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ACTH Adrenocorticotropin releasing hormone 
CRF Corticotropin releasing factor 
5-HT 5-hydroxytryptamine (serotonin) 
5-HIAA 5-hydroxyindoleacetic acid 
DA Dopamine 
EC Enterochromaffin cells 
DOPAC 3,4-dihydroxyphenylacetic acid 
NE Noradrenaline/Norepinephrine 
MHPG 3-metoxy-4-hydroxyphenylglycol 
MOA Monoamine oxidase 
HPA Hypothalamic-pituitary-adrenocortical 
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8-OH-DPAT 8-hydroxy-2-(di-N-propylamino)tetralin 
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CR/PP Carbohydrate-rich/protein-poor 
SSRI Specific serotonin reuptake inhibitor 
GH Growth hormone 
LNAA Large neutral amino acid 
5-HTP 5-hydroxytryptophan 
TPH Tryptophan hydroxylase 
AA-NAT Arylalkylamine-N-acetyltransferase 
HI-OMT Hydroxyindol-O-methyltransferase 
AMP Adenosine monophospate 
6-OH-ME 6-hydroxymelatonin 
GIT Gastrointestinal tact 
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CTRL Control 
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Introduction

Dominance hierarchies in salmonid fish 
The social organisation of many fish species is characterised by the forma-
tion of a dominance based hierarchy, a social structure where agonistic be-
haviour is an important component. The hierarchy tends to be linear, at least 
in small groups, where each individual dominates all other with rank lower 
than itself. This kind of relationship occurs when the outcome of an encoun-
ter between two individuals depends mainly on their fighting ability (Huntin-
ford and Turner, 1987). Thus, one can reveal the structures of dominance 
hierarchies by behavioural observations of who retreats and who wins during 
aggressive interactions. Fish occupying low positions in a social hierarchy 
are subjected to food deprivation and stress caused by repeated attacks from 
high-ranking individuals. Thus, subordinate fish show many of the physio-
logical signs of stress and chronically elevated levels of plasma cortisol have 
been observed in socially subordinate animals (Noakes and Leatherland, 
1977; Ejike and Shreck, 1980; Sapolsky, 1990; Blanchard et al., 1993, Win-
berg and Lepage, 1998). Moreover, social stress is probably enhanced under 
conditions of artificial rearing, where opportunities for subordinate fish to 
escape fighting are limited. 

Living in a dominance hierarchy is stressful not only for subordinate indi-
viduals but also for dominant fish, especially in a changing social environ-
ment. In unstable hierarchies, top-ranking individuals have to defend and 
reinforce their social position (Sapolsky, 1982, 1992). Thus, dominants 
would have to be involved in aggressive encounters, which are a source of 
stress, whether they are won or lost. 

In fish, as in other vertebrates, subordinate individuals show a general be-
havioural inhibition (Abbot et al., 1985; Winberg et al., 1993b; Winberg and 
Nilsson, 1993; Albonetti and Farabollini, 1994; Meerlo et al., 1997) as well 
as a decrease of food intake (Abbott et al., 1985; McCarthy et al., 1992, 
Øverli et al., 1998). Behavioural inhibition can be seen as a passive coping 
strategy to avoid costly interaction with individuals whose fighting skill 
exceeds your own (Leshner 1980; Benus et al., 1991). 
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The physiological stress response 
Stress may be defined as an integrated pattern of adjustments to the physiol-
ogy and behaviour of a fish, which promotes the best chance of survival in 
the face of a noxious or threatening situation (Pickering and Pottinger, 
1995). In teleost fish, the endocrine stress responses are dominated by an 
elevation of circulating [cortisol] (the major corticosteroid in fish) and [cate-
cholamines] (Pickering and Pottinger, 1995). Cortisol is part of a complex 
neuroendocrine regulatory loop, in teleosts known as the hypothalamus-
pituitary-interrenal (HPI) axis. The HPI axis consists of multiple hormonal 
pathways, beginning in the hypothalamus with the secretion of corticotropin 
releasing factor (CRF), which stimulates the pituitary to release adrenocorti-
cotropin hormone (ACTH). As opposed to mammals, teleost fish does not 
possess a portal system in the pituitary, and corticotrophic cells of the ade-
nohypophysis are in direct synaptic contact with axons from the hypothala-
mus regulating the ACTH release. ACTH reaches the interrenal cells via the 
circulation and stimulates them to synthesise and release cortisol. Cortisol is 
synthesised de novo and secreted in response to most forms of environmental 
stressors.

Aggressive behaviour and production control in 
aquaculture
Intraspecific aggressive behaviour and the formation of dominance hierar-
chies are particularly evident in salmonid fish. For instance, rainbow trout is 
a highly aggressive species, especially at live stages when individuals are 
territorial in nature, and develop strong dominance hierarchies. Intraspecific 
aggressive behaviour and the formation of dominance hierarchies is a prob-
lem for the housing of fish in aquaculture systems, and raise a number of 
problems concerning welfare and productivity. Adverse effect of social in-
teractions includes injury, unequal distribution of food, poor growth of sub-
ordinate fish, and decreased disease resistance. The stress induced by subor-
dination reduces appetite in subordinates, and will together with the effects 
of feeding competition, cause differential food acquisition. Furthermore, 
typical aquaculture situations like fish handling, transport, temperature 
shock, and prophylactic treatment have been reported to induce stress re-
sponses and elevated plasma [cortisol]. Elevated levels of stress hormones, 
mainly cortisol, will negatively influence the defense system, which in turn 
can be expected to cause health problems and contribute to reduced growth 
rate. For instance, Jobling (1994) showed metabolic effects of cortisol caus-
ing retarded growth in subordinate fish.  In addition, the elevated heteroge-
neity observed during restricted feed condition (Jobling and Koskela, 1996; 
Damsgård et al., 1997) present a major problem, making production control 
in aquaculture more difficult. 
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Central control of aggressive behaviour and stress 
responses
Social subordination as well as other stressor often result in an activation of 
the brain serotonergic system (Winberg et al., 1992; Blanchard et al., 1993; 
Fontenot et al., 1995; Summers and Greenberg, 1995; Matter et al., 1998), 
elevated plasma [cortisol] and [ACTH], and a general inhibition of aggres-
sive behaviour, feeding, locomotor activity and reactivity to environmental 
stimuli (Winberg et al., 1993a; Winberg et al., 1993b; verli et al., 1998). 
The brain serotonergic system appears to play a key role in controlling be-
havioural and neuroendocrine stress-responses (Winberg et al., 1997; Win-
berg and Lepage, 1998; verli et al., 1999 Höglund and al., 2002). A stress-
induced activation of the serotonergic system may mediate several behav-
ioural and physiological effects of stress and social subordination, e.g. acti-
vation of the HPI axis (Winberg et al., 1997; Winberg and Lepage, 1998), 
inhibition of aggressive behaviour (Winberg et a., 1993a; Winberg et al.,
1993b; Winberg and Nilsson, 1993; verli et al., 1998), and a general sup-
pression of behavioural responsiveness to environmental stimuli (Winberg et 
al., 1993a; verli et al., 1998). 

The brain serotonergic system 

Serotonergic activity 
Serotonin (5-hydroxytryptamine, 5-HT) is concentrated into vesicles, which 
release their content into the synapse by exocytosis when the pre-synaptic 
membrane depolarises. Following release into the synapse, 5-HT can acti-
vate post- and pre-synaptic receptors. The effects of 5-HT are terminated by 
uptake into pre-synaptic nerve terminals and possibly also glial cells (Hans-
son, 1983; Katz and Kimelberg, 1985). Following uptake, 5-HT is deami-
nated to 5-hydroindolacetic acid (5-HIAA, the major 5-HT metabolite) by 
monoamine oxidase (MOA), an enzyme located on the outer membrane of 
mitochondria. 5-HT activity is often estimated by the ratio of catabolite [5-
HIAA] to the transmitter [5-HT]. This is particularly true for studies on be-
haviour and stress, because available 5-HT is greater than the immediate 
demand, [5-HT] may remain unchanged (Summers, 2001). In addition, bio-
synthesis of 5-HT is rapidly elevated in response to stress (Summers, 2001). 
Therefore behaviourally and stress induced alterations in 5-HT activity is 
often expressed as changes in [5-HIAA]/[5-HT] ratios (Winberg and Nils-
son, 1993), with an increase in the ratios indicating enhanced activity at the 
synaptic field. However, the ratio [5-HIAA]/[5-HT] may be miss interpre-
tated depending on rate of 5-HT synthesis, release and catabolism. 
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Distribution
The organisation of 5-HT system seems to be remarkably constant through-
out the vertebrate subphylum (Parent et al., 1984). For instance, the typical 
concentration of cell bodies in the brain stem raphe region is found in all 
vertebrate groups (Parent et al., 1984; Jacobs and Azmitia, 1992). The 5-HT 
systems could be described as a diffuse system with extremely divergent 
projection patterns (Törk, 1990; Jacobs and Azmitia, 1992). The relatively 
few 5-HT cell bodies of the midbrain make projections to a large number of 
regions in the central nervous system, where they ramify and terminate. For 
instance, the raphe nuclei have numerous projections to telencephalic, espe-
cially limbic regions. Furthermore, not all 5-HT fibres make classical synap-
tic connections, thus 5-HT released from non-junctional fibres may diffuse 
to act on distant cellular targets as a neuromodulator (Jacobs and Azmitia, 
1992). The distribution of 5-HT cell bodies appears to be similar in the 
teleost brain (Parent et al., 1984; Ekström and van Veen, T., 1984, Ekström 
and Ebbesson, 1989). However, in fish, 5-HT cell bodies are also found out-
side the raphe region, especially in ventral thalamic and hypothalamic areas 
(Parent, 1981; Parent et al., 1984).  

Serotonin receptors
5-HT acts on a considerable variety of pre- and post-synaptic receptors. Four 
main 5-HT receptors subgroups have been recognised in mammals, on the 
basis of pharmacological receptor binding characteristics (5-HT1-5-HT4).
Molecular biology techniques showed that each group has a relatively simi-
lar protein structures and identified new 5-HT receptors (5-HT1F, 5-HT5, 5-
HT6, 5-HT7) (Mansour et al., 1998). Winberg and Nilsson (1996) provided 
evidence for at least three different high-affinity [3H]5-HT binding sites in 
the brain of Artic charr (Salvelinus alpinus), demonstrating a variety of 5-HT 
receptors also in teleost fish. One of the high affinity 5-HT binding sites 
identified in the Artic charr shows a pharmacological profile similar to that 
of mammalian 5-HT1A receptors (Winberg and Nilsson, 1996). Moreover, 5-
HT1A and 5-HT2C receptors have been recently cloned in rainbow trout (P-O. 
Thörnqvist and S Winberg, unpublished results). 

5-HT1A receptors can be classified into somatodendritic (5-HT1A autore-
ceptors) and postsynaptic receptors. Somatodendritic 5-HT1A receptors are 
located on 5-HT neurons on the dorsal and median raphe nuclei in the mid-
brain (Hamon and Verge, 1996; Summers, 2001). Activation of somatoden-
dritic 5-HT1A autoreceptors by 5-HT or 5-HT agonists decreases the firing 
rate of the neurons and subsequently reduces the release of 5-HT from nerve 
terminals. The 5-HT1A autoreceptor activation is followed by a hyperpolari-
sation of the membrane occurring through the opening of potassium chan-
nels (Mongeau et al., 1997). It appears that 5-HT autoreceptors activate Go
proteins, which can directly open potassium channels without involving ade-
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nylate cyclase. In rat, postsynaptic 5-HT1A receptors are distributed in many 
forebrain regions that receive 5-HT input, such as the hippocampus, hypo-
thalamus, amygdala and cortex (Kia et al., 1996; Khawaja, 1995). Activation 
of post-synaptic 5-HT1A receptors by 5-HT produces physiological responses 
that depend on the function of the target regions. 

Serotonin and stress responses 
In mammals, stimulation of 5-HT1A receptors in the hypothalamic paraven-
tricular nucleus increases the secretion of several hormones including 
ACTH, corticosterone and oxytocin (Bagdy, 1996). The brain 5-HT system 
is believed to have a stimulatory effect on the hypothalamic-pituitary-
adrenocortical axis (HPA axis, the mammalian homologue of the teleostean 
HPI axis) (Chaouloff, 1993; Dinan, 1996) and HPI axis in rainbow trout 
(Winberg et al., 1997). 5-HT appears to exert its stimulatory effect on the 
mammalian HPA axis at the level of the hypothalamus by stimulating CRF 
release (Dinan, 1996). In subordinate rainbow trout, the brain 5-HIAA/5-HT 
ratio was found to correlate with plasma cortisol (Winberg and Lepage, 
1998). Moreover, 8-OH-DPAT (8-hydroxy-2-(di-N-propylamino)tetralin)), a 
selective 5-HT1A receptor agonist, elevates plasma [cortisol] in cannulated 
rainbow trout (Winberg et al., 1997). Still, the role of 5-HT system in the 
control of HPI axis is not clear. For instance, 8-OH-DPAT could act stimula-
tory or inhibitory on rainbow trout HPI axis activity depending of the doses 
and the state of the fish (Höglund et al., 2002). 8-OH-DPAT has an inhibi-
tory effect on the HPI axis if administered at low doses to stressed fish 
whereas it has a stimulatory effect at higher doses administrated to undis-
turbed fish. Thus, it appears that the inhibitory effect of 5-HT may be most 
obvious under stress condition, whereas during non-stressful conditions, the 
facilitory effect of 5-HT on CRF release may predominate. The 5-HT system 
is important in coping with stress, not only in activating the mammalian 
HPA axis in response to stress but also in terminating this response (Markus 
et al., 2000b). 5-HT neurotransmission does not appear to be a unitary 
mechanism, and different 5-HT pathways are involved in stress acclimation. 
5-HT neurons terminating in the hypothalamic paraventricular nuclei stimu-
late HPA axis activity, whereas those terminating in the hippocampus inhib-
its the HPA axis (Jacobson and Sapolsky, 1991; Deakin, 1991; Deakin and 
Graeff, 1991; Maes and Meltzer, 1995; Summers et al., 1998; Markus et al.,
2000b). Concerning mood, Markus et al. (2000a) found that consumption of 
the bovine protein -lactalbumin (a protein rich in tryptophan, the precursor 
of 5-HT) lowered the feelings of depression in stress prone subjects exposed 
to experimental stress and that the cortisol response was prevented during 
acute experimental stress. Moreover, in stress prone subjects, a carbohy-
drate-rich, protein-poor (CR/PP) diet (a diets inducing the uptake of trypto-
phan to the brain) prevents an increase in depression and cortisol secretion in 
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response to an uncontrollable stressful task (Markus et al., 1998, 1999) (see 
chapter ”avaibility of L-tryptophan affects the rate of 5-HT synthesis in 
mammals” for more details). Hypothetically, the effects of -lactalbumin 
diet and CR/PP diet are mediated by a stimulation of 5-HT pathways con-
necting the raphe nucleus to the hippocampus, which inhibits the HPA axis 
(Markus et al., 2000b). 

Serotonin and brain catecholaminergic systems 
Norepinephrine (NE) and dopamine (DA) are also important in the control of 
neuroendocrine releasing factors at the level of the hypothalamus and pitui-
tary. For instance, in teleost fish, the central NE system has been suggested 
to stimulate on HPI axis activity (Øverli et al., 1999; Höglund et al., 2002). 
In mammals, descending fibers containing CRF, especially from the amyg-
dala, project to the medullary NE cell groups and seem to activate the NE 
firing in stressed individuals (reviewed by Huether, 1996). These NE cell 
groups send afferents back to the amygdala and provoke further release of 
CRF. This positive feedback loop escalates the release of both NE and CRF. 
The 5-HT system seems to play a special role as a modulator of the reactiv-
ity of this loop. Release of 5-HT from nerve terminals originating in the dor-
sal raphe attenuates the response of the NE neurons in the locus coreolus to 
excitatory inputs (Aston-Jones et al., 1991; Engberg, 1992).  

DA, on the other hand, might have effects that to some extent are opposite 
to those of 5-HT (Winberg and Nilsson, 1992), and L-dopa treatment, which 
elevates brain DA activity, has been reported to induce social dominance 
(Winberg and Nilsson, 1992) and to counteract the stress-induced elevation 
of plasma [cortisol] and brain 5-HT activity in Arctic charr (Höglund et al., 
2002).

These results suggest that brain catecholaminergic systems are interacting 
with the 5-HT system and that NE and DA may modulate the effect of 5-HT 
on the HPI axis. Moreover, catecholamines are synthesised from L-tyrosine, 
another large neutral and essential amino acid, competing with tryptophan 
(TRP) for uptake to the brain (Fernstrom, 1983). Thus, elevated dietary in-
take of TRP may also affect brain NE and DA activity. 

Serotonin and aggressive behaviour 
Social subordination, as well as other stressors, often result in elevation of 
brain 5-HT activity, as observed by the increase of 5-HIAA/5-HT ratios 
(Winberg et al., 1993; Blanchard et al., 1993; Fontenot et al., 1995; Sum-
mers and Greenberg, 1995; Matter et al., 1998). A stress-induced elevation 
of brain 5-HT activity is believed to mediate the inhibition of aggressive 
behaviour, feed intake and locomotor activity observed in subordinates. The 
anti-aggressive effect of the 5-HT system has been reported in a number of 
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vertebrates, for instance in lizards (Deckel et al., 1996, 1997), primates (Ra-
leigh et al., 1991) and other mammals (Blanchard et al., 1991, 1993). In 
mammals, treatments with specific 5-HT reuptake inhibitor (SSRI) have 
been shown to suppress aggressive behaviour. SSRIs, such as fluoxetine 
(Prozac) block the reuptake of 5-HT into the synapse and thus increase the 
[5-HT] in the synapse (for more detail about SSRI, see next chapter). For 
instance, fluoxetine was shown to inhibit aggressive behaviour in the lizard
Anolis carolinensis (Deckel, 1996; Deckel and Jevitts, 1997). Furthermore, 
in the same species, sertralin, another SSRI, was found to reverse dominant 
social status (Larson and Summers, 2001). 

Generalities about specific serotonin reuptake inhibitors 
Drugs as fluoxetine, paroxetine, fluvoxamine, sertraline, and citalopram are 
selective serotonin reuptake inhibitors. These substances are used in psychia-
try to treat depression and other disorders associated with serotonergic dys-
function. The SSRI-induced inhibition of 5-HT reuptake increases [5-HT] in 
the synaptic cleft, thereby prolonging the activation of post-synaptic 5-HT 
receptors. Therapeutic effects in patient taking SSRIs are not attained until 
2-3 weeks after the beginning of the treatment. 

SSRIs also have an acute effect on 5-HT release. The activation of post-
synaptic 5-HT receptors in the hypothalamus stimulates the secretion of sev-
eral hormones (reviewed by Raap and Van de Kar, 1999). Indeed several 
studies using rats have indicated that a single injection of fluoxetine in-
creases plasma [ACTH] or [corticosterone] (reviewed by Raap and Van de 
Kar, 1999). However, SSRIs are substantially less efficacious in increasing 
[hormones] than 5-HT releasing drugs such as d-fenfluramine. One explana-
tion for this weak neuroendocrine response to an acute administration of 
SSRIs is that, by blocking 5-HT reuptake in the cell body region in the ra-
phe, they subsequently activate somatodendritic 5-HT1A autoreceptors. These 
5-HT1A autoreceptors in the raphe nuclei provide negative feedback inhibi-
tion of serotonergic firing. Therefore, the tendency of SSRI to increase the 
[5-HT] in the synapse are suppressed by the activation of the negative feed-
back, leading to reduced release of 5-HT in the forebrain. Consequently, less 
activation of post-synaptic 5-HT receptors and a less robust neuroendocrine 
response to acute administration of SSRI is observed (reviewed by Raap and 
Van de Kar, 1999). 

After long term SSRI treatment, no significant alterations in basal levels 
of any hormones were observed in rats and humans (reviewed by Raap and 
Van de Kar, 1999). Studies using 5-HTP or L-tryptophan have indicated a 
potentiated cortisol and prolactin responses in humans and in rats after long-
term SSRI treatment. As SSRIs block 5-HT reuptake, it would follow that 
administration of a precursor would result in a build up of 5-HT in the syn-
aptic cleft. In human and in rats, repeated exposure to SSRIs reduces the 
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ACTH, cortisol, corticosterone, oxytocin (in rats) and growth hormone (GH) 
responses to 5-HT1A agonist like 8-OH-DPAT. These observations suggest a 
desensitisation of post-synaptic 5-HT1A receptors in the hypothalamus. This 
desensitisation develops gradually in rats over 2 weeks of repeated exposure 
to SSRI, a time course, which is similar to the development of therapeutic 
time course in patients. After 3 daily injections of SSRI in rats, the HPI axis 
response to 8-OH-DPAT is reduced as a consequence of a partial 5-HT1A
receptor desensitisation, the maximum desensitisation occurring after 7-14 
daily injections. 

The avaibility of L-tryptophan affects the rate of 5-HT synthesis 
in mammals 
5-HT is synthesised in the brain from TRP, an amino acid belonging to the 
group of large neutral amino acid (LNNA). The initial and rate limiting step 
involve the hydroxylation of TRP to 5-hydroxytryptophan (5-HTP), a reac-
tion catalysed by the enzyme tryptophan hydroxylase (TPH), an enzyme 
highly localised within 5-HT producing cell (reviewed by Boadle-Biber, 
1993). 5-HTP is rapidly decarboxylated by the enzyme L-aromatic decar-
boxylase to give 5-HT. In mammals, TPH is not saturated by its substrate 
TRP in vivo. In addition, TPH does not appear to be subjected to any inhibi-
tion by 5-HT, the end product of the reaction pathway. Consequently, an 
elevation of brain [TRP] results in an increase in the rate of 5-HT synthesis. 
5-HTP cannot cross the blood brain barrier, or diffuse into cells from the 
extra cellular space, and therefore, must be synthesised inside 5-HT neurons 
(reviewed by Diksic and Young, 2001). Immediately after synthesis, cytoso-
lic 5-HT is protected from monoamine oxidase by a 5-HT binding protein 
before its storage into vesicle (Diksic and Young, 2001). 

Further, it appears that brain [TRP] is remarkably sensitive to the supply 
of the amino acid from the circulation (Fernstrom, 1983). The major factor 
regulating TRP uptake into the mammalian brain is a transport carrier lo-
cated at the blood-brain barrier, a stereo-specific carrier that transport not 
only TRP, but also other LNAAs, including tyrosine, phenylalanine, leucine, 
and valine, into the brain (Fernstrom, 1983). The transport of TRP and other 
LNAA from circulation into the brain is passive and TRP and other LNAA 
compete for uptake. Thus, the uptake of TRP not only depends on the plasma 
[TRP] but also on the plasma [LNAAs]. Hence, the amino-acid composition 
of the diet will affect the [TRP] and other [LNAA] in the plasma, and thus 
the uptake of TRP into the brain, and consequently, the biosynthesis of 5-
HT. Elevating dietary TRP and/or lowering dietary intake of other LNAA 
could raise the rate of brain 5-HT synthesis. On the other and, reducing die-
tary TRP and/or elevating dietary intake of other LNAA will decrease the 
rate of brain 5-HT synthesis (Fernstrom, 1983). Because dietary proteins are 
scarce in TRP (1-2%) compared with other LNAA (25%), the influx of TRP 
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into the brain may decline after consumption of a meal rich in protein since 
the other LNAA compete with TRP for the uptake into the brain. 

TRP, in contrast to the other LNAAs, is present in blood plasma of mam-
mals mainly bound to albumin. There is evidence that TRP bound to albumin 
is “stripped” from albumin as the blood circulates through the brain 
(Pardridge, 1979; Pardridge and Fiere, 1990; Yuwiler et al., 1977). However, 
consumption of a meal rich in carbohydrate will stimulate secretion of insu-
lin, which facilitates uptake of glucose and amino-acids by the muscle. Such 
a diet raises the plasma [TRP]/[LNAA] ratio, since TRP, because of its bind-
ing to albumin is spared from insulin-mediated uptake by muscle. Conse-
quently, a meal rich in carbohydrate will give TRP an advantage in the com-
petition for access to the brain and will increase brain 5-HT synthesis. 

Effects of brain TRP avaibility on the rate of 5-HT synthesis in 
fish
The knowledge on the control of brain 5-HT synthesis in teleosts and other 
non-mammalian vertebrates is still limited. However, it has been suggested 
that brain 5-HT synthesis may be restricted by TRP avaibility also in fish 
(Johnston et al., 1990; Aldegunde et al., 1998; Aldegunde et al., 2000). Al-
degunde et al. (1998) reported the existence of a stereo specific and saturable 
transport with a passive diffusion component, in a way similar to that ob-
served in mammals. Beside stereo-specificity and saturability, saturation of 
this transport system in rainbow trout was observed first at plasma [TRP], 
exceeding basal levels. Aldegunde et al., (1998) also showed that elevated 
plasma [tyrosine] reduced the uptake of TRP to the brain, which demon-
strates that these two amino acids, structurally related, are probably compet-
ing for the same carrier.  

Other aspects of TRP transportation from circulation to the brain differ 
between fish and mammals. For instance, in rainbow trout, albumin seems to 
lack the indole-binding site. In this case, TRP does not bind to albumin and 
TRP is present exclusively in a free state in rainbow trout plasma. Thus, 
brain uptake of TRP may not be sensitive to insulin. Furthermore, TRP is 
more readily available for brain uptake and brain [TRP] could be more di-
rectly dependent on plasma [TRP] in fish than in mammals. 

In rats and human, the normal brain [TRP] is around the Km of TPH for 
TRP. Thus, increases in brain [TRP] can increase the rate of 5-HT synthesis 
by twofold but not more (Diksic and Young, 2001). Johnston et al., (1990) 
reported that in rainbow trout, brain [5-HT] continued to increase linearly 
even after a sevenfold increase in brain [TRP], suggesting that TPH is not 
saturated even at the highest brain [TRP]. Aldegunde et al. (1998) estimated 
that the Km of TPH is 10-12 times higher than the basal plasma [TRP] in 
rainbow trout. These results might indicate that the kinetic of trout TPH is 
somewhat different compared to that of mammals. 
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The hormone melatonin 
An important component of vertebrate circadian and seasonal physiology 
and behaviour is a large nocturnal increase in circulating melatonin (ME), 
which decrease rapidly after light exposure. There are two sources of ME 
production in vertebrates: the pineal gland, which is the major source of 
plasma ME and the gastrointestinal tract. 

Melatonin receptors 
High-affinity Gi-protein coupled receptors for ME were identified in differ-
ent species (Reppert, 1997). In zebrafish, five different ME receptor frag-
ments were cloned, representing a ME receptor family consisting of three 
distinct subtypes of Gi-protein coupled receptor found in other vertebrate 
species (Reppert, 1997). Moreover, Zhdanova et al. (2001) provided the first 
evidence that the effect of ME on sleep is mediated through specific ME 
receptors. The location of these receptors is not yet know in fish but in 
mammals and birds they are located in sensory and integrative areas, as well 
as within the site of the major circadian pacemaker, suggesting that these 
brain areas are linked to the behavioural manifestations of increased [ME] 
(Weaver, 1999). 

Synthesis of melatonin in the pineal gland 
ME is synthesised from its precursor 5-HT, which is subjected to N-
acetylation by N-acetyltransferase (arylalkylamine-N-acetyltransferase; AA-
NAT) and methylation by hydroxyindol-O-methyltransferase (HI-OMT). In 
mammals, pineal synthesis of ME is indirectly controlled by photoperiod via 
the circadian oscillator in the hypothalamus-supraschiasmatic nucleus (Klein 
and Moore, 1979; Borjigin et al., 1999). Input from the supraschiasmatic 
nucleus is transmitted through a polysynaptic pathway to the superior cervi-
cal ganglia, and drives a nocturnal elevation in the release of norepinephrine 
(NE) from the sympathetic nerve terminal projections from the superior cer-
vical ganglia to the pineal gland (Klein and Moore 1979; Larsen et al., 1998; 
Teclemariam-Meshbah et al., 1999; Borjin et al., 1999). In darkness, 1-
adrenoreceptor stimulation leads to an increases in intracellular cAMP, 
which in turn activates AA-NAT and thus increase ME producation (Sugden, 
1989), while 1-adrenoreceptor stimulation, which enhances intracellular 
calcium concentration through the phosphoinositide pathway, is thought to 
potentiate 1-adrenoreceptor stimulation (Klein et al., 1983). In salmonid 
fish, on the other hand, ME synthesis in the pineal gland is directly con-
trolled by ambient illumination (reviewed by Ekström and Meilssl, 1997), 
while ME production is under the influence of both photoreceptors and an 
endogenous circadian clock in other teleosts, such as goldfish (Carassius 
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auratus) and pike (Esox lucius) (Coon et al., 1998; Falcón et al., 1998). No-
tably, neither NE, the -adrenergic receptor agonist isoproterenol, nor dopa-
mine (DA) was found to have any effect on ME synthesis in the rainbow 
trout pineal (Meissl et al., 1996), indicating that catecholaminergic mecha-
nisms are not of main importance for signal transduction in the directly light-
sensitive pineal organ of salmonid fish. In the trout pineal organ, light may 
control AA-NAT activity through the regulation of protein levels via cyclic 
AMP. Pineal cyclic AMP is elevated in the trout by exposure to darkness, 
probably through a phosphodiesterase mechanism (Falcón et al, 1992; Thi-
bault et al., 1993), whereas in the rat, it is elevated by adrenergic activation 
(Klein, 1985). Similarly, expression of ME synthesis genes is controlled by 
circadian clock in the pike pineal organ but not in the trout (Coon et al., 
1998). In the trout pineal organ, neither AA-NAT nor TPH mRNA exhibited 
a night/day rhythm. The failure to detect a rhythm in transcripts for two ME 
synthesis genes in the trout pineal organ supports the suggestion that there is 
no apparent clock control of ME production in the trout. 

It is interesting that while there is no rhythm in AA-NAT or TPH tran-
scripts, both are expressed at an elevated level, suggesting that transcript per 
se is not deficient, only rhythmic component (Coon et al., 1998). 

Feedback control of melatonin synthesis 
Preslock (1976) investigated the photoperiodic and hormonal regulation of 
ME-synthesising enzymes in pineals of Coturnix quail (Coturnix japonica).
AA-NAT and HI-OMT were twofold higher in pineals of female and male 
Coturnix quail during exposure to darkness (16L:8D) but implantation of 
ME into female Coturnix decreased both HI-OMT and AA-NAT activities. 
These results suggest that AA-NAT and HI-OMT activities are influences by 
the internal hormonal milieu, with both enzymatic activities modulated by 
the feedback inhibitory influence of endogenous ME. 

Yáñez and Meissl (1995) provided for the first time an indication that ME 
itself may regulate its own synthesis in the photoreceptive pineal organ in 
rainbow trout. In the pineal organ of fish, it was observed in previous studies 
that in static organ cultures, ME release was lower than under superfusion 
culture. In static organ culture ME is accumulating in the incubating buffer 
suggesting the presence of a feedback mechanism of ME inhibiting its own 
synthesis (Begay et al., 1992). It was shown that exogenous ME exert a 
feedback inhibition upon its synthesising enzymes, HI-OMT and AA-NAT 
in birds (Wright and Preslock, 1975). The mechanism by which ME may 
affect its own synthesis in the trout pineal organ remains to be elucidated. It 
may act by a mechanism related to ME receptors, but also by a direct action 
on the ME-forming enzymes AA-NAT and/or HI-OMT (Yáñez and Meissl, 
1995). Unfortunately, there is, at present, no clear data confirming the pres-
ence of ME binding sites in the pineal of salmonids. 
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Melatonin catabolism 
The half-life of circulating ME is only about 20 min in mammals (Weitzman 
et al., 1978). About 90% of ME released in the blood is thought to be enzy-
maticly converted to 6-hydroxymelatonin (6-OH-ME) in the liver by cyto-
chrome P 450 enzymes (Praast et al., 1995) and subjected to renal clearance 
as sulphated or glucuronidated conjugates (Kopin et al., 1960; Kveder and 
McIsaac; 1961; Leone et al., 1987). 

Melatonin synthesis in the gastro-intestinal tissue 
ME has been detected immunohistologically in the enterochromaffin cells 
(EC) of the digestive mucosa in mammals (reviewed by Bubenik, 2002). As 
both ME-synthesising enzymes AA-NAT and HI-OMT were detected in the 
digestive mucosa, and ME distribution corresponds to the localisation of 5-
HT-rich EC (reviewed by Bubenik, 2002), the production of ME in the en-
terochromaffin cells of the digestive mucosa has been accepted. 

Bubenik and Pang (1997) detected ME in all segments of the gastro-
intestinal tract (GIT) in chondrostean and teleostean fish including rainbow 
trout, indicating that at least some fishes have capacity to convert indole 
precursors into ME. Moreover, it is interesting that, similar to mammals, 
tissue [ME] reported by Bubenik and Pang (1997) were higher than the re-
ported plasma levels (Bubenik et al., 1996). Several studies confirmed that 
[ME] in the GIT surpassed the concentrations in the blood by 10 to 1000 
times in rats, birds, and human (reviewed by Bubenik, 2002). Because of the 
high [ME] per gram of tissue and the large size of the GIT, it was calculated 
that the total [ME] present at any time (especially during photoperiod) in the 
GIT of birds and mammals exceeds the [ME] in the pineal by more than 400 
times (reviewed by Bubenik, 2002). 

Overwhelming evidence points to an independent synthesis of ME in the 
GIT and its secretion into the peripheral circulation. Oral administration of 
ME or TRP causes accumulation of ME in the GIT (reviewed by Bubenik, 
2002). Orally administrated TRP elevated plasma [TRP] more than intraperi-
toneally injected TRP, and the elevation of ME was not observed when the 
hepatic portal vein was ligated (reviewed by Bubenik, 2002). In view of the 
data so far available, it can be concluded that a high proportion of ME pro-
duced by pineal cells is secreted during the night in response to darkness. 
Conversely, a high proportion of ME is produced during the day by entero-
chromaffin cells of the GIT, in response to feeding. 

Stress exposure affects gastro-intestinal blood circulation 
In mammals, the diffuse adrenergic sympathetic nervous discharge increases 
the vasculature resistance in the GIT circulation. Consequently, the fraction 
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of the cardiac output reaching the gut is reduced when sympathetic activity 
is elevated (Ruchmer et al., 1961; Vatner et al., 1971), which could influence 
the plasma levels of GIT-derived ME. 

The control of the visceral blood flow and resistance, in mammals, is me-
diated largely by noradrenergic nerves. A -adrenergic vasoconstriction 
mechanism of GIT has bee reported for red Irish lord (Hemilepidotus 
hemilepidotus), as well as for Atlantic cod (Gadus Morhua), spiny dogfish 
(Squalus acanthias) and sea raven (Hemitripterus americanus) (Axelsson
and Fritsche, 1991; Holmgren et al., 1992; Axelsson and Nilsson, 1986; 
Axelsson et al, 1989) and for reptiles, birds and mammals (Ross, 1971; 
Rothe, 1984; Butler et al., 1988; Axelsson et al., 1991). Thus, adrenergic 
regulation of the gastrointestinal circulation appears to have been conserved 
among all of the vertebrate groups studied so far. 

Stress exposure has been reported to affect GIT blood flow in fish. For in-
stance, Axelsson and Fritsche (1991) showed that during exercise, the gas-
trointestinal blood flow in cod was reduced by 29% (celiac artery blood 
flow) and by 36% (mesenteric artery blood flow), as a result of increases in 
the visceral vascular resistances by 75% (celiac vasculature resistance) and 
101% (Mesenteric vasculature resistance). Exercise also induced a signifi-
cant reduction of the total systemic vascular resistance by 22% suggesting 
that blood is redistributed from the GIT to the muscles during exercise. In 
Chinook salmon (Oncorhynchus tshawytscha) exercise has similar effect on 
GIT circulation. For instance, during prolonged swimming, intestinal vascu-
lature resistance in was increased by 300%, resulting in a decrease of intesti-
nal blood flow by 60% (Farrell et al., 2001). In rainbow trout, there are also 
some indications of a reduction of blood flow in the gut vasculature during 
exercise (Randall and Daxboek, 1982) and an exercise-induce decrease in 
systemic vascular resistance has also been demonstrated in this species 
(Kiceniuk and Jones, 1977; Randall and Daxboek, 1982). 

These effects have been shown to be mediated by NE discharge from NE 
nerve terminal of the sympathetic nervous system. Blockade of -adrenergic 
receptors reduced vascular resistance in both the celiac and mesenteric arter-
ies of unfed sea raven (Axelsson et al., 1989). Similarly, phentolamine ( -
adrenergic antagonist) reduced routine vascular resistance in cod in both 
mesenteric and celiac circulations, and noradrenaline injections markedly 
increased celiac and mesenteric vascular resistance, a response that was 
blocked by phentolamine (Axelsson et al., 2000). 

Stress responses and melatonin 
Stressful stimuli increases blood catecholamine levels. Since the pineal is not 
integrated into the blood brain barrier (Møller, et al., 1978), circulating cate-
cholamines have direct access to the gland’s parenchyma and can interact 
with the intrinsic mechanisms regulating AA-NAT activity (Lynch et al., 



22

1973). The simultaneous increase of both [ME] and [AA-NAT] in stressed 
rats suggested that stress stimulates the synthesis of ME. However, this pin-
eal stress model is apparently too simple. It was shown that stress influences 
on the pineal organ are not only mediated by circulating NE but also related 
to sympathetic activity through the major neural input of the pineal from the 
superior cervical ganglia (Yocca and Friedmann, 1984). The complex inter-
action between sympathetic input to the gland and the functional state of its 
adrenoreceptors can be one reason for the observed variability in the re-
sponse of the pineal gland to stress. In fish, the regulatory role of catechola-
mines in ME synthesis in not clear yet. It was shown in pike (Esox lucius)
that NE at low concentration had stimulatory effect in AA-NAT activity, 
which was apparently reversed at higher concentration (Falcón et al., 1991). 
However, in rainbow trout, catecholamines does not appear to control ME 
production as observed in the pike pineal (Falcón et al., 1991). 

There are a number of studies discussing the influence of ME on the HPA 
system and the effects of corticosteroids and stress on the formation and 
release of ME, but the results from these studies are controversial. 
Kulczykowska (2001) provided the first experimental evidence that distur-
bance stress may affect plasma [ME] in rainbow trout. However, possible 
physiological association between the stress axis and the pineal gland remain 
a matter of controversy (Lynch and Deng, 1986). In mammals, ME has been 
suggested to counteract stress-induced elevations of glucocorticoids, by ef-
fects at the level of the hypothalamus (Xu et al., 1995) and/or by an antise-
cretagogue effect directly on the adrenals (Rao et al., 2001). The study car-
ried out by Kulczykowska (2001) indicated that ME synthesis and release is 
inhibited by stress, i.e. when plasma [arginine vasotocin] (AVT) is elevated. 
It is relevant to note, that arginine vasopressin (AVP, the mammalian homo-
logue of AVT) is effective to inactivate pineal AA-NAT, especially when 
the enzyme has been activated by NE treatment (Sartin et al., 1978). How-
ever, Hajak et al. (1997) pointed out that the more the experimental design 
chosen by the experimentators to explore the putative interaction between 
ME and the HPI axis approaches reality, i.e. close to physiological condi-
tions, the less evidence for the existence of ME-HPA axis interactions could 
be obtained, suggesting that there are no clear evidences for coupling be-
tween the HPA axis and plasma ME. 

Effects of melatonin on aggressive behaviour 
ME is a hormone best known for its role in synchronising circadian rhythms, 
but which has also been reported to affect aggressive behaviour. For in-
stance, Munro (1986) showed that intra-cranial injection of ME reduced 
aggressive responsiveness in the cichlid, Aequidens pulcher and that intra-
cranial injections of 5-HT also reduced aggressive behaviour in this species, 
but that this effect was inhibited if 5-HT was administrated together with S-
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adenosyl homocysteine, a substance that inhibits the conversion of 5-HT to 
ME. However, effects of ME on aggressive behaviour are not clear and re-
sults from previous studies are contradictory. For instance, male Syrian ham-
sters (Mesocricetus auratus) maintained in short days for 8 weeks were more 
aggressive compared with long-day hamsters (Jasnow et al., 2002). Pinealec-
tomy eliminated the short-day increase in aggression in male hamsters, 
whereas exogenous ME treatment augments aggression in long-day animals 
(Fleming et al., 1988). This suggests an important role for ME in mediating 
photoperiodic changes in aggression in female hamsters. Male house mice 
treated daily with exogenous ME for 5 consecutive days displayed signifi-
cant increases in territorial aggression compared with control mice treated 
with saline (Paterson and Vickers, 1981). In addition, pinealectomy suppress 
territorial aggression in mice (Paterson and Vickers, 1981). 

Pinealectomy in rats of one or both pairs members reduced aggressive-
ness compared to that seen in sham pairs (sham-sham) and the total amount 
of time spent fighting was reduced 35 to 40 percent (Mc Kinney, 1975). 
Mean latency to initiation of fighting was more than doubled in pairs com-
prised of either on pinealectomised and one sham or both pinealectomised 
animals (Mc Kinney, 1975). Pinealectomy can also inhibit isolation-induced 
aggression between paired mice, apparently by making operated animals 
more submissive (McKinney et al., 1975). In addition, exogenous ME poten-
tiates territorial aggression in mice (Paterson et al., 1980). 
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Objectives

The overall aim of this thesis was to further investigate the effects of ele-
vated dietary TRP on brain 5-HT biosynthesis, behaviour and neuroendo-
crine stress responses in juvenile rainbow trout and to explore if TRP sup-
plemented feed could be used to improve fish performance and welfare in 
aquaculture. The following questions were addressed: 

1. Does elevated dietary TRP affect agonistic behaviour? One objective was 
to explore if dietary supplementation of TRP could be used to decrease ag-
gression of rainbow trout (Study I and V)? 

2. Does elevated dietary TRP affect HPI axis reactivity? One objective was 
to study the effects of elevated dietary intake of TRP on plasma levels of 
cortisol in stressed and non-stressed rainbow trout. Another objective was to 
clarify the effect of elevated dietary TRP on plasma and brain levels of TRP 
and other LNAA, and to determine the effect on 5-HT biosynthesis (study II, 
III, IV, V)? 

3. What is the time-course of the effects of dietary TRP on aggression and 
HPI axis reactivity (study I and III)? 

4. Does elevated dietary TRP affect GIT-derived ME? 5-HT being the pre-
cursor of ME, the objectives were to investigates the effects of TRP intake 
on plasma ME. The study was focused on GIT as the source of daytime ME 
(study IV)? 

5. Are the effects of elevated dietary TRP on aggressive behaviour and HPI 
axis reactivity mediated by brain 5-HT or circulating ME (Study V)? 
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Material and methods 

Experimental protocol 

Experimental animals 
For the experiments, juvenile 2-year-old rainbow trout (Oncorhynchus
mykiss) were used. Prior to the experiment, fish were kept indoors in a 1m3-
holding tank, at a rearing density of approximately 0.02 kg/l for more than 
one month. The holding tank was continuously supplied with aerated Upp-
sala tap water at 8-11 C and the light/dark regime was continuously and 
automatically adjusted to latitude 51 N conditions. Fish were hand-fed with 
commercial trout pellets (EWOS ST40) at 1-2% of body mass per day. 

Experimental aquaria and acclimation period 
The experiments were preformed in 250 l glass aquaria (1000 x 500 x 500 
mm), continuously supplied with aerated Uppsala tap water (0.8 l/min, 8-10 
°C). Light (12h: 12h light: dark) was provided by 2 x 20 W warm white fluo-
rescent tubes placed 100 mm above the water surfaces. Each aquarium was 
divided into four equally sized chambers by removable PVC walls. At the 
start of the experiment fish were selected from the holding tank, weighed 
and transferred to the aquaria, one fish in each chamber. Fish were kept 
visually isolated for one week prior to the beginning of the actual experi-
ment. This procedure served to reduce possible effects of prior social inter-
action in the holding tank, to diminish the effects of transfer from the hold-
ing tank to experimental aquaria, and to allow acclimation to the new ex-
perimental environment. During this period, fish were hand fed commercial 
trout pellets (Ewos ST40) once a day to satiation. 

Experimental feed and feeding regime 
In study I, the experimental feed was a wet feed prepared from of 1 kg fillets 
of Baltic herring and 1 kg of shrimp. Grinded herring and shrimp were 
mixed with 1l of water and 100g of gelatine and split into three portions. 
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Two of these portions were supplemented with TRP at 1.5 and 0.15 g/kg
feed respectively. The third portion was not supplemented with TRP and 
served as control feed. Individual feed intake was quantified by weighing the 
feed container before and after feeding In study II, the experimental feed 
consisted of pelleted feed supplemented with TRP at a level corresponding 
to two (2X feed), four (4X feed) or eight (8X feed) times the [TRP] of the 
commercial feed. Control feed was not supplemented (1X feed) with TRP. 
Individual feed intake was quantified by counting the number of pellets con-
sumed. Individual fish were hand-fed with one pellet at the time until satia-
tion. In study III, IV and V, the experimental feed consisted of pelleted feed 
supplemented with TRP at a level corresponding to eight (8X feed) times the 
TRP content of the commercial feed. Control feed (CTRL) was not supple-
mented with TRP. Feed intake was quantified and fish were fed daily to sa-
tiation or to a maximum of 1.5% of body mass. 

Stress exposure (study II, III and IV) 
The fish were stressed by lowering the water level until the fish had its dor-
sal fin above the water surface. Fish were kept under stress during two hours 
after which they were sampled. 

Resident/intruder test (study I and V) 
A small conspecific (approximately 50% of the body mass of the resident 
fish) was introduced into the chamber of an experimental fish. Interactions 
between the resident fish and the intruder was filmed and the latency to the 
first attack and number of attacks performed by the resident fish during 30 
minutes after the first attack were determined from video recordings. 

Silastic capsules (study V) 
ME was administered through i.p. implanted capsules which were prepared 
from silastic tubing (Dow Corning, inner diameter 0.6 mm, outer diameter 
1.2 mm, length 10 mm) filled with ME (N-acetyl-5-methoxytryptamine, 
Sigma M-5250) and sealed with silicon glue. These silastic capsules were 
perforated along their total length using a 0.5X16mm needle, in order to 
increase ME release. The empty capsules were prepared in the same way but 
contained no ME. 

Social interaction (study V) 
In each aquarium, plastic walls were removed to allow fish to interact in 
pairs, two pairs of fish per aquaria. Fish were allowed to interact during 1 h a 
day for 7 days. In all pairs a clear dominant-subordinate relationship was 
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established, with one fish being dominant and the other subordinate, already 
during the first day of social interaction. In no case did the dominant-
subordinate relationship observed after the first interaction change during 
the 7 days.

Experimental protocol study I 
Following the week of acclimation, fish were tested for aggressive behaviour 
using a resident/intruder test, prior to the switch to the experimental feed. 
Following the resident/intruder test, commercial feed was exchanged for 
experimental feed. The resident/intruder test was repeated after 3 and 7 days 
of TRP feeding, and directly after the last resident/intruder test, fish were 
anaesthetised, blood sampled, killed, and brain tissues were collected. Blood 
and brain tissues were also collected from isolated fish which received ex-
perimental feed (1.5%, 0.15%, or control) but which were not subjected to 
any resident/intruder tests. 

Experimental protocol study II
Following one week of acclimation, commercial feed was exchanged for an 
experimental feed. After receiving experimental feed (1X, 2X, 4X, or 8X) 
for 1 week, half of the fish were exposed to the standardised stressor for 2 
hours. Following stress exposure, fish were sacrificed, and blood and brain 
tissues were collected. Blood samples and brain tissue were also collected 
from undisturbed fish fed experimental feed and held visually isolated dur-
ing the experimental period. 

Experimental protocol study III
Following one week of acclimation, commercial feed was exchanged for an 
experimental feed supplemented with TRP (8X). A similar number of fish 
were fed with a control feed, not supplemented with TRP. Fish were fed 
once a day for 3, 7 or 28 days. At the end of the experimental feeding period, 
half of the fish were exposed to at the standardised stressor for 2 hours. The 
remaining fish fed TRP supplemented feed or control feed were left undis-
turbed and served as non-stressed controls. Following stress, fish were sacri-
ficed, and blood and brain tissues samples were collected. 

Experimental protocol study IV
For the first experiment, following one week of acclimation, commercial 
feed was exchanged for an experimental feed supplemented with TRP corre-
sponding to 8 times the [TRP] of the commercial feed. A similar number of 
fish were fed with a CTRL feed, not supplemented with TRP. At the end of 
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the experimental feeding period, fish were exposed to a standardised stressor 
for 2 hours starting at 10.00hr. The same day, a similar number of fish were 
exposed to stress starting at 22.00hr. Following stress, fish were sacrificed 
(one group at 12.00hr, one group at 00.00hr), and blood samples were col-
lected. The remaining fish fed TRP supplemented feed or CTRL feed were 
left undisturbed and served as non-stressed controls, half of them sampled 
12.00hr, the other half at 00.00hr, together with the fish exposed to stress. 

The second experiment was performed as experiment 1 except that one 
group of fish fed TRP supplemented feed (TRP) and one group of the fish 
fed CTRL feed, received via the feed, 2mg of phenoxybenzamine ( -
adrenergic receptor antagonist, PB) at day 6 of feeding experimental feed, 
the day before stress exposure. The pellets (CTRL and TRP) were soaked in 
ethanol in which PB was previously dissolved. Ethanol evaporated during 
the night allowing PB to crystallise and coat the pellets. The concentration of 
PB was 0.2 mg per pellet. Fish were fed at a level of 1.5% body mass, which 
represented at least 10 pellets for each fish. Fish received 10 pellets with PB, 
eating a total of 2 mg of PB, and some more feed (without PB) in order reach 
the level of 1.5% body mass. A similar number of fish for each type of feed 
(TRP or CTRL) did not receive PB prior stress. Fish were stressed at 10.00hr 
only, and following stress exposure, fish were sacrificed at 12.00hr, and 
blood samples were collected. A similar number of fish for each group 
(CTRL, CTRL+PB, TRP, TRP+PB) were kept undisturbed and used as non-
stressed controls. 

In the third experiment, samples of gastrointestinal tissues (proximal and 
distal gut) were quickly removed 2 hours after the onset of the light, from 
decapitated animals. Gut tissues were opened longitudinally and cleaned 
from their content. Gut tissues were incubated in 24-well culture plates (one 
complete gut per well) containing 2 ml of culture medium. The culture me-
dium used was RPMI 1640 supplemented with bicarbonate (2.2g/l), along 
with penicillin (0.062g/l), streptomycin (0.1g/l), glutamine (0.292g/l), and 
TRP (0 g/ml, 50 g/ml or 100 g/ml). The temperature was maintained 
constant at 16ºC. One sample of culture medium was taken after 12 hours of 
incubation and a second after 24 hours of incubation. Culture media samples 
were stored at –80 C until analysis. Following the second sampling of cul-
ture media, gut tissues were dried on paper, weighed, and homogenised in 1 
ml of 4% (w/v) ice-cold perchloric acid (PCA) using a Potter-Elvehjem ho-
mogeniser. The homogenate was then centrifuged at 20,000 g for 15 min and 
200µl of the supernatant was mixed with 200µl of 10% (w/v) sodiumbicar-
bonate solution in order to precipitate PCA. The samples were centrifuged 
again at 20,000 g for 15 min and the supernatants were collected and stored 
at –80 C until analysis. 
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Experimental protocol study V 
Following the week of acclimation a 7 days social interaction period started. 
During the social interaction period, fish were fed once a day with commer-
cial trout pellets to satiation, or at maximum until the fish consumed a num-
ber of pellets corresponding to 1.5% of the body mass. After the last day of 
social interaction, fish were subjected to a resident-intruder test after which 
the fish were subjected to one of four different experimental treatments (as 
described below) for 7 days. After the last day of this experimental period, a 
second resident-intruder test was performed and the fish were subsequently 
sacrificed, and blood samples were collected. 
Experimental treatments 
1. The fish were anaesthetized with 200-mg/l ethyl-m-aminobenzoate 
methanesulphonate and an empty silastic capsule (see above) was implanted 
into the abdominal cavity through a 1.5-2 mm long ventral incision. The 
commercial feed was exchanged for an experimental feed, supplemented 
with TRP to a level corresponding to 8 times the [TRP] of the commercial 
feed. The fish were fed this TRP supplemented feed once a day to satiation 
or at maximum until the fish consumed a number of pellets corresponding to 
1.5% of the body mass. 
2. The fish were anaesthetized and an empty silastic capsule was implanted 
into the abdominal cavity (as described above). The commercial feed was 
exchanged for an experimental feed prepared by coating commercial feed 
with citalopram (SSRI). This experimental feed was prepared by soaking 
commercial pellets in 99.5% ethanol in which citalopram was dissolved. The 
ethanol was left to evaporate over night allowing citalopram to crystallize on 
the pellets to a concentration of ca. 0.35 µg/pellet. This experimental feed 
was kept at -20 °C. Before being fed to the fish each pellet was coated with 
Power Bait (trout bait, Power Bait, Berkley fishing, IA, USA) in order to 
hide the unpleasant taste of the citalopram. The fish were fed this citalopram 
containing feed once a day to satiation, or at maximum until the fish con-
sumed a number of pellets corresponding to 1.5% of the body mass. The 
mean weight of one pellets was 0.05g, consequently fish received citalopram 
to a concentration of 100µg/kg of fish. 
3. The fish were anaesthetized and a silastic capsule containing ME (see 
above) was implanted into the abdominal cavity (as described above). The 
fish were fed once a day with commercial trout pellets to satiation, or at 
maximum until the fish consumed a number of pellets corresponding to 
1.5% of the body mass.  
4. The fish were anaesthetized and an empty silastic capsule was implanted 
into the abdominal cavity (as described above). The fish were fed once a day 
with commercial trout pellets to satiation, or at maximum until the fish con-
sumed a number of pellets corresponding to 1.5% of the body mass. 
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Blood and brain tissue sampling 
Following stress exposure (study II, III, IV) or the last resident/intruder test 
(study I, V), the fish were anaesthetised (500 mg/l ethyl-m-aminobenzoate 
methanesulphonate) and blood (approximately 1 ml) was collected from the 
caudal vasculature, using a syringe pre-treated with heparin. Blood samples 
were rapidly transferred to Eppendorf tubes and were centrifuged at 20,000g 
for 10 min at 4 C. Following centrifugation, the blood plasma was separated, 
divided into samples, frozen on dry ice and stored at –80 oC (study I, II, III, 
IV, V). Following blood sampling, the fish were killed by decapitation, and 
the brain was rapidly removed (study I, II, III) and divided into telencepha-
lon (excluding olfactory bulbs), hypothalamus (excluding the pituitary 
gland), optic tectum, cerebellum, and brain stem (including the medulla and 
part of the spinal cord). Each brain part was wrapped into aluminium foil, 
frozen in liquid nitrogen and stored at –80 oC.

Assays
The frozen brain samples were homogenised in 0.4 M ice-cold PCA contain-
ing 0.2% EDTA and 40 ng/ml epinine (deoxyepinephrine, the internal stan-
dard), using a Potter-Elvehjem homogeniser (optic tectum, cerebellum and 
brain stem) or an MSE 100 W ultrasonic disintegrator (telencephalon and 
hypothalamus). 

Brain levels of 5-HT, 5-HIAA, NE, 3-methoxy-4-hydroxyphenylglycol 
(MHPG), DA, and 3,4-dihydroxyphenylacetic acid (DOPAC) were quanti-
fied using high-performance liquid chromatography (HPLC) with electro-
chemical detection, as described by Øverli et al. (1999). Plasma and brain 
[TRP] were analysed on the same HPLC system using a mobile phase con-
sisting of 75 mM sodium phosphate in deionised water containing 15% 
methanol and brought to pH 3.1, and an oxidation potential of 600 mV 
(Winberg et al., 2001). Plasma samples used for TRP analysis were depro-
teinised and extracted in 0.4 M PCA containing 0.2% EDTA. 

The amount of other LNAA was measured using HPLC with fluorometric 
detection of the derivative formed between the amine and naphtalene-2,3-
dicarboxaldehyde (NDA), as described by de Montigny et al. (1987). The 
derivatisation consisted of adding 50 l of brain or plasma extract to 200 l of 
borate buffer (0.1 M, pH10.1) followed by the addition of 50 l of sodium 
cyanide (25mM) and 200 l NDA (10mM). After a reaction time of 15 min, 
the reaction mixture was analysed by gradient elution HPLC. The HPLC 
apparatus consisted of a multiple solvent delivery system (CM 4000, 
LDC/Milton Roy, Riviera beach), a refrigerated auto injector (CMA/2000, 
Carnegie Medicine, Stockholm, Sweden), a Nucleosil RP-18 column (3 m
particle size, 0.4cm i.d. X 10cm length, Duren, Germany), and a JASCO FP-
920 fluorescence Detector (JASCO Corporation, Tokyo, Japan) set at excita-
tion/emission wavelengths of 420/490 nm. The mobile phase was delivered 
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at 1ml/min and consisted of 50mM potassium phosphate in deionised water 
containing 10% tetrahydrofuran and brought to a pH 6.8 (solvent A) or 55% 
acetonitril and 10% methanol brought to a pH 6.8 (solvent B). A linear ramp 
from 100% solvent A/0% solvent B to 40% solvent A/60% solvent B over a 
60-min period was used. Samples were analysed by comparison with stan-
dard solutions of known concentrations, and corrected for recovery of the 
internal standard (chlorophenylalanine, 10mM) using the HPLC software 
BORWIN (FMPS developpements, France). 

Cortisol analysis was performed directly on rainbow trout plasma without 
extraction, using a validated radio immunoassay (RIA) modified from Olsen 
et al. (1992), as described by Winberg and Lepage (1998). 

ME analysis was also performed directly on rainbow trout plasma, using a 
validated RIA modified from Fraser et al. (1983), as described by Mayer 
(2000).
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Results and discussion 

Feed intake 
During acclimation to the experimental aquaria, feed intake gradually in-
creased to reach a constant level after 7 days. When switching to experimen-
tal feed, feed intake temporarily decreased in study I, but rapidly increased 
again to reach the same level as observed for commercial trout feed at the 
end of the acclimation period. In study II, feed intake remained at the same 
level as observed for standard feed at the end of the acclimation period. The 
reason why feed intake decreased after switching to experimental feed in 
study I may have been that the fish were not familiar with the new taste, 
consistence, color and odor of the experimental wet feed. In study II, III, IV 
and V, the experimental feed, beside the [TRP], was identical to the pelleted 
commercial feed. There was no difference in feed intake between fish re-
ceiving CTRL feed and fish fed feed supplemented with TRP in any of the 
studies.

Plasma and brain levels of TRP and LNAA 
After feeding with TRP supplemented feed, fish showed elevated plasma 
[TRP] as compared to fish fed control feed. In study I, fish fed 1.5% TRP 
feed displayed a much higher increase in plasma [TRP] than fish fed 0.15% 
TRP feed, but there was no significant difference in plasma [TRP] between 
the two different control groups. 

In study II, plasma [TRP] increased with increasing feed [TRP]. Since 
elevated dietary TRP caused an increase in plasma [TRP] without affecting 
[LNAA] in the plasma, feeding the fish TRP supplemented feed had a sig-
nificant effect on plasma [TRP]/[LNAA], [TRP]/[LNAA] increasing with 
increasing feed [TRP]. Similarly, in study III, IV and V, TRP supplementa-
tion resulted in elevated plasma [TRP]. Stress had no significant effect on 
[TRP], [LNAA], or [TRP]/[LNAA] in the plasma. 

Brain [TRP] were also elevated after TRP dietary. In study I, brain [TRP] 
were significantly elevated after feeding 1.5% TRP feed. However, the dif-
ference in [TRP] did not reach the level of statistical significance after feed-
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ing 0.15% TRP feed. In study II, brain [TRP] increased with increasing feed 
[TRP]. Stress also had an effect on [TRP] in optic tectum (study II) and brain 
stem (Study II and III), stressed fish showing elevated [TRP] in these two 
brain areas. However, brain [TRP]/[LNAA] ratios were not affected by 
stress or dietary TRP in any brain part. Similarly, there were no significant 
effects of stress or dietary TRP on brain [LNAA], or on the concentration of 
individual LNAAs, other than TRP. The stress-induced increase in brain 
[TRP] is most likely mediated by stress related effects on blood-brain barrier 
permeability. 

Several significant correlations were found between plasma [TRP] and 
[TRP] in different brain areas in study II. Similar significant correlations 
were also observed between plasma [TRP]/[LNAA] ratios and [TRP] in the 
same brain areas. These results suggest that brain [TRP] is dependant on the 
plasma [TRP] and confirm the presence of a passive transporter for TRP 
between the circulation and the brain in rainbow trout. 

Serotonergic system 
There were no significant effects of dietary TRP supplementation on brain 
[5-HT]. Similarly, subjecting the fish to the resident-intruder test or exposing 
them to stress by lowering the water level did not affect [5-HT] in the brain. 

There were significant effects of feeding the fish TRP supplemented feed 
on [5-HIAA] and [5-HIAA]/[5-HT] ratios in hypothalamus and brain stem in 
study I. Similarly, there was a tendency towards elevated [5-HIAA]/[5-HT] 
ratios in all brain areas of fish fed TRP supplemented feed in study II but the 
differences did not reach the level of statistical significance. However, in 
study III, fish fed TRP supplemented feed showed significantly elevated [5-
HIAA] in the hypothalamus and optic tectum. The resident-intruder test had 
significant effects on [5-HIAA] only in brain stem in study I. In the same 
study, [5-HIAA] was significantly different between the levels of supple-
mentation in all brain parts, with fish fed feed supplemented to a level of 
1.5% TRP generally showing higher brain [5-HIAA] than fish fed feed sup-
plemented to a level of 0.15% TRP. These results suggest that the addition of 
TRP, the precursor of 5-HT, results in small elevation of brain serotonergic 
activity. This small elevation, sometimes not quite significant, will be dis-
cussed below as being the mediator of the pronounced effect of dietary TRP 
on aggressive behaviour and HPI axis reactivity. 

As shown previously stressed fish displayed elevated brain [5-HIAA]/[5-
HT] ratios as compared to undisturbed fish. 

A correlation was found between brain [TRP] and [5-HIAA]/[5-HT] in 
telencephalon of stressed fish, suggesting that TRP avaibility is a limiting 
factor for serotonergic activity. However, it is still not known if elevated 
dietary TRP results in an increase in functional release of 5-HT to the syn-
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apse, or if it just results in elevated intraneuronal catabolism of newly syn-
thesised 5-HT. Elevated [5-HIAA] in the hypothalamus following admini-
stration of TRP could represent an increased intraneural metabolism of the 
newly synthesised 5-HT or an increased release of newly synthesised 5-HT 
followed by uptake of the released amine and its subsequent oxidative 
deamination by MOA. In mammals for instance, some studies show that up 
to 70% of intraneural 5-HT is metabolised into 5-HIAA without being re-
leased (Lookingland et al., 1986; Wolf and Khun, 1986). However, using in
vivo microdialysis, it has been shown that enhanced avaibility of TRP in vivo
in rats not only leads to an increase of 5-HT synthesis but also to increase in 
functional release. The findings suggest that the output of 5-HT per impulse 
must be increased (Boadle-Biber, 1993) at least in mammals. In fish, the 
possible increase of 5-HT release induced by TRP administration has yet 
been confirmed. 

Plasma melatonin 
The results of the study IV show that feeding the fish a TRP supplemented 
feed results in an elevation of daytime plasma ME  whereas nighttime ME
were not affected. Thus, the circadian rhythm of plasma [ME] was disrupted 
in fish fed TRP supplemented feed, plasma [ME] being equally high at noon 
and midnight. Moreover, in response to stress, fish fed TRP feed showed a 
decline in daytime plasma [ME]. By contrast, fish fed TRP feed and stressed 
at night showed no decline in plasma [ME]. These results suggest that day- 
and nighttime plasma [ME] in rainbow trout are controlled by different 
mechanisms. 

In view of the data so far available, it can be concluded that a high pro-
portion of ME produced by the pineal organ is secreted during the night in 
response to darkness while the enterochromaffin cells of the GIT is a major 
source of low daytime [ME] (Bubenik and Pang, 1997). Gastrointestinal 
ME  in mammals is influenced by different alimentary conditions like TRP 

intake (Huether et al., 1992). In the present study, plasma [TRP] was drasti-
cally increased in fish fed TRP supplemented feed, suggesting elevated GIT 
uptake of TRP in these fish. Previous studies in mammals indicate that 92-
97% of ME is metabolised on a single pass through the liver (Pradridge and 
Mietus, 1980). However, Bubenik et al. (2000) showed in pigs that a sub-
stantial amount of ME escapes liver degradation during the first passage and 
reach the systemic circulation. Consequently, elevated dietary intake of TRP 
most likely increases the synthesis of ME in the GIT of rainbow trout, result-
ing in elevated plasma [ME], at least during the light period when ME ap-
pear to originate mainly from the GIT. This suggestion is clearly supported 
by the results from the in vitro incubation study (study IV). These results 
show that ME is produced by the GIT, and that TRP supplementation in the 



35

incubation medium increases the production as well as the secretion of ME 
by the rainbow trout GIT. This suggests the presence in the GIT of the en-
zymes necessary for the synthesis of 5-HT and ME, and that TRP availabil-
ity is a limiting factor for rate of GIT ME synthesis. Moreover, the fact that 
[ME] in the TRP supplemented incubation medium, as well as [ME] in the 
gastrointestinal tissue incubated in this medium continued to increase over 
time clearly suggests that ME is not an inhibitory factor for its own synthesis 
within the GIT. 

A potent -adrenergic vasoconstriction mechanism of GIT blood vessels 
has been recognised in several teleost species (Axelsson et al., 1989; Axels-
son and Fritsche, 1991; Holmgren et al., 1992; Axelsson et al., 2000) as well 
as in other vertebrates (Ross, 1971; Rothe, 1984; Butler et al., 1988; Axels-
son et al., 1991). The clearance of ME is rapid and in humans, the half-life of 
circulating ME is only about 20 min (Weitzman et al., 1978). Thus, a stress-
induced decline of GIT blood flow along with rapid catabolism of ME could 
well explain the decline in daytime plasma [ME], which was observed in 
stressed fish fed TRP supplemented feed. This suggestion is supported by 
the fact that treatment with the -receptor antagonist, PB, abolished the ef-
fect of stress on daytime plasma [ME] in fish fed TRP supplemented feed. 
Immink et al. (1984) have shown that vasoconstriction activity of adrenaline 
in vasculature of the canine GIT is blocked by PB. In stressed fish, PB 
would prevent the vasoconstriction of gastrointestinal vasculature and blood 
would still flow normally through the gastrointestinal tissue and be supplied 
with ME. 

The GIT derived ME production does not seem to be influenced by light 
since gastrointestinal tissue in incubation produces ME in complete darkness 
in the incubation chamber and gastrointestinal tissue is most likely to be 
protected from light exposure inside the abdominal cavity. Indeed, studies 
with pigs by Bubenik et al. (2000) provided indication that a large amount of 
ME is secreted through the hepatic portal vein throughout the day and the 
night and that the secretion of GIT ME is regulated by alimentary process 
and not by photoperiod. Since plasma TRP in fish fed TRP supplemented 
feed is still elevated at night (see study IV), GIT could be expected to pro-
duce ME also at night. During darkness, pineal gland is not inhibited by light 
anymore and produces ME in addition to the GIT. Thus, plasma ME  at 
night would be expected to be higher than during the day in fish fed TRP 
supplemented feed. However, in these fish, the night levels of plasma ME is 
not higher than during the day. Yáñez and Meissl (1995) provided for the 
first time an indication that ME may regulate its own production in the pin-
eal organ of rainbow trout via feedback mechanisms. The results on Cor-
tunix quail (Preslock, 1976) suggest that the feedback inhibition of endoge-
nous ME could be mediated by regulation of AA-NAT and HI-OMT activi-
ties. These results suggest that a feedback mechanism prevents plasma ME 
to reach higher concentration at night, and the major source of ME is the 
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GIT also at night in fish fed TRP supplemented feed. In this case, it would 
be expected that plasma ME  would decrease after stress exposure also dur-
ing the night. However, this is not the case, ME  remaining elevated (study 
IV). Panza et al. (1991) found a circadian rhythm in basal vascular tone in 
human and an increased -sympathetic vasoconstrictor activity during the 
day suggesting a higher activity of the sympathetic noradrenergic vasocon-
strictor system during the day than during the night. Interestingly, the -
adrenergic system was less sensitive to the -adrenergic antagonist phento-
lamine during the night, the vasodilatator effect of phentolamine being 
greater during the days than during nights (Panza et al., 1991). These find-
ings suggest that sympathetic -adrenergic activity is down regulated at 
nighttime and that post-stress vasoconstriction of GIT blood circulation is 
reduced sufficiently to allow blood to continue flowing through the GIT and 
be supplied with ME. However, no data confirming the presence of a rhythm 
in vasculature resistance in fish are so far available. Another possibility is 
that the GIT responds to stress at night as much as during the day in rainbow 
trout, a stress-induced decrease of GIT-derived ME would lower the feed-
back mechanism on pineal gland and allow pineal gland to synthesis and 
secrete ME, thus keeping a high plasma ME levels during the night. 

Aggressive behaviour 
The results from the present studies confirm that rainbow trout is a highly 
aggressive fish. During each intruder test in study I and V, the resident fish 
performed aggressive acts against the smaller intruder and aggressive behav-
iour lasted for at least 30 minutes. 

The results of this thesis show that dietary supplementation with TRP 
suppresses aggressive behaviour in juvenile rainbow trout (study I, V). Fish 
fed TRP supplemented feed for 7 days displayed a significant reduction in 
the number of aggressive acts performed against the intruder (study I and V). 
Moreover, in study I, both levels of TRP supplementation had similar effects 
on aggressive behaviour. However, 3 days of feeding with TRP dietary did 
not have any effect on aggressive behaviour (study I) and feeding with TRP 
supplemented feed for 7 days resulted in a suppression of aggressive behav-
iour in only dominant fish (study V). Citalopram mimicked the effects of 
TRP dietary on aggressive behaviour, but the effects of citalopram on ag-
gressive behaviour were more pronounced than those of TRP, being evident 
in both dominant and subordinate trout (study V). By contrast, treatment 
with ME did not have any effects on aggression in either dominant or subor-
dinate fish. (these results and the possible role of circulating ME and the 
brain 5-HT system in mediating the effects of TRP supplemented feed on 
aggressive behaviour are discussed below). 
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Munro (1986) showed that intra-cranial injection of ME reduced aggres-
sive responsiveness in the cichlid, Aequidens pulcher. He also found that 
intra-cranial injections of 5-HT reduced aggressive behaviour in this species, 
but that this effect was inhibited if 5-HT was administrated together with S-
adenosylhomocysteine, a substance that inhibits the conversion of 5-HT to 
ME. In study V, fish fed TRP supplemented feed showed elevated plasma 
[ME], as well as fish receiving i.p. ME implants. However, only fish receiv-
ing TRP supplemented feed showed a suppression of aggressive behaviour. 
Thus, the anti-aggressive effect of TRP supplemented feed observed in rain-
bow trout is unlikely to be mediated by an elevation of plasma [ME]. In fact, 
the effects of ME on agonistic behaviour appear ambiguous and in addition 
to the inhibitory effects of ME discussed above, ME has also been reported 
to stimulate aggressive behaviour (Mc Kinney et al., 1974). These results 
taken together with our results suggest that the suppression of aggressive 
behaviour seen in fish fed elevated TRP dietary is mediated by other mecha-
nism than the elevation of plasma ME. 

TRP is the precursor of 5-HT and the central 5-HT system is believed to 
act inhibitory on aggressive behaviour in various vertebrates (e.g. Edwards 
and Kravitz, 1997; Larson and Summers, 2001), including teleost fish (Ad-
ams et al., 1996). Elevated dietary intake of TRP has been reported to sup-
press aggressive behaviour in feed-restricted male chickens (Gallus domesti-
cus) (Shea et al., 1990). The inhibitory effect of dietary TRP on aggressive 
behaviour in male chickens was dependent on dominance status, being more 
obvious in dominant birds (Shea et al., 1991), and appeared to be mediated 
by brain 5-HT (Shea Moore et al., 1994). Studies employing selective 5-HT 
reuptake inhibitors have demonstrated a reduction in aggressive behaviour 
due to increased 5-HT activity (Molina et al., 1987; White et al., 1991; San-
chez and Hyttel, 1994; Kavoussi et al., 1994; Fuller, 1996). Similarly, 5-HT 
receptor agonists have been reported to suppress aggressive responsiveness 
(Deckel and Fuqua, 1998) and sertraline, a SSRI, reverses dominance rela-
tionships in the lizard Anolis carolinensis (Larson and Summers, 2001). In 
study I, fish receiving TRP supplemented feed showed a suppression of ag-
gressive behaviour and at the same time elevated brain [5-HIAA]/[5-HT] 
ratios, suggesting that the effects of dietary TRP on aggression was mediated 
by a stimulation of brain 5-HT activity. 

Dietary supplementation of TRP for 7 days results in an inhibition of ag-
gressive behaviour in rainbow trout, whereas 3 days of TRP supplementation 
have no effects on aggressive behaviour (study I). In the same study, the 
lowest levels of supplementation (0.15%) had a very modest effect on brain 
5-HT activity but pronounced effects on aggressive behaviour. These results 
suggest that other mechanisms than a direct effect on 5-HT synthesis are 
involved. The effect of TRP on 5-HT synthesis and release could be ex-
pected to be rapid, but in study I, the effects of TRP on aggressive behaviour 
were not if the fish fed with TRP supplemented feed for 3 days. Similarly, 



38

the anti-depressive effect of SSRIs, such as fluoxetine (Prozac), is only evi-
dent after long-term treatment (Mongeau et al., 1997). In the mammalian 
brain, the 5-HT somatodendritic autoreceptors are of the 5-HT1A-receptor
type, a receptor type also identified in the salmonid brain (Winberg and Nils-
son, 1996). In study V, SSRI and elevated dietary TRP had similar effects on 
aggression. It is suggestive that the effect of dietary TRP on aggressive be-
haviour is mediated by a down-regulation of autoreceptor sensitivity, which 
in turn may result in an up-regulation of 5-HT neurotransmission, especially 
since brain TRP availability also is increased. 

5-HT is produced by a small number of cells in the raphe (a part of the re-
ticular nuclei of the brain stem) and the paraventricular organ of the hypo-
thalamus. The raphe nuclei has numerous projections to telencephalic, espe-
cially limbic regions like the hippocampus. Therefore, 5-HT has a wide in-
fluence on events controlled by limbic activity, including behaviour. Kreiss 
and Lucki (1995) found that long term SSRI treatment desensitised pre-
synaptic 5-HT autoreceptors located at nerve terminals in the hippocampus, 
and caused an increase in the baseline level of 5-HT in this region. Possibly, 
long-term effects of elevated dietary intake of TRP on stress responsiveness 
and aggression in rainbow trout is mediated by similar mechanisms, result-
ing in elevated 5-HT release in areas of the brain homologous to the mam-
malian hippocampus. 

HPI axis reactivity 
As expected, fish subjected to stress displayed elevated of plasma [cortisol]
as compared to undisturbed fish. Similarly, the resident-intruder test caused 
a small but significant elevation of plasma [cortisol]. The slight increase in 
plasma [cortisol] in aggression-tested fish seen in study I and V may reflect 
stress since the intruder represented a challenge to the resident fish. 

Brain [5-HIAA] and [5-HIAA]/[5-HT] ratios were also affected by stress 
and the resident intruder test. An elevation of brain [5-HIAA] and [5-
HIAA]/[5-HT] ratios in response to stress has been reported from various 
teleost species in response to different stressors (Winberg and Nilsson, 
1993). In mammals, 5-HT terminals make synaptic contact with corticotro-
pin-releasing hormone (CRF) immunoreactive neurons within the hypotha-
lamic paraventricular nucleus (Liposits et al., 1987), and treatment with 5-
HT precursors, like TRP or 5-HTP, as well as 5-HT receptor agonists have 
been reported to stimulate HPA axis activity, elevating plasma levels of glu-
cocorticoids (Chaouloff, 1993). In study II and III, non-stressed fish fed TRP 
feed for 7 days showed higher basal plasma [cortisol] as compared to non-
stressed fish fed control feed. In fish, the 5-HT system is also believed to 
stimulate the HPI axis (Winberg and Lepage, 1988). Thus, the post-stress 
elevation of [cortisol] and the elevation of basal plasma [cortisol] in non-
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stressed fish fed TRP supplemented feed observed in study II could well 
have been mediated by a stimulation of the brain 5-HT system. 

However, the stress-induced elevation of plasma [cortisol] was lower in 
fish fed TRP feed for 7 days, and stressed fish fed TRP feed for 7 days dis-
played lower [cortisol] than stressed fish fed control feed. Interestingly, 
stress did not result in any significant elevation of plasma [cortisol] after 
feeding with feed with the highest level of TRP supplementation (8X) for 7 
days (study II, III, IV). Moreover, brain 5-HT activity tended to be elevated 
with increasing TRP feed levels (study II). In study III, plasma [ACTH] cor-
related with plasma [cortisol] and the effects of stress and elevated dietary 
intake of TRP on plasma [ACTH] closely mirrors the effects on plasma [cor-
tisol]. Interestingly, stress did not result in significant elevation of plasma 
[ACTH] after feeding with feed with the highest TRP level (8X) for 7 days. 
This suggests that the effect of elevated dietary intake of TRP on plasma 
[cortisol] is mediated through effects on the HPI axis at a level upstream of 
the interrenal tissue. The observation that supplementary dietary TRP at-
tenuated the stress-induced elevation of plasma [cortisol] and [ACTH] may 
seem contradicting with the stimulatory role of the 5-HT system on the HPI 
axis. One explanation for this effect could of course be elevated negative 
feedback as a result of increased basal plasma [cortisol], as indicated by 
elevated plasma [cortisol] in non-stressed fish receiving TRP supplemented 
feed. However, even though significant, the elevation of plasma [cortisol] in 
non-stressed fish fed TRP supplemented feed was small, making us believe 
that other mechanisms are also involved in mediating the effects of TRP on 
stress responsiveness. Moreover, in study III, feeding the fish TRP supple-
mented feed resulted in elevated basal plasma [cortisol] only after 3 days, 
whereas the effect on post stress plasma [cortisol] were observed first after 
feeding the fish this feed for 7 days, at a time when basal plasma [cortisol] 
were not elevated. This observation argues against the suggestion that re-
duced post-stress plasma [cortisol] in fish fed TRP supplemented feed is an 
effect of elevated negative feedback of cortisol. 

Höglund et al. (2002) demonstrated that, if administrated during relatively 
stress free conditions (drug administrated through a permanent i.p. catheter), 
the selective 5-HT1A agonist 8-OH-DPAT generates an elevation of plasma 
[cortisol] in juvenile Artic charr. However, 8-OH-DPAT has an inhibitory 
effect on HPI axis activity if administrated to stressed fish, an effect that was 
most pronounced at low doses of 8-OH-DPAT. Moreover, ACTH followed 
the same general pattern as cortisol in both unstressed and stressed fish, fur-
ther suggesting that 8-OH-DPAT could act with either stimulatory and in-
hibitory effects on HPI axis activity, depending on the state of the fish. Frey 
and Moberg (1981) demonstrated that the infusion of 5-HT into the lateral 
ventricle of non-anaesthetised ewes decreased cortisol secretion that result 
from restraint stress. Implant of 5-HT in the hypothalamus of unstressed cats 
(Kreiger and Kreiger, 1970) and guinea pigs (Naumenkov, 1968) stimulates 
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the release of ACTH. Thus, it appears that the inhibitory effect of 5-HT may 
be most obvious under stressful condition. During non-stressful conditions, 
the facilitory effect of 5-HT on CRF release may predominate. Welch et al. 
(1995) reported that 8-OH-DPAT injected intracerebroventricularly at low 
doses resulted in a decrease in plasma corticosterone concentrations in con-
scious rats. Moreover, it appears that the inhibitory effect of 8-OH-DPAT on 
stress-induced elevation of plasma [ACTH] and [cortisol] is most pro-
nounced at low doses. This could be an effect of higher affinity of pre-
synaptic 5-HT1A receptors for 8-OH-DPAT. 

Thus, the role of the brain 5-HT system in the control of the HPI axis is 
not clear. Brain serotonergic pathways are important in coping with stress in 
mammals, not only initiating the adrenocortical stress response but also ter-
minating this response (Markus et al., 2000b). In mammals, 5-HT pathways 
terminating in the hypothalamic paraventricular nucleus stimulate HPA axis 
activity whereas those terminating in the hippocampus acts inhibitory on the 
HPA axis (Jacobsen and Sapolsky, 1991; Deakin, 1991; Deakin and Graeff 
1991; Maes and Meltzer, 1995; Summers et al., 1998; Markus et al., 2000b). 
Markus et al. (2000b) found that a carbohydrate-rich, protein-poor (CR/PP) 
food diminished depressive mood and the cortisol response to controllable as 
well as uncontrollable laboratory stress in human subjects with high stress 
proneness. Under the assumption that the central 5-HT system is involved, 
Markus et al. (2000b) hypothesised that the effect of CR/PP food on the 
stress-induced cortisol response in stress prone subjects is mediated by a 
stimulation of the 5-HT pathway connecting the raphe nucleus to the hippo-
campus. According to Northcutt and Davis (1983), the dorsal and ventral 
part of the dorsal area of the teleostean telencephalon is a putative homo-
logue of the mammalian hippocampus. Notably, in study II, following 7 days 
of TRP supplementation a significant correlation between [TRP] and [5-
HIAA]/[5-HT] ratios were observed only in the telencephalon of stressed 
fish. Thus, the serotonergic activity in the brain region corresponding to the 
hippocampus of mammals may be responsible for the inhibitory effect on the 
HPI axis seen in stressed rainbow trout. This effect may be enhanced by the 
higher basal plasma cortisol observed in fish fed TRP supplemented feed. de 
Kloet et al. (1982) showed that hippocampal 5-HT turnover was decreased 
by adrenalectomy and reversed by corticosterone. This effect is believed to 
be mediated by a corticosterone stimulation of midbrain TPH activity (Az-
mitia et al., 1970). 

Similarly, corticosterone and ACTH have been reported to increase cere-
bral 5-HT formation (Millard and Gal, 1971, Millard et al., 1972). Corticos-
terone stimulation of TPH activity and 5-HT synthesis has also been cor-
roborated by similar finding in response to various types of stress (Azmitia 
and Mc-Ewen, 1969, 1974). Corticosterone has also been demonstrated to 
rapidly stimulate the release of 5-HT in the hippocampus of Anolis carolin-
ensis (Summers et al., 2003). The role of the hippocampus is still poorly 
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understood in mammals and almost not studied in fish but the increased 5-
HT activity in fish brain regions corresponding to hippocampus of mammals 
may hypothetically inhibit the HPI axis in rainbow trout. 

In study III, the effects of TRP on post-stress plasma [cortisol] were 
manifested first after feeding the fish TRP supplemented feed for 7 days but 
not after 3 days. Similarly, in study I, the effects of elevated dietary TRP on 
aggression in rainbow trout were also observed after feeding the fish TRP 
supplemented feed for 7 days, but not after feeding the fish this feed for 3 
days. Interestingly, the time-course of the anti-depressive effects of SSRI, is 
similar, the anti-depressive effects of these drugs occurring only after long-
term treatment (Mongeau et al., 1997). The effects of SSRI and TRP aggres-
sion are similar (study V). In addition, the effects of SSRI and TRP on stress 
response seem to be similar (study V). Fish fed control feed showed elevated 
plasma [cortisol] after being tested for aggression but this elevation was not 
seen in fish fed TRP supplemented feed nor in fish given citalopram. Thus, 
SSRI attenuates stress response in a similar way as TRP dietary. As seen 
with elevated dietary intake of TRP, short-term treatment with SSRI acti-
vates the HPA axis, whereas long-term treatment has the opposite effect, 
desensitising the HPA axis in rats (Jensen et al. 1999). An effect on the den-
sities and transduction mechanisms of post- and/or pre-synaptic 5-HT recep-
tors, resulting in a delayed elevation of 5-HT post-synaptic effects in certain 
brain regions, has been suggested as a mechanism involved mediating the 
effects of long-term SSRI treatment (Mongeau et al. 1997; Nutt et al. 1999). 
The effects of SSRI and elevated TRP dietary on HPI axis could be mediated 
by similar mechanisms. 

5-HT may also suppress HPI axis activity by inhibiting central NE activ-
ity (reviewed by Huether, 1996). Descending CRF-containing fibres project 
to the noradrenergic cell groups and seem to cause a moderate activation of 
the noradrenergic firing. The noradrenergic cell groups are also activated by 
various stressful stimuli during which the noradrenergic efferents back to the 
amygdala provoke further release of CRF. Under stress, this positive feed-
back loop escalates the release of both NE and CRF (reviewed by Hueter, 
1996). The 5-HT system seems to counterbalance this loop, especially the 
reinforcing effect of NE appear to be counterbalanced by the 5-HT system 
(Aston-Jones et al., 1991; Engberg, 1992). 

The central NE system has been suggested to act stimulatory on HPI axis 
activity in teleost fish (Øverli et al., 1999; Höglund et al., 2000). Conse-
quently, by elevating brain 5-HT activity, increased dietary intake of TRP 
may suppress the stress-related activation of the brain NE system, and by 
that inhibit the stressed-induced activation of the HPI axis. However, fish fed 
TRP supplemented feed for 7 days showed significantly higher [MHPG] in 
the optic tectum than fish fed control feed or TRP supplemented feed for 3 
or 28 days. If anything, this would argue against the hypothesis that the ef-
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fects of elevated dietary intake of TRP on stress responsiveness is a result of 
a 5-HT mediated inhibition of brain NE activity. 

In mammals, ME has been showed to counteract the stress-indicated ele-
vation of [cortisol] (Konakchieva et al., 1997; Xu et al., 1995; Rao et al., 
2001). However, Hajak et al. (1997) pointed that closer the experiment is to 
physiological condition less are the effects of ME on glucocorticoids found. 
In rainbow trout, exogenous ME did not have any effect on plasma cortisol 
(study V), suggesting, in this species, no coupling between HPI axis and 
ME.

Conclusions 
The results from this thesis show that elevated dietary TRP suppresses ag-
gressive behaviour and HPI axis reactivity in juvenile rainbow trout. In addi-
tion, TRP dietary results in a pronounced increase of daytime levels of 
plasma ME. This increase is most likely mediated by an elevation of ME 
synthesis and secretion by the GIT. However, the effects of elevated dietary 
TRP on aggressive behaviour and HPI axis reactivity does not appear to be 
mediated by this TRP induced increase in plasma [ME]. The effects of ele-
vated dietary TRP on aggressive behaviour and HPI axis reactivity were 
closely mimicked by SSRI treatment suggesting that the effects of dietary 
TRP on aggressive behaviour and stress responsiveness are mediated by the 
brain 5-HT system. Moreover, the time courses of the effects of elevated 
dietary TRP on aggressive behaviour and post-stress plasma [cortisol] sug-
gest that other mechanisms other that a direct effect of 5-HT synthesis and 
release are involved. Instead effects on 5-HT receptor densities and receptor 
mechanisms resulting in a delayed elevation of 5-HT activity are more likely 
to be involved. 
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Svensk sammanfattning 

Konkurrens om foder och andra begränsade resurser leder ofta till utbil-
dandet av starka dominanshierarkier. Detta är särskilt tydligt hos laxfiskar, 
arter som är av stort ekonomisk intresse för akvakulturnäringen. Fiskar med 
en låg social position (subordinata fiskar) i hierarkien utsätts för en kraftig 
stress och uppvisar ofta förhöjda stresshormonnivåer i blodplasman. I od-
lingsmiljön kan de subordinata fiskarna inte fly och undkomma fiskar av 
högre rang. Detta leder ofta till en extrem stress, något som i sin tur re-
sulterar i en allmän beteendeinhibering, vilket  bl a yttrar sig i minskad aptit 
eller t o m total anorexi. Förutom heterogen tillväxt leder den stress de sub-
ordinata fiskarna utsätts för ofta till störningar av osmoregleringen och 
försämrat immunförsvar, vilket i sin tur ökar risken för sjukdomsutbrott. 

Den monoaminerga transmittosubstansen serotonin (5-hydroxytryptamin, 
5-HT) tycks verka hämmande på aggressivt beteende hos de flesta 
ryggradsdjur. Hos däggdjur begränsas 5-HT syntesen i hjärnan av till-
gängligheten av aminosyran tryptofan (TRP). Detta kommer sig av att det 
hastighetsbestämmande enzymet, tryptofanhydroxylas, inte är mättat med 
substratet TRP in vivo. Hjärnan tar upp TRP från cirkulationen via en trans-
portör som förutom TRP också transporterar flera andra stora neutrala ami-
nosyror (tyrosin, fenylalanin, leucin, isoleucin, och valin) från blodet till 
hjärnan. Detta medför att hjärnans upptag av TRP och därmed synteshas-
tigheten av 5-HT påverkas av plasmakoncentrationen av TRP. Hastigheten 
hos hjärnans 5-HT syntes kan alltså påskyndas antingen genom att öka 
födans TRP innehåll eller genom att minska mängden av andra konkur-
rerande aminosyror i födan. Kunskaper om hur 5-HT syntesen i fiskhjärnan 
regleras och vilken utsträckning den påverkas av födans aminosyrasammans-
tättning var tidigare mycket begränsad. 

Genom att utfodra rengbågar med TRP-berikat foder har vi visat att den 
den serotonerga aktiviteten i hjärna stimuleras och fiskens aggressiva be-
teende hämmas. 5-HT är också involverat i regleringen av flera andra bete-
enden och fysiologiska mekanismer. Vi har t ex funnit att TRP-berikat foder 
också hämmar den endokrina stressresponsen. TRP-berikat foder minskar 
kortisol (stresshormon) koncentrationen blodet efter stress exponering. Vi 
fann att TRP berikat-foder hämmar fiskens aggressiva beteende och stressre-
sponsen men först efter 7 dagar. Utfodring med TRP-berikat foder resulterar 
också i förhöjda plasmakoncentrationer av hormonet melatonin (ME). ME är 
ett viktigt hormon för synkroniseringen av biologiska dygnsrytmen med 
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dag/natt cykeln. Dessutom, vissar studier att ME kan verka hämmande på 
aggressivt beteende. Vi lyckades dock visa att effekten av TRP på aggressivt 
beteende och stressresponsen inte medieras av ME utan troligen av hjärnans 
syntesen av 5-HT.  

Våra resultat kan komma att få tillampning inom akvakulturindustrin. 
Något som begränsar den praktiska användbarheten av ett TRP-berikat fisk-
foder är kostnaden. Mängden TRP och utfodningsstrategien måste därför 
optimeras. Detta kräver ytterligare forskning. 
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