies. Such function is likely to be maintained in the adult, as 5-HT
affects brain plasticity via the induction of neurotrophins (Herlenius
& Lagercrantz 2001). In vertebrates 5-HT cell bodies are clustered
in the brainstem raphe nuclei. Although only a few thousands of
these cells exist, ascending axons project to many regions in the
brain. Among these are the hippocampus, hypothalamus, amygdala,
basal ganglia and the cortex. These projections show remarkable
anatomical similarity among species (Azmitia et al. 1991, Jacobs &
Azmitia 1992). According to these common anatomical features in
vertebrates, it has been concluded that 5-HT exerts widespread
effects on the state of CNS that secondarily alter all behavioral inter-
actions between the organism and its environment (Weiger 1997). 
To define the function of the 5-HT system more specifically, extensi-
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ve research has been done. It has been shown that diverse functi-
ons such as feeding, sexual and aggressive behavior, blood pressu-
re regulation and intestinal motility are modulated by 5-HT
(Grahame 1988). For instance, increased feeding of rodents has
been observed after depletion of 5-HT, whereas drugs that enhance
the release of 5-HT (e.g. fenfluramine) or block the uptake of the
amine (e.g. sertraline) reduce food intake (Weiger 1997). In fact, 5-
HT restricts feeding behavior through interference with several pro-
cesses, for review see (Lucki 1998). These and several other stu-
dies clearly show the modulatory effects of manipulation of 5-HT
neurotransmission on several behaviors. 
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Tryptophan and 5-HT formation
Tryptophan is an essential amino acid in all mammalian species and
its abundance in proteins is among the lowest as compared to the
other amino acids (Bender 1983). It is therefore likely, that tryptop-
han limits the synthesis of several compounds such as proteins,
coenzymes, and 5-HT. The availability of tryptophan in the mamma-
lian brain is not only related to cerebral demand, but is determined
by the ratio of plasma tryptophan and the -other- large neutral
amino acids with which it competes for transport over the blood
brain barrier as well. Competing amino acids are phenylalanine,
tyrosine, threonine, leucine, isoleucine and valine. In the brain, the
rate-limiting step for the production of 5-HT is the enzyme tryptop-
han 5-hydroxylase (TPH; EC 1.14.16.4). 
In several non-mammalian species a relation between brain tryptop-
han levels and the cerebral production of 5-HT has been observed.
Acute oral exposure of the medaka fish to 1 to 4 g tryptophan indu-
ces in a dose dependent manner the formation of brain 5-HIAA
(Koutoku 2003). Feeding of the rainbow trout (Oncorhynchus
mykiss) with tryptophan enriched diet increases the brain content of
5-HT, 5-HIAA and reduces cortisol secretion during stress (Lepage
et al. 2002, Aldegunde et al. 2000, Ruibal et al. 2002), features strik-
ingly similar to those seen in mammalians. 
In mammalians the consequences of tryptophan loading or tryptop-
han-enriched diets on the cerebral synthesis and metabolism of 5-
HT have well been documented. In mice, rats, hamsters, pigs and a
number of monkeys and, finally, in humans, tryptophan loading
results in acute increases of 5-HT and 5-HIAA. Moreover, a strong
correlation between tryptophan levels in plasma and cerebrospinal
fluid 5-HIAA levels in rats has been reported. Tryptophan loading in
humans  increases  CSF 5-HIAA levels (Bender 1983). Thus, a
direct relation exists between plasma tryptophan concentration and
brain 5-HT levels in all tested species. 
Conversely, rapid tryptophan depletion, through the ingestion of an
amino acid beverage devoid of tryptophan, resulted in impaired
cerebral 5-HT formation in all mammals studied, including humans.
In test subjects , plasma levels of tryptophan could thus be reduced
to approximately 10% of baseline levels a few hours after ingestion
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of such a beverage (Delgado et al. 1994). Microdialysis studies on
rats indicated that dietary depletion of tryptophan diminishes cere-
bral 5-HT release in both acute and chronic phases (Fadda et al.
2000). In vervet monkeys, CSF levels of 5-HIAA are diminished fol-
lowing dietary tryptophan depletion (Young et al. 1989). 
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TPH and regulation of 5-HT production
As TPH catalyzes the rate-limiting step in the biosynthesis of 5-HT,
its properties in relation to regulation of 5-HT production has been
subject to detailed analyses (McKinney et al. 2001, Kowlessur &
Kaufman 1999, Friedman et al. 1972, Kappock & Caradonna 1996,
Hamdan & Ribeiro 1999). Several studies have indicated that the
Km-value for tryptophan of TPH, measured in vitro, is equal to or
higher than the expected concentrations of tryptophan in the intact
organism. Thus, it seems that the enzyme may be unsaturated with
tryptophan in vivo. However, the kinetic values of TPH are highly
dependent on experimental conditions, including pH, cofactors, and
enzyme phosphorylation status (McKinney et al. 2001). Moreover,
the local concentration of tryptophan in 5-HT neurons may be diffe-
rent from the CSF-values, which have been used in these studies.
Thus, it is difficult to conclude on this issue based on enzymological
studies alone.  More importantly, as detailed above, a strong corre-
lation exists between brain 5-HT-levels and plasma concentration of
tryptophan, indicating that the brain 5-HT biosynthetic capacity nor-
mally is functionally unsaturated with tryptophan and this phenome-
non may be dependent on the properties of TPH or additional fac-
tors. 
Interestingly, the dependency of 5-HT biosynthesis of plasma trypt-
ophan levels appears to be conserved throughout evolution (Table
1), further indicating that it may be of functional importance. For
substrate binding to an enzyme such as TPH, one can imagine dif-
ferent types of "evolutionary pressure" to maintain maximal reaction
rates, substrate specificity and possibilities for regulation, in addition
to the physiological aspects discussed above. Possibly, the resulting
substrate affinity of TPH has emerged as a compromise between
multiple factors. 
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Table 1: Km and brain tryptophan levels in several mammals.
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Inducible tryptophan catabolism
In mammalians about 1% of dietary tryptophan is converted to 5-HT
and only 10% of the conversion to 5-HT takes place in the brain. A
quantitatively more  important metabolic pathway of tryptophan is its
conversion to kynurenine (Bender 1983). About 99% of dietary trypt-
ophan is metabolized along this so-called oxidative or kynurenine
pathway. Usually, nicotinamide adenine dinucleotide (NAD) and
H2O are formed via tryptophan oxygenase (EC 1.13.11.11) which is
found mainly in the liver. Elevation of the oxidative tryptophan cata-
bolism in the liver can be induced by a variety of external and inter-
nal mechanisms. Thus, the tryptophan oxidase activity of the liver is
induced by administration of large amounst of tryptophan or by
adrenal stress-hormones such as cortisol (Bender 1983). Acute
exposure to cortisol prepares the individual, among others, for an
ongoing immune challenge, including migration of leukocytes to
potential infected locations and setting up negative feedback for the
immune system. In stressful circumstances, brain 5-HT release is
acutely increased (Hajos et al. 2003). In the periphery 5-HT has a
role in blood clotting and vasoconstriction where it is released from
blood platelets in case of vascular damage. Furthermore, in rodents,
chronic treatment with the SSRI fluoxetine attenuated several immu-
nological reactions after lipopolysaccharide challenge (Yirmiya et al.
2001). It seems that in adverse conditions the 5-HT system first is
activated but shortly thereafter its activity extinguishes through pre-
cursor exhaustion.  In rats undergoing immobilization stress, a
decrease in plasma tryptophan levels of 20% was observed (Martin
et al. 2000). In volunteers, administration of cortisol also results in a
reduction of plasma tryptophan levels (Maes et al. 2000). 

figure 1, metabolic pathways of tryptophan.
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Tryptophan catabolism along the oxidative pathway may also occur
via the enzyme indoleamine 2,3 di-oxygenase (IDO, EC 1.13.11.17)
(33). IDO activity under normal  conditions is minimal, but the enzy-
me is highly inducible in a variety of tissues by pro-inflammatory
cytokines such as interferons (Stark et al. 1998). High IDO activity
has been observed in activated macrophages and microglia. IDO
activity has been demonstrated in a variety of species (Cannazza et
al. 2001, Malina et al. 1995, Ragazzi et al. 2002) and induction of
IDO has been observed  both in human and  in rodents. In diseases
such as AIDS and cancer, the formation of endogenous interferon-g
appears to be increased, with a concomitant decrease of plasma
tryptophan levels (Iwagaki et al. 1997). Therapeutic intervention with
pro-inflammatory interferon in patients suffering from hepatitis leads
to increased tryptophan catabolism and consequently low blood
levels of the amino acid (MacKenzie et al. 1999). Another link bet-
ween immune activation and the 5-HT system is cortisol secretion,
which is regulated by central 5-HT pathways (Grohmann et al.
2003). In turn, during induction of tryptophan catabolism down the
oxidative pathway, cerebral 5-HT formation is also impaired due to
decreased availability of vitamin B6 and folates which are both nee-
ded as a co-factors in the 5-HT formation (Bender 1983). The main
consequence of tryptophan depletion is decreased protein synthesis
which is related to anti-tumor, antiviral and antibacterial effects
(MacKenzie 1999). 
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Behavioral aspects of tryptophan 
modulation 

In several non-mammalian species, e.g. in lizards, cichlid fish, rain-
bow trout and damselfish the relation between brain 5-HIAA levels
and social rank has been established (Winberg et al. 1993, Maler &
Ellis 1987, Winberg et al. 1993b). Submissive behavior in the arctic
char was related to enhanced cerebral release of 5-HT (Winberg et
al. 1993b). The male gymnotid fish uses high frequency electric dis-
charges as an aggressive signal to other males. Intraventricular
injection of 5-HT decreases this response (Maler & Ellis 1987). It
has been shown in non-mammalian species that exposure to trypt-
ophan affects both behavior (see also previous section) and the syn-
thesis of 5-HT. 
In mammals including rats, mice, monkeys and humans the behavi-
oral consequences of low brain 5-HT content have been studied
extensively. In all these species, aggressive behavior  was negative-
ly correlated to brain 5-HIAA and 5-HT content. In rats, depletion of
hippocampal 5-HT (by the local injection of 5,7 dihydroxytryptamine)
induces an increased killing behavior towards mice. This behavior
was dose-dependently decreased by 5-HT agonists (5-methoxy-
N,N-dimethyltryptamine, 8-OH-DPAT), or 5-HT reuptake blockers
which are widely used as, among others, antidepressants (Molina et
al. 1987). 
Depletion of 5-HT increases conspecific and predatory behavior in
rodents. After depletion of 5-HT, rats show increased frequency and
duration of offensive behaviors when an intruder rat is placed in the
cage; ventral and dorsal raphe systems may have differential modu-
lations in aggressive behaviors. In the vervet monkey (Cecopithecus
aethiops sabaeus) increased 5-HT functions (induced  by added
tryptophan or fenfluramine) suppress aggressive behavior and may
promote dominant behavior. It was also noted that the effects of
tryptophan depended on the social circumstances (Brammer et al.
1991). Also, in another monkey species an inverse relationship was
established between expressed aggression and cerebrospinal fluid
levels of 5-HIAA. This trait was not only significant on an inter-indivi-
dual but also on an interspecies level, suggesting that expression of
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aggressive behavior may well be interrelated with central 5-HT tone.
Furthermore, 5-HIAA in cerebrospinal fluid was positively correlated
with social rank (Westergaard et al. 1999).
In healthy human subjects, mild effects induced by acute transient
tryptophan depletion have been reported on mood, hostility and irri-
tability (Young et al. 1985, Leyton et al. 1999). In some somatic
diseases with low and lasting tryptophan levels, depression may not
be the prominent psychopathology, rather lack of impulse control
and irritability are the main features (Russo et al. 2003, Russo et al
2003b). In patients suffering from carcinoid tumors - these neuroen-
docrine malignancies consume tryptophan- increased ability to
rapidly shift attention was observed (Russo et al. 2003c).
Improvement in simple motor speed/ attention following tryptophan
depletion was observed, thus emphasizing that low brain 5-HT does
not necessarily lead to functional impairment (Hughes et al. 2003).
Low cerebral 5-HT levels have been associated with aggressive sui-
cide attempts, impulsive arsonism and with outwardly directed hosti-
lity in personality disorders (Asberg et al. 1976) rather than with
depressive symptomatology. In fact, symptoms related to lack of
impulse control and (auto) aggression are associated consistently
with low tryptophan, regardless of psychiatric diagnosis (van Praag
et al. 1987).
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Conclusions and hypothesis
Taken together, we propose that tryptophan is a signaling nutrient
that modulates multiple CNS functions via 5-HT neurons. This infor-
mation may have a survival value for the organism, as the depen-
dency of 5-HT synthesis on tryptophan supply is evolutionary con-
served. Moreover, the anatomical resemblance of the central 5-HT
system between species is remarkable. For these reasons, it seems
plausible that its function is similar among species, suggesting a
role for the 5-HT system in the adaptation to adverse circumstances.
If such a dependency was harmful to the organism, it is expected to
be eliminated during the evolution of species e.g. by the emergence
of a variant of the enzyme TPH with a higher affinity for tryptophan.
We made the following speculation about the possible survival value
of the tryptophan-5-HT-interrelationship. For survival, food intake is
crucial. Tryptophan is an essential amino acid and its availability is
the lowest among the natural amino acids. A diet restricted in pro-
tein content will reduce its peripheral levels faster than most other
amino acids. As maintenance of all essential physiological functions
are based on adequate protein synthesis, regular intake of amino
acids is necessary for optimal survival. Shortage of tryptophan in
plasma may thus be a sensitive indicator of food shortage, enabling
physiological and behavioral adaptations. Low tryptophan and low 5-
HT are associated with outward oriented behavior, characterized by
irritability, impulsive reactivity and aggression. To survive food shor-
tage and starvation, an organism may firstly try to reduce food con-
sumption and activities, but has finally to exert fierce behavior to
find food, either by more thorough searching or by battling with com-
petitors. Low brain 5-HT may facilitate such behavior. Not only
during low food intake but also during disease low tryptophan/ brain
5-HT may have survival value. For instance, plasma tryptophan sto-
res are depleted during inflammation, due -at least in part- to increa-
sed tryptophan catabolism. To avoid predation, the diseased subject
may firstly hide. However, if the disease lasts to long, the subject
may have to take the risk to gather or catch food for survival. Such
risky behavior may be facilitated when a certain level of aggressive-
ness is reached. Low 5-HT, as induced by low tryptophan, may faci-
litate such behavior. Again, lowering brain 5-HT can be seen as a

124



survival mediating process. The negative effects of tryptophan
depletion on the expression of affiliative behavior in infective circum-
stances may have consequences for disease spreading. Subjects
may become irritated and thus social interaction will be avoided. It is
noted that no animal possesses senses to detect an infectious envi-
ronment. Again, such behavior might be beneficial for survival of the
species. Finally, activation of survival facilitating mechanisms may
become essential following exposure to severe stress. Stress
enhances the secretion of corticosteroids and these induce oxidative
tryptophan catabolism in the liver. The resulting low brain 5-HT may
initiate and facilitate behavior recovery after a period of inactivity
seen in many experimental depression models, based on exposure
of male rodents to defeat stress (Summers & Greenberg 1995). The
adaptation hypothesis can also be illustrated in higher species. For
instance, migration behavior in monkeys has been associated with
low  5-HT (Trefilov et al. 2000). This can also be considered as
adaptation to unfavorable circumstances. 
We propose that tryptophan has a signaling role in physiology that is
mediated by 5-HT.  High tryptophan levels may induce the feeling of
relatively well-being in the organism,  diminishing the urge to search
for food and enhance dominant behavior. The physiological conse-
quences of tryptophan depletion are not only limited to acute effects,
but are also apparent in response times of several hours or days.
The consequence is not only induction of aggressive behavior rela-
ted to low central 5-HT activity, but also modification of immune
reactivity and preparation of the body to vascular responses. Stress
reactions are remarkably similar among species varying from mol-
lusks to primates, suggesting the involvement of evolutionary con-
served mechanisms. Perception of stress may have evolved in a
stage of the evolution where there was no discrimination between
internal and external stimuli (Sawada et al. 1991). At the beginning
of compromising conditions, the organism requires rest and shelter
for recovery, but when such condition may last too long, the chan-
ces of survival may become increased by more aggressiveness in
an (perhaps ultimate) attempt to obtain food. It is therefore not sur-
prising that 5-HT modulates a wide range of cerebral processes that
continue to function in its absence (Lucki 1998). It seems that the 5-

125



HT system informs the brain on basal circumstances being good or
bad. Thus instead seeing low tryptophan as a risk factor of psychia-
tric pathology, we consider it as a physiological signal to the brain.
But considering the evolutionary perspective of this relationship, low
brain 5-HT may well be associated with unpleasant conditions of the
organisms. In humans, this may manifest itself by symptoms such
as depression, aggression, impulsivity and (perhaps as the ultimate
consequence of these) suicide.   
Today, the key feature of antidepressants is the modification of
monoamine, notably 5-HT, neurotransmission. Modern drug deve-
lopments have only contributed to decrease side effects and impro-
vement of tolerance, but have little, if anything contributed to a hig-
her therapeutic efficacy (Payk 1994, Bosker et al. 2003). As antide-
pressants these drugs are far from ideal. For instance, Kirsch et al.
performed a meta-analyses of the efficacy data submitted to the
U.S. Food and Drug Administration of the 6 most widely prescribed
antidepressants approved between 1987 and 1999. It appears that
more than 80% of the effect of these antidepressants has to be attri-
buted to placebo effects (Kirsch et al. 2002). Currently, antidepres-
sants are not only prescribed for depression but also for a wide
variety of psychiatric disorders such as anxiety disorders (Wagstaff
et al. 2002, Westenberg et al. 1987), eating disorders (Kaye et al.
1998) and personality disorders (Rinne et al. 2002). The observation
that SSRI's have small advantage over placebo and lack specificity
for a particular psychiatric disease fit  with a role of 5-HT in the
adaptation to adverse circumstances. The possible implication is
that 5-HT is not etiologically linked to any particular psychiatric dise-
ase in the general population. However, in a genetic subgroup, a
relation between depressive symptoms a the 5-HT system might
exist. In primates, a functional polymorphism in the promoter region
of the 5-HT transporter gene exists. The short allel is related to
decreased production of the transporter. A recent study showed that
early childhood abuse was related to psychiatric symptoms only in
patients with 1 or 2 copies of the short allel (Caspi 2003). This sug-
gests that gene environment interactions determine the output of the
5-HT system and the vulnerability of an individual to develop symp-
toms during compromising experiences. It is therefore possible that
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fluctuation of plasma tryptophan level alone is not sufficient to cause
psychopathology and that interaction with genetic make up takes
place. These factors have to be taken into account in further studies
into the behavioral pattern associated with tryptophan depletion.
Our proposal makes it comprehensible that the output of the 5-HT
system is changed in diverse psychiatric patients because (psychia-
tric) illness can be considered as an adverse condition.
Consequently, 5-HT may play an etiological role in the development
of psychiatric symptomatology in somatic patients. Thus, the effects
of SSRI's should be studied in somatic patients not only suffering
from classical depression but also from irritability and aggression.
However, it may well be possible that in severe tryptophan depleted
subjects, the availability of 5-HT is too low for adequate reuptake
inhibition and other therapeutics will be more effective. These inclu-
de postsynaptically acting 5-HT antagonistic drugs and IDO inhibi-
tors. Regular monitoring of plasma tryptophan levels may help to
optimise the therapeutic use of current antidepressants.
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Chapter 10
General discussion

This thesis is concerned with physiological causes and psychopa-
thological consequences of fluctuating tryptophan levels. This is
relevant because production of the pivotal neurotransmitter 5-HT
depends heavily on plasma tryptophan levels. Several conditions
with attenuated plasma tryptophan levels are described. In carcinoid
patients tryptophan levels are low because of peripheral consump-
tion of the amino acid by malignant cells in the gut. In these patients
we observed impulsive aggressive behavior and attenuated plasma
tryptophan levels in a substantial proportion of patients (chapter 3).
Furthermore, carcinoid patients also perform superior on a cognitive
task measuring rapid attention shift (chapter 4). Observations in die-
tary tryptophan depleted healthy volunteers of increased irritability
and vigilance closely resemble these findings (Schmitt et al 2000,
Cleare et al. 2000). Those observations together are consistent with
the idea that the behavioral and cognitive observations in carcinoid
patients can indeed be attributed to low plasma tryptophan levels.
However, the association remained correlative rather than causal.
Furthermore, plasma tryptophan levels where only slightly lower in
patients. Carcinoid tumors consume large amounts of tryptophan
only intermittantly (de Vries et al. 2002). Consequently, plasma trypt-
ophan levels may be normal inbetween these periods. However, in
the psychiatric interview we did not collect information about the
temporal fluctuations of aggressive symptoms. It is therefore possi-
ble that patients suffering from aggressive impulse dysregulation
had plasma tryptophan levels in a normal range at the time of veni-
puncture. This made the relation between aggessive behavior and
plasma tryptophan levels somewhat circumstantial. A second series
of studies was performed in patients treated with recombinant inter-
feron-a to treat viral hepatitis. Such a medication regimen is suppo-
sed to affect the availability of tryptophan continuously (MacKenzie
et al. 1999). In these studies, the biochemical and psychiatric mea-
surements were performed before and during the tryptophan-deple-
ted state. In this study, psychopathology was assessed by a psychi-
atrist blind for the patients' biochemistry. We now observed signifi-
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cant correlations between aggressive behavior and decreased plas-
ma tryptophan concentration separating patients suffering from
aggressive impulse dysregulation from those that did not. These
results together strongly suggest that the observed behavioral chan-
ges were the consequence of altered tryptophan metabolism. In line
with abundant literature on this issue, we suppose that the low trypt-
ophan found in interferon treated and carcinoid patients compromi-
ses cerebral 5-HT neurotransmission (Bender 1983). For several
decades, 5-HT has been associated with symptoms of depression,
anxiety and impaired impulse control. To our surprise, no depressive
symptoms were present in our patients. DSM IV classification of
these patients led to the unspecific diagnosis "personality change
due to a medical disorder". Compromised 5-HT neurotransmission
has been linked to aggressive behavior in depressive patients (van
Praag et al. 1987) and depressive disease marked by anger especi-
ally responds to SSRI treatment (Fava et al. 1998). Core depressive
symptoms such as low self esteem, depressed mood and anhedo-
nia were not present in our patients. Instead, we observed superior
performance on some cognitive tasks by carcinoid patients. 

Research on the relation between 5-HT and psychopathology traditi-
onally focussed on depressive disease. One of the key findings rela-
ting 5-HT to depression was the assumption that 5-HT reuptake inhi-
bitors have antidepressant effects (Kuhn 1965). Further clues origi-
nate from the symptoms developing in patients receiving the antihy-
pertensive drug reserpine which has monoamine depleting proper-
ties. Based on these findings, the monoamine hypothesis of depres-
sion was postulated according to which a relative deficiency of cere-
bral monoamines, notably 5-HT, exists in depression (Coppen1969).
In the following years, many studies were performed in which possi-
ble aberrations of the brain 5-HT system in depressive patients were
studied. Decreased brain 5-HT turnover as measured by the content
of 5-HIAA in CSF, obtained by lumbar punction, was observed in
unmedicated depressed patients in several studies performed bet-
ween '66 (Ashcroft 1966) and '84 (Asberg et al. 1984). However,
these findings were outnumbered more then twofold by negative
reports between '63 (Fotherby et al. 1963) and '97 (Geracioti et al.
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1997). Studies performed after administration of probenecid, that
blocks the transport of 5-HIAA from CSF, yielded more positive
results. Of seven CSF studies with probenecid comparing 5-HIAA
levels between depressive patients and controls, five found decrea-
sed 5-HIAA in patients (Korf et al. 1971). Decreased CSF content of
5-HIAA has been reported consistently in patients suffering from
hostile impulsive behavior such as aggressive suicide (Asberg
1976), violent offence and impulsive arsonism (Virkkunen et al.
1987). Many methodological issues are challenged in CSF studies.
CSF 5-HIAA is related to age, sex body height, circadian and seaso-
nal rhythms, diet, physical activity, puncture localisation amount of
CSF drawn and analytical methods (Brown et al. 1990). In fact, lum-
bar CSF content of 5-HIAA may not even correlate with brain levels
of 5-HIAA (Gjerris 1988). A more accessible manner to assess brain
5-HT production is to measure the plasma level of precursor amino
acid tryptophan. Over 50 studies found decreased plasma tryptop-
han levels in depressive patients (Coppen 1988). Negative reports
are substantially smaller in number (Sarrias 1987, Moller 1979). The
decrease is correlated with vital symptoms, especially with weight
loss (Anderson et al. 1990). Since tryptophan is the least abundant
essential amino acid it is extremely sensitive to dietary depletion.
Therefore, low plasma tryptophan levels are likely to be the result,
rather than the cause of depression. Another manner to peripherally
measure the status of the cerebral 5-HT system is to study the 5-HT
transporter on blood platelets. Free 5-HT in the blood is taken up by
platelets with a 5-HT transporter encoded by the same gene as the
cerebral 5-HT pump that is blocked by many antidepressants.
Therefore, in many studies performed in the eighties and nineties,
the binding capacity of blood platelets for tritiated imipramine has
been compared between depressive and healthy subjects. Most stu-
dies do report decreased binding capacity in unmedicated patients
(for review see Ellis and Salmond '94). Some authors could not find
decreased binding using the more specific ligand for the 5-HT trans-
porter, paroxetine (Rosel 1997) but some could (Nemeroff 1994).
The implications of these findings are not clear. It could be that due
to decreased intake of tryptophan less 5-HT is available in the blood
of depressive patients. Downregulation of the 5-HT transporter of
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platelets under these circumstances might be an important homeo-
static mechanism in the regulation of plasma free 5-HT levels
(Thomas and Stocker 1999). Platelets possess the 5-HT2 receptor.
In the nineties, about 11 studies appeared comparing the amount of
these receptors between depressive patients and healthy subjects.
Seven of these studies found 5-HT receptor upregulation in platelets
of patients (Pandey 1995). Also in the last 2 decades of the previous
century, numerous studies have been performed measuring the out-
put of hormones which secretion is under control of the 5-HT system
after administration of a 5-HT agonist. The hormones cortisol, pro-
lactin and growth hormone were used as such. As 5-HT agonists
served its natural precursors tryptophan and 5-hydroxytryptophan
but also the 5-HT releasing agent fenfluramine and finally postsy-
naptically acting agonists of the 5-HT system such as ipsapirone
and buspirone were used. Unfortunately, hormonal reactions to
these compounds were highly inconsistent. Both blunted and enhan-
ced cortisol responses are found after administration of 5-HTP to
depressive patients compared to controls  (Birmaher 1997, Meltzer
1984). Divergent hormonal reactions to tryptophan have been repor-
ted (Westenberg 1982, Deakin 1990). After fenfluramine administra-
tion blunted and normal responses are observed in depressed
patients equally divided over the studies (Park 1996, Lucey 1992).
Neuroendocrine challenge studies with postsynaptically acting
agents also yielded inconsistent data (Price 1997, Meltzer 1994,
Meltzer 1995). Blunted responses in neuroendocrine challenge stu-
dies are considered to be the result of postsynaptic 5-HT receptor
hyposensitivity. This does not seem to be consistent with the hypo-
thesis of pathological 5-HT deficiency as postulated in the monoami-
ne hypothesis for depression since the postsynactic 5-HT receptors
do hypersensitisize when the natural ligand decreases as shown by
enhanced secretion of cortisol in response to i.v. infusion of tryptop-
han after dietary depletion of the precursor of 5-HT, tryptophan
(Price et al. 1998). It has to be noted that in this experiment acute
responses to tryptophan depletion were measured while in patients
chronic conditions may apply. Alltogether, results from neuroendocri-
ne studies are difficult to interpret. Most authors propose a postsy-
naptic hyposensitivity in the 5-HT system of depressive patients. In
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the nineties, dietary depletion of tryptophan has been extensively
applied to study the possible involvement of 5-HT in depression.
Most studies found a mild increase of depressive symptoms in
unmedicated patients (Delgado et al. 1995). In fact, most psychiatric
symptoms are provoked after tryptophan depletion according to the
diagnosis of participants (Weltzin et al. 1995, Kent et al. 1996). In
conclusion, the involvement of the 5-HT system in the etiology of
depression has not convincingly been demonstrated despite of
extensive research. Furthermore, all disturbances of the 5-HT
system observed in depressive patients have proven to be highly
unspecific for this, or any, diagnosis. 
Moreover, recent meta-analyses show that antidepressive effects of
SSRIs are for over 80% mimicked by placebo so the role of 5-HT in
the therapeutic effect can be questioned (Kirsch and Irving 2002). A
recent review indicates that genetic studies have not convincingly
revealed genes involved in 5-HT neurotransmission specific for
depression (Arango et al. 2003). With regard to impulsive aggres-
sion and suicidal behavior the genetic link with 5-HT has been esta-
blished by many authors. This link may be caused by the effects of
5-HTergic neurotransmission on irritable, impulsive and aggressive
behavior (Zalsman et al. 2002). The pattern of 5-HT associated
complaints as we observed does not fit in any syndrome defined by
the DSM IV. Classification difficulties might explain why depression
according to DSM IV criteria has been reported very inconsistently
in somatic patient groups. For example, in patients treated with
recombinant interferon-alpha depression rates varying from 3% to
45% have been reported (Okanoue etal. 1996, Musselman et al.
2001). Therefore, we conclude that 5-HT does not play a role in
depression but that it serves a role in the accomplishment of behavi-
or in unbeneficial somatic states. 

Dietary and inflammation associated decrease of plasma tryptophan
and the consequences have been studied in a large variety of spe-
cies (chapter 9). These studies point out that the mechanism of
tryptophan and consequently 5-HT depletion is evolutionary conser-
ved and related with aggressive impulse regulation and social rank.
These findings, at least those concerning aggressive impulse regu-
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lation, are similar to our observations. In the studies we performed
in carcinoid patients and patients treated with interferon-a , severe-
ness of aggressive symptoms diverted strongly among patients exhi-
biting plasma tryptophan depletion for reasons we do not under-
stand. 
In primates, a functional polymorphism in the promoter region of the
5-HT transporter gene exists. The short allel is related to decreased
production of the transporter. A recent study showed that early child-
hood abuse was related to psychiatric symptoms only in patients
with 1 or 2 copies of the short allel (Caspi 2003). This suggests that
gene environment interactions determine the output of the 5-HT
system and the vulnerability of an individual to develop symptoms
during compromising experiences. It is therefore possible that fluctu-
ation of plasma tryptophan level alone is not sufficient to cause
psychopathology and that interaction with genetic make up takes
place. These factors have to be taken into account in further studies
into the behavioral pattern of tryptophan depleted somatic patients.
When childhood experiences in part determine the function of the 5-
HTergic system, its response pattern might elucidate features that
are of psychiatric diagnostical value. Environmentally induced
heterogenity of the 5-HT system may also explain the divergent hor-
monal responses observed in neuroendocrinological chalenge stu-
dies mentioned earlier. 

The work described in this thesis suggests that tryptophan depletion
has a physiological function. Tryptophan is degraded for over 99%
under physiological circumstances presumably to facilitate a switch
towards depletion when required. The coupling of plasma tryptop-
han levels and behavior is via brain 5-HT neurotransmission which
has a role in the adaptation to unbeneficial circumstances by modu-
lating brain function. Although no relation between dysfunction of the
5-HT system in the etiology of any specific psychiatric syndrome has
been established, symptoms of aggressive impulse dysregulation
are associated consistently to decreased 5-HT neurotransmission. 

Untill now, no data are available on individual features and sensitivi-
ty to tryptophan depletion. Monitoring of plasma tryptophan levels
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may be helpfull to identify patients suffering from increased aggres-
sion. However, this is difficult because no reference values are avai-
lable and decrease rather than absolute plasma level may be indica-
tive for the presence of aggressive impulse dysregulation.
Therefore, history information is essential. However, in somatic
patients, complaints of this order are not discussed. Questions such
as "have you been in a quarrel more often lately?" could be asked
to both the patient and his or her relatives. Plasma tryptophan levels
may be directive in the choice of drugs. Serotonergically acting
agents such as SSRI's might alleviate symptoms. However, these
drugs need a certain serotonergic tone to work and with too low
tryptophan levels the tone may be insufficient. Therefore, postsynap-
tically acting drugs such as mirtazapine (chapter  6) may be consi-
dered. We used this drug initially for its non SSRI characteristics
because in carcinoid patients SSRI's are possibly not tolerated
(Noyer et al. 1997). In addition, psychoeducation to both the patient
and his or her relatives is important. Unlike many other aggressive
patients, these  persons themself suffer from behavior that usually is
considered as not fitting to the former and healthy personality. It is
therefore reassuring for patient and relatives to hear something
about the background of these complaints. Also for (para) medics it
will be useful to know more about behavioral disturbances in soma-
tic patients. Knowledge on this subject is important because there
seems to exist a behavioral counterpart of somatic disease. The
psychopathology has a rather consistent pattern: irritability, increa-
sed alertness and aggressive impulsive dysregulation. Ultimately,
this knowledge should be used for a further optimalisation of hand-
ling of somatic patients. 
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Samenvatting

In dit proefschrift wordt de functie van de neurotransmitter serotoni-
ne bestudeerd. Deze stof is sinds ongeveer een halve eeuw als
zodanig bekend. Er is vanuit de psychiatrie veel aandacht voor ont-
staan nadat in de jaren 50 bij toeval ontdekt werd dat middelen die
ervoor zorgen dat serotonine langzamer uit de synaps worden weg-
gezogen antidepressief werkten.   Daarnaast was er in die tijd een
middel tegen hoge bloeddruk op de markt dat als bijwerking had dat
gebruikers soms depressieve klachten kregen. Dit middel had op
biochemisch niveau een negatief effect op de hoeveelheid serotoni-
ne in de synaps. Hierdoor ontstond het idee dat mensen met een
depressie een tekort aan serotonine in de hersenen hebben. Dit is
nooit aangetoond. Toevallig kwam uit deze onderzoeken naar voren
dat mensen met een depressie die een zelfmoordpoging hadden
gedaan wel minder serotonine in de hersenvloeistof hadden. Uit
onderzoeken in de jaren 70 bleek steeds duidelijker dat een vermin-
derde hoeveelheid serotonine niet zozeer voorkwam bij mensen met
een bepaalde psychiatrische diagnose maar wel bij mensen die sui-
cidaal waren, zelfmoord hadden gepleegd, vooral als ze dit op gru-
welijke wijze en ongepland hadden gedaan, en bij impulsieve agres-
sieve mensen. Daarnaast werd in die tijd bij mensen met bijna alle
psychiatrische stoornissen vastgesteld dat de zenuwcellen die infor-
matie ontvangen via serotonine daar een andere gevoeligheid voor
hebben dan gezonden. Er zijn veel verschillende receptoren voor
serotonine zijn en het is moeilijk om te onderzoeken of de gevoelig-
heid hiervan veranderd is. Er is dan ook nooit veel consistente infor-
matie gekomen uit deze vele studies. Uiteraard kan dit ook komen
omdat hersensystemen heel veranderlijk zijn en de gevoeligheid van
de receptoren van meer afhankelijk is dan psychiatrische diagnose
alleen.
Om de rol van het serotonerge systeem te onderzoeken hebben we
onderzoek gedaan bij mensen met een niet psychiatrische aandoe-
ning die een verstoring van de hoeveelheid serotonine in de herse-
nen geeft (hoofdstuk 2). Als eerste hebben we patiënten met een
bijzondere kwaadaardige ontaarding van darmcellen (carcinoid
patienten, hoofdstuk 3) bestudeerd waarbij serotonine door de
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kwaadaardige cellen geproduceerd wordt uit tryptofaan. Deze
patienten hadden een verlaging van hun tryptofaanspiegels in het
bloed en we weten daardoor dat ze minder serotonine in de herse-
nen hebben. Ongeveer de helft van mensen leed aan ontremming
van hun agressieve impulsen. Zij waren vaak geirriteerd en vielen
dan uit naar hun omgeving. Allen die hieraan leden hadden een ver-
minderd sociaal functioneren in hun relatie en op het werk. Niemand
was depressief. De klachten werden vooral door de partners van
deze patiënten beschreven als een persoonlijkheidsverandering.
Maar deze patiënten scoorden op enkele neuropsychologische
testen beter dan gezonde controles (hoofdstuk 4). De opvallendste
bevinding was dat zij sneller hun aandacht konden verleggen naar
een stimulus waarvan ze tijdens de test moesten leren dat deze
relevant was. 
Om de relatie tussen verminderde tryptofaanspiegels en gedrag
nader te onderzoeken hebben we vervolgonderzoek gedaan bij pati-
ënten die behandeld werden met een medicament (interferon,
hoofdstuk 5) waarbij we de patiënten voor en tijdens de behandeling
konden spreken. Interferon is een middel dat het immuunsysteem
stimuleert en werkt zo tegen virale infecties. Bij driekwart van deze
mensen vonden we tijdens de behandeling precies dezelfde klach-
ten als bij de carcinoidpatiënten. De aanwezigheid van deze klach-
ten was gecorreleerd met vermindering van de tryptofaanspiegel in
het bloed. Vanwege de klachten hebben we enkele patiënten
behandeld met een atypisch antidepressivum waarbij ze heel snel
opknapten (hoofdstuk 6). Vanuit de studie met het middel interferon
raakten we geinteresseerd in de reactie van het immuunsysteem op
tryptofaan. Het is namelijk zo dat tryptofaan een bouwsteen is voor
eiwitten. In elk eiwit zit wel een beetje tryptofaan samen met andere
aminozuren. Een strategie van het menselijke immuunsysteem bij
infecties of groei van tumoren is de opbouw van eiwitten onmogelijk
te maken door een essentiële bouwsteen weg te nemen. Het is het
gemakkelijkst om de toch al minst voorkomende bouwsteen trypto-
faan af te breken. Hiervoor heeft het immuunsysteem een speciaal
enzym dat hiervoor ingezet wordt bij o.a. infecties en groei van som-
mige tumoren. Om te bestuderen hoe snel dit gaat en wat de relatie
is met andere onderdelen van het immuunsysteem hebben we in
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varkens gekeken wat de reactie was op injectie van onderdelen van
bacteriën waar het immuunsysteem op reageert (hoofdstuk 7). Ook
konden we bij deze dieren kijken naar eventuele verschillen in bloed
dat het hoofd instroomt en bloed dat het hoofd uitstroomt zodat we
meer informatie krijgen over wat er in de hersenen gebeurt.
Overigens zijn de dieren voor deze proeven niet gedood. Het bleek
dat de tryptofaanspiegels in het bloed daalden. De serotoninepro-
ductie steeg zowel in het lichaam als in het hoofd wat we niet goed
konden verklaren aangezien de tryptofaanspiegels daalden.
Kennelijk stijgt eerst de aanvoer van tryptofaan naar de hersenen bij
een infectie. Dit kan verklaart worden doordat tryptofaan, dat voor
een groot deel aan eiwitten is geboden, hiervan wordt verdrongen
door vetzuren die bij infecties in verhoogde mate in het bloed voor-
komen. Dat zou betekenen dat naast de verhoogde afbraak van
tryptofaan bij immuunactivatie er ook een tijdelijke grotere hoeveel-
heid vrijkomt om zowel in de hersenen als in het lichaam serotonine
van te maken. Dit hebben we onderzocht bij gezonde vrijwilligers
die immuunactiverende eiwitten ingespoten kregen (hoofdstuk 8).
Hierbij vonden we inderdaad een negatieve correlatie tussen trypto-
faan en vetzuren in het bloed. Daarnaast was er eerst meer en ver-
volgens minder serotonineproductie. Dat betekent dat de verlaging
van tryptofaan in het bloed bij het begin van een infectie waarschijn-
lijk veroorzaakt wordt door extra serotonineproductie.
Vervolgens hebben we onderzocht wat er in de literatuur bekend
was over serotonine en gedrag (hoofdstuk 9). Serotonine komt voor
bij bijna alle diersoorten van insecten en vissen tot zoogdieren.

Het systeem heeft een aantal bijzondere kenmerken:
- het gaat om een relatief kleine groep zenuwcellen die serotonine
maken. Deze celgroep heeft echter uitlopers door het hele zenuw-
stelsel. 
- de anatomische rangschikking van deze uitlopers vertoont grote
overeenkomsten tussen verschillende diersoorten. 
- bij dieren waarbij het serotonerg systeem met een truc wordt uitge-
schakeld blijven alle lichaamsfuncties gehandhaafd.
- serotonine is voor zijn productie afhankelijk van zijn voorloperstof,
het aminozuur tryptofaan.
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- tryptofaan is het minst voorkomende aminozuur dat we niet zelf
kunnen maken.
- het lichaam breekt tryptofaan onder bepaalde omstandigheden
actief af.

Uit deze eigenschappen trokken we de volgende conclusies:
- serotonine heeft een functie in het normale functioneren.
- deze functie is vermoedelijk vergelijkbaar tussen de diersoorten.
- het is niet noodzakelijk voor welk basale proces dan ook maar
beinvloed veel processen.
- de bijzondere relatie met de voorloperstof heeft een functie, name-
lijk informatie over de aanwezige voorraad van het minst aanwezige
aminozuur. 

Uit gedragsstudies bij een aantal diersoorten variërend van amfibi-
een en vissen tot mensen blijkt dat, geheel overeenkomstig onze
observaties, verlaging van de tryptofaanspiegels leidt tot meer uiting
van agressie. Op grond hiervan komen we tot een aantal conclusies
over serotonine. We veronderstellen dat het serotonerge systeem
als functie heeft de hersenen te informeren over het gunstig of
ongunstig zijn van de basale omstandigheden. Bij ongunstige
omstandigheden is er meer neiging tot agressief gedrag wat onder
deze omstandigheden tot betere overleving kan leiden. Aangezien
het hier een gezond functioneel mechanisme betreft is het de vraag
of het systeem wel een rol speelt bij psychiatrische aandoeningen.
Er is waarschijnlijk geen rol van dit systeem bij een specifieke aan-
doening. Dit past bij recente onderzoeken die weinig meer effect
vinden van antidepressiva die op het serotonerge systeem inwerken
ten opzichte van placebo's. Daarnaast is het zo dat symptomen van
irritatie en gesstelijk onwelbevinden bij lichamelijke ziekten mogelijk
ook door dit mechanisme veroorzaakt worden.  Bij deze patienten is
behandeling van klachten met serotonerge medicatie mogelijk op
zijn plaats.  
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Dankwoord

De studies in dit proefschrift worden gekenmerkt door het raakvlak
tussen verschillende disciplines en het is geen toeval dat in dit pro-
ject collega's vanuit uiteenlopende vakgebieden samenwerken. 
In 1998 nam professor de Vries het initiatief om met professor den
Boer te overleggen over haar bijzondere groep van carcinoidpatien-
ten. Dat was de eerste stap in dit project. 
Hoewel niet iedereen op alle publicaties vermeld staat is er een
basisgroep te formuleren waarvan de leden door hun intellectuele
inbreng en continue steun een bijdrage leverden aan het geheel van
ideeën. Omdat deze groep nergens in dit proefschrift in zijn geheel
vermeld staat maak ik hiervoor gebruik van het dankwoord. Ik wil
jullie graag bedanken voor de prettige samenwerking en jullie inter-
disciplinaire visie waarbij we veel van elkaar hebben geleerd. Het
zijn van de psychiatrie: Hans den Boer, Jaap Korf en Jim Boon. Van
de interne geneeskunde: Liesbeth de Vries, Pax Willemse en Els
Haagsma en van het labcentrum: Ido Kema en Rebecca Fokkema.
Aan een deel van de onderzoeken zijn verbonden de namen van de
internisten Rob de Knegt en Jan Zijlstra en de psychologe Marjan
Nielen.
De constante enthousiaste ideeënmachine van Ido Kema en Jaap
Korf blies leven in het project. Gezien hun enigszins chaotische
aard waar ik mezelf nogal in herken waren de op realiteit en haal-
baarheid gerichte aanwijzingen van Liesbeth de Vries en Hans den
Boer hierbij onontbeerlijk. Jim Boon, als clinicus verbonden aan dit
onderzoek, heeft veel betekend voor hoe onze conclusies eruit zijn
komen te zien waarbij hij in durfde te gaan tegen de heersende dia-
gnostische opinie in. Daarnaast ontwikkelde onze aanvankelijk, van
mijn kant, schuchtere werkrelatie zich spoedig tot een prettige
samenwerking waarbij we heel wat woensdagen hebben doorge-
bracht. Naast het plezierige eraan hecht ik veel waarde aan ons
contact omdat het heel belangrijk geweest is voor mijn persoonlijke
ontwikkeling. 
Naast onze basisgroep zijn er veel mensen geweest die het onder-
zoek mogelijk hebben gemaakt. Marco Boks en Charmaine
Pietersen wil ik graag danken voor het corrigeren van manuscripten
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op Engels taalgebruik. Daarnaast Marco, heb jij mijn prille weten-
schappelijke aspiraties aangemoedigd en dat ben ik niet
vergeten.Verder wil ik Cathelijne Koorengevel, Marjolein Boshuizen
en Harm Jan Pot, psychiater bedanken die optraden als onafhanke-
lijk arts in mijn onderzoeken. 
Gerry Sieling, ben ik dankbaar voor het coördineren van de patien-
teninstroom vanaf de poli oncologie. Tineke Koch en Kor Venema
van de afdeling Biologische Psychiatrie bedankt voor jullie hulp bij
het bewaren en afdraaien van monsters. Ook de mensen op het
labcentrum waren bijzonder behulpzaam bij het doen van bepalin-
gen op  bloedmonsters. Fokko Bosker gaf nuttige psychofamacolo-
gische adviezen en overwegingen. Mattie Tops, onze wetenschap-
pelijke discussies ervaar ik als zeer bijdragend al worden ze soms
op zeer vreemde plaatsen gevoerd. Jacqueline Quak, van jouw aan-
wijzingen ten aanzien van beeldvormend onderzoek heb ik veel
baat gehad. Mijn kamergenote Simone Reinders wil ik danken voor
de steun in soms lastige onderzoekstijden. Met al mijn collega
onderzoekers van de biologische en sociale psychiatrie was het
gezellig samenwerken. Velen zijn bezig uit te vliegen over
Nederland en de rest van de wereld, ik hoop jullie allemaal nog
vaak te ontmoeten. 
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