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Summary

Juvenile rainbow trout Oncorhynchus mykisswere fish, an effect seen at both levels of-tryptophan
isolated in individual compartments in observation supplementation. Fish fed L-tryptophan-supplemented
aquaria and allowed to acclimate for 1 week, during which feed showed elevated plasma and brain levels af-
they were fed commercial trout feed. Thereafter, the fish tryptophan. The amino acidL-tryptophan is the precursor
were tested for aggressive behaviour using a resident/ of serotonin, and supplementary dietary. -tryptophan was
intruder test. Following this first resident/intruder test, the  found to elevate levels of 5-hydroxyindoleacetic acid (5-
feed was exchanged for an experimental wet feed HIAA) and the 5-HIAA/serotonin concentration ratio in
supplemented with 0.15% or 1.5%L-tryptophan (by wet  the brain. Neither feed intake nor plasma cortisol level
mass). Controls received the same feed but without-  was significantly affected by dietary -tryptophan. Central
tryptophan supplementation. The fish were fed to satiety serotonin is believed to have an inhibitory effect on
daily, and their individual feed intake was recorded. aggressive behaviour, and it is suggested that the
Aggressive behaviour was quantified again after 3 and 7 suppressive effect of dietaryL-tryptophan on aggressive
days of L-tryptophan feeding using the resident/intruder  behaviour is mediated by an elevation of brain
test. Feeding the fish -tryptophan-supplemented feed for  serotonergic activity.

3 days had no effect on aggressive behaviour, whereas
feeding the fish L-tryptophan-supplemented feed for 7 Key words: serotonin, brain, behaviour, fish, feed, stress,
days significantly suppressed aggressive behaviour in the Salmonidae@ncorhynchus mykiss

Introduction

The organisation and function of the brain serotonergisubordinate animals (Winberg et al., 1993a,b; Winberg and
system seem to be highly conserved across the vertebratédsson, 1993; @verli et al., 1998).
subphylum (Parent et al., 1984). Serotonin (5- The amino acid-tryptophan (TRP) is the precursor of 5-
hydroxytryptamine, 5-HT) has been reported to inhibitHT, and the first and rate-limiting step in the biosynthesis of
aggressive behaviour in various vertebrates, ranging fro-HT is the hydroxylation of TRP to 5-hydroxytryptophan, a
teleost fish to primates (Adams et al., 1996; Edwards ancbaction catalysed by the enzyme tryptophanhydroxylase
Kravitz, 1997; Larson and Summers, 2001). Socia(TPH) (for a review, see Boadle-Biber, 1993). In mammals,
subordination, as well as other stressors including exposure tiois enzyme is not saturated by its substrate TR#Avo. In
predators (Winberg and Nilsson, 1993), often results in a rapigddition, TPH does not appear to be subjected to any inhibition
activation of brain 5-HT neurotransmission, as indicated byy 5-HT, the end product of the reaction pathway.
increased brain concentrations of 5-hydroxyindoleacetic aci@onsequently, an elevation of brain TRP levels results in an
(5-HIAA, the major 5-HT metabolite) and/or elevated ratios ofincrease in the rate of 5-HT synthesis.
5-HIAA to 5-HT concentration in the brain (Winberg et al., Further, it appears that brain TRP levels are remarkably
1992a; Blanchard et al., 1993; Fontenot et al., 1995; Summesensitive to the supply of the amino acid from the circulation
and Greenberg, 1995; Matter et al.,, 1998). It has beefrernstrom and Wurtman, 1972). The major factor regulating
suggested that stress-induced activation of the brain 5-HTRP uptake into the mammalian brain is a transport carrier
system mediates behavioural inhibition, e.g. the suppression laicated at the blood-brain barrier, a carrier that transports
aggressive behaviour, inhibition of food intake and lowerechot only TRP but also several other large neutral amino
spontaneous locomotor activity frequently observed in sociallgcids (LNAAS), including tyrosine, phenylalanine, leucine,
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isoleucine and valine, into the brain (Fernstrom and Wurtman, The energy, water content and concentration of free TRP
1972). determined by analysis are presented in Table 1. The water

Our understanding of the control of brain 5-HT synthesis ircontent of the experimental feed was approximately 15 times
teleost fish and in other non-mammalian vertebrates is stilligher than that of the commercial trout feed pellets. The free
limited. However, it has been suggested that the rate of brafRP concentrations, expressed as free [TRP] per gram of dry
5-HT synthesis may also be restricted by TRP availability ifeed, were similar in the commercial trout feed and the control
fish (Johnston et al., 1990; Aldegunde et al., 1998, 2000)vet feed. Moreover, the energy contents, given as the
Aldegunde et al. (1998) reported that, as in mammals, ealorimetric heat of combustion in the dry feed, of the
stereospecific and saturable carrier, also transporting tyrosimemmercial trout feed and the experimental wet feeds were
and possibly other LNAAs, mediates TRP uptake into the braisimilar.
of rainbow trout.

In mammals, it seems that the 5-HT released by nerve Fish
activity is the newly synthesised fraction, whereas a large Experimental fish were juvenile (2-year-old) rainbow trout
fraction of the intraneuronal 5-HT pool appears to beOncorhynchus mykis§Walbaum), weighing 184.5+41.1¢g
metabolised to 5-HIAA without being released (Lookinglandand 94.6+13.9 g (meanssi.) in experiments 1 (1.5% TRP)
et al.,, 1986). This observation has raised the question aihd 2 (0.15% TRP), respectively. Prior to the experiment,
whether TRP administration results in an increase in ththe fish had been kept indoors in a 3 holding tank at a
functional release of 5-HT or whether it results only in andensity of approximately 0.02 kgl for more than than 1
elevation of the rate of intraneuronal 5-HT metabolismmonth. The light/dark regime was continuously and
However, a number of studies, usiimgvivo microdialysis, automatically adjusted to conditions at latitude 51°N.
have now shown that exogenous TRP not only elevates the raMhen in the holding tank, fish were hand-fed with
of 5-HT synthesis but also the rate of 5-HT release in rats (farommercial trout pellets (Ewos ST40) at 1-2 % of their body
a review, see Boadle-Biber, 1993). To our knowledge, thermass per day.
are no studies on the effects of exogenous TRP on 5-HT release
in teleost fish. The resident/intruder test

TRP-supplemented feed has been reported to inhibit The level of aggression of individual fish was determined by
aggressive behaviour in chickens (Shea et al., 1990). In thetroducing a small conspecific (approximately 50% of the
present study, we report the effects of dietary supplementabdy mass of the resident fish) into the compartment of an
TRP on brain serotonergic activity and aggressive behaviousolated experimental fish. The behaviour of such pairs was
in isolated juvenile rainbow trout. Specifically, it wasrecorded on video for 1h, after which the intruder was
hypothesised that increased dietary TRP intake wouldemoved. Each intruder was used only once. From video
stimulate brain serotonergic activity and suppress aggressivecordings, the latency to first attack and the number of
behaviour in these fish. aggressive acts performed by the resident fish during six

consecutive 5min periods, starting from the time of the first

. attack, were recorded.
Materials and methods

Experimental feed Experimental protocol

Experimental wet feed was prepared from 1kg fillets of During the acclimation period, the fish were fed commercial
Baltic herring and 1 kg of shrimp. Grounded herring fillets androut pellets (Ewos ST40) once a day to satiety. The feed
shrimp were mixed with 11 of water and 100g of gelatineintake of individual fish was quantified by counting the
(Kebo Lab, Sweden) and split into portions (Table 1). Two ohumber of pellets consumed. Following 1 week of
these portions were supplemented with TRP at 1.5 aacclimation, the fish were subjected to a resident/intruder test
15.0gkglfeed. The feed was stored-&10 °C. (as described above), after which the feed was exchanged for

Tabel 1.The amount of-tryptophan added, the total concentration of freeyptophan and the water and energy content of one
commercial trout feed and three experimental wet feeds

TRP added Free TRP Water content Energy content
Feed (gkgtwet feed) (mg gtdryfeed) (%) (MJ gldryfeed)
Ewos ST40 0.22 5.2 23.35
Control 0.22 82.0 22.42
0.15% TRP 15 8.38 80.2 24.00
1.5% TRP 15.0 74.30 814 22.64

TRP,L-tryptophan.
See Materials and methods for more details.
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experimental feed with or without (control) supplemental Statistical analyses

TRP. Two levels of TRP supplementation were used, 1.5% All data are presented as means + standard error of the mean
and 0.15% TRP (mass/wet mass). The fish were fegsem.) unless stated otherwise. The data on aggression and
experimental feed by hand once a day, and the amount of fegflack latency in intruder tests were analysed together using
consumed by individual fish was quantified by weighing they repeated-measures multivariate analysis of varaince
feed container before and after feeding. The resident/intrudgmANOVA) with experiment and treatment as class variables
test was repeated twice, after receiving TRP supplementggeatment nested within experiment). Similarly data on plasma
feed for 3 and 7 days. Following the final resident/intruder tegtrRP] and [cortisol] and on brain [TRP] and [5-HT] and the
(after being fed TRP-supplemented feed for 7 days), the figg-HIAA]/[5-HT] ratio from the two experiments were
were killed, and blood samples and brain tissues wergnalysed together using a MANOVA with experiment,
collected. Blood samples and brain tissue were also collectggatment (treatment nested within experiment) and aggression
from fish that had been held visually isolated and fed TRPest (tested or not tested, effect of aggression test nested within
supplemented (1.5 or 0.15%) or control feed for 7 days buteatment and experiment) as class variables. Contrast analysis
not subjected to any resident/intruder test (non-tested fishjas used to examimmst-hoddifferences between aggression-
The experiments were performed in two successive roundgsted fish fed 1.5% TRP and aggression-tested controls in
using TRP supplementation of 1.5% (experiment 1) angéxperiment 1, and between aggression-tested fish fed 0.15 %
0.15% (experiment 2). Separate controls were included MRP and controls in experiment 2. In additigmst-hoc

each experiment. differences between the two separate control groups were also
o ) examined using contrast analysis. To fulfil the assumption of
Blood and brain tissue sampling normal distribution, all data were log-transformed prior to

Following the final resident/intruder test, the fishstatistical analyses. All statistical analyses were performed
were anaesthetised (500m§! ethyl-m-aminobenzoate using SAS statistical software.
methanesulphonate), and blood (approximately 1ml) was
collected from the caudal vasculature using a syringe pre-
treated with heparin. Blood samples were rapidly transferred Results
to Eppendorf tubes and were centrifuged at @0 10 min Aggressive behaviour
at 4°C. Following centrifugation, the blood plasma was There was a significant interaction between time and
separated, divided into samples, frozen on dry ice and storécatment (MANOVA, treatment nested within experiment,
at-80 °C. Following blood sampling, the fish were killed by F4,86=3.99,P=0.005), and feeding the fish TRP-supplemented
decapitation, and the brain was rapidly removed (withirfeed for 7 days had a significant effect on the number of
2min) and divided into telencephalon (excluding theaggressive acts recorded in the intruder test (treatment nested
olfactory bulbs), hypothalamus (excluding the pituitarywithin experimentfF247=5.17,P=0.0097), TRP-supplemented
gland) and brain stem (including the medulla and part of thésh performing fewer aggressive acts against the intruder
spinal cord but excluding the optic tectum and cerebellumYhan controls (Fig. 1A,B). Moreover, fish receiving TRP-
Each brain part was wrapped in aluminium foil, frozen insupplemented feed showed significantly lower levels of

liquid nitrogen and stored &80 °C. aggression on day 7 than on day O (treatment nested within
experimentf2,445.57,P=0.007) and day 3 (treatment nested
Assays within experimentf2,44=5.78,P=0.0059). Thus, both levels of

The frozen brain samples were homogenised in 4% (W/N)RP supplementation had similar effects on aggressive
ice-cold perchloric acid (PCA) containing 0.2% EDTA andbehaviour, and the contrast analysis showed that, following 7
40ngmtl epinine (deoxyepinephrine, the internal standardpays of TRP supplementation, fish receiving 0.15% TRP
using a Potter—Elvehjem homogenizer (brain stem) or a(P=0.0370) and fish receiving 1.5% TRP=0.0213) differed
MSE 100W ultrasonic disintegrator (telencephalon andsignificantly from their respective controls (Fig. 1A,B).
hypothalamus). Prior to switching to experimental feed (test 1, day 0),

Brain [5-HT] and [5-HIAA] were quantified using controls and TRP-supplemented fish did not differ in the
high-performance liquid chromatography (HPLC) with number of aggressive acts performed against the intruder
electrochemical detection, as described by @verli et al. (1999)Fig. 1A,B). Moreover, 3 days of TRP supplementation (test
Plasma, brain and feed [TRP] were analysed using the sardg had no significant effect on the number of aggressive acts
HPLC system but with the oxidizing potential set at 600 mV.performed against the intruder (Fig. 1A,B).

Cortisol analysis was performed directly on rainbow There was no significant difference between the two
trout plasma, without extraction, using a validatedexperiments in the number of aggressive acts performed
radioimmunoassay modified from Olsen et al. (1992) asgainst the intruder on day 0, day 3 or day 7.
described by Winberg and Lepage (1998). Attack latency was not significantly affected by feeding the

The energy content of the experimental wet feed wafish supplementary TRP, and there was no significant
quantified using a bomb calorimeter (Leco, AC 100, Lecdlifferences between treatment groups on day 0, day 3 or day
Corp., Michigan, USA). 7 (Fig. 2A,B). There was a non-significant trend towards a time
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Day 7

Day O Day 3 30min resident/intruder tests performed before (day 0) and 3 and 7
days after feeding the fish with an experimental wet feed
supplemented with (A) 1.5% (experiment 1) or (B) 0.15%
(experiment 2).-tryptophan (TRP). In both experiments, the control

fish were fed the same experimental wet feed but without

Fig. 1. The number of aggressive acts performed during repeatt
30min resident/intruder tests by isolated juvenile rainbow trou
before (day 0) and after 3 and 7 days of receiving an experiment
wet feed supplemented with (A) 1.5% (experiment 1) or (B) 0.15%
(experiment 2) -tryptophan (TRP). In both experiments, the control
fish were fed experimental wet feed without supplementar
tryptophan. Values are means.&m. (N=12 in all groups). P<0.05

(repeated-measures MANOVA followed by contrast analysis, se. o )
text for further details). effect on plasma [TRP] (treatment nested within experiment,

F2,44145.48,P<0.0001), whereas subjecting the fish to the
resident/intruder test did not have any significant effect on
effect F2,4=3.01,P=0.060) on attack latency, attack latency plasma [TRP] (Fig. 4). There was also a significant difference
tending to be reduced in repeated tests, but no interaction plasma [TRP] between the two experimems4=97.91,
between time and experiment or between time and treatmer?<0.0001). Contrast analysis showed that fish fed feed
supplemented with 1.5% TRP displayed a significantly
Feed intake elevated plasma [TRP] compared with contrdb=(.001,
During acclimation to the experimental aquaria, feed intak&ig. 4). Similarly, fish feed the 0.15% TRP feed also showed
gradually increased to reach a high constant level after 4 dags significantly higher plasma [TRP] than controls
(Fig. 3). When switching to experimental feed, control feed agP=0.0082), but there was no significant difference in plasma
well as feed supplemented with 0.15 or 1.5% TRP, feed intad RP] between the two different control groups=0.2774;
temporarily decreased, but it increased rapidly again to readtig. 4).
the level observed for commercial trout feed at the end of the There were no significant effects of feeding the fish TRP-
acclimation period (Fig. 3). There was no difference in feedupplemented feed on plasma [cortisol], and there was no
intake between fish receiving control feed and feedignificant difference in plasma [cortisol] between the two

supplemented with 0.15 or 1.5% TRP (Fig. 3). experiments. However, plasma [cortisol] was significantly
. affected by the resident/intruder test (effect of resident/intruder
Blood plasma [TRP] and [cortisol] test nested within treatment and experimefi,443.07,

Feeding the fish TRP-supplemented feed had a significaR=0.0281; Fig. 5).
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trout after being transferred to observation aquaria. On day 7 0.104
commercial trout feed was exchanged for an experimental wet 0'02_
supplemented with 1.5% (experiment 1) or 0.15% (experiment : ’
tryptophan (TRP). In both experiments, the control fish were fed 0.01-
same experimental wet feed but without supplementary tryptop

Feed intake was not registered on day 6. Values are mezns £+ 0

. . . 0.15-1
Fig. 3. Feed intake, determined as the amount of feed (dry n
consumed per kilogram of body mass, of isolated juvenile rainl

Fig. 4. The amount af-tryptophan (TRP) in the blood plasma, brain
Brain [TRP], [5-HT] and [5-HIAA] and brain [5-HIAA]/[5- stem (BS), hypothalamus (Hyp) and telencephalon (Tel) of isolated
HT] ratios juvenile rainbow trout fed an experimental wet feed supplemented

Feeding the fish TRP-supplemented feed (treatment nestWith 1.5% (experiment 1) or 0.15% (experimentL2yyptophan
W|th|n experlment) had S'gn'ﬂcant effeCtS on [TRP] |n the(TRP) for 7 days. In both eXperlmentS, the control fish were fed the

same experimental wet feed but without supplementary tryptophan.
tilencith(l)onP<F(\()26140:0Ai5'47’ dP<bO'QOOJ')i th poth3ag|)a8n;us Intruder-tested fish were subjected to resident/intruder tests (see text
(F2.4471.10, : )_ a_n ral_n stem 1'4‘_': e for details). Values are meanss#.m. (intruder-testedN=10-12;
P<0.0001), whereas subjecting the fish to the resident/intrudy o, tested N=6-12). **P<0.001, *P<0.01 (repeated-measures

test (effect of resident/intruder test nested within treatment aryANOVA followed by contrast analysis, see text for further details).
experiment) had no significant effect on [TRP] in any of thes:

brain parts (Fig. 4). The contrast analysis revealed that TR

concentrations in the telencephal®x@.0001), hypothalamus significant P=0.0045) difference in brain stem [TRP] between
(P<0.0001) and brain sten?€0.0001) of fish receiving 1.5% the two control groups, whereas telencephd0(1290) and
TRP-supplemented feed were significantly elevated compardypothalamic P=0.5208) [TRP] did not differ significantly
with controls (Fig. 4). However, in fish receiving feed between the controls used in the two experiments (Fig. 4).
supplemented with 0.15% TRP, the difference in [TRP] There were no significant effects of dietary TRP
compared with controls did not reach the level of statisticatupplementation on [5-HT] (treatment nested within
significance in the telencephaloR=0.8618), hypothalamus experiment) in the telencephalon, hypothalamus or brain stem
(P=0.1905) or brain stemP§E0.4216) (Fig. 4). There were (Table 2). Subjecting the fish to the resident/intruder test
significant differences between the two experiments in [TRP{effect of resident/intruder test nested within treatment
in the telencephalonF(,44=27.90,P<0.0001), hypothalamus and experiment) did not affect [5-HT] in these brain parts
(F1,4485.12, P<0.0001) and brain stemF{44=129.48, either (Table 2). However, there was a significant difference
P<0.0001), and the contrast analysis showed that there wadatween the two experiments in [5-HT] in the telencephalon
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Table 2.The concentration of 5-HT and 5-HIAA in the brain stem, hypothalamus and telencephalon of isolated juvenile rainbow
trout fed an experimental wet feed supplemented with 1.5% (experiment 1) or 0.15% (expetrgptdhhan for 7 days and
subjected (tested) or not (non-tested) to resident/intruder tests

Brain stem Hypothalamus Telencephalon
[5-HT]  [5-HIAA] [5-HT]  [5-HIAA] [5-HT] [5-HIAA]
Group Resident/intruder test (ngy  (ngg?d (ngg™? (ngg™? (nggd) (ngg?d
Control Non-tested 229+16 45+3 3062+264 336175  1018+120 315+34
Experiment 1 Tested 228+14 38+2 32831202 272423 106646 288122
Supplemented with 1.5% TRP Non-tested 262+25 703 3092+172 725198 1049184  364+19
Experiment 1 Tested 28317 64+3 3173170 534455 116+37  331+19
Control Non-tested 243+18 61+3 21674122 101424 894119 193+9
Experiment 2 Tested 307+24 7516 20124229 112422 918+122 236118
Supplemented with 0.15% TRP Non-tested 212+25 60+7 2488+143 132116 923+99  208+25
Experiment 2 Tested 302+19 7814 2058+263 167+33 712+102 250+45

5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acid; TRRryptophan.
Values are meansse.M. (N=6-12).

See text for more details and statistical analyses.

Values are presented as ng@get mass.

(F1,447.82, P=0.0082) and hypothalamusFi(44=25.18, effects (treatment nested within experiment) on [5-HIAA]/[5-
P<0.0001), but not in the brain steffd; (44=0.01,P=0.9145).  HT] ratios in the hypothalamu$447=16.92,P<0.0001) and
According to the contrast analysis, hypothalamic [5-HT] inbrain stem K2 47~=7.51, P=0.0015), whereas there was no
controls was significantly higher in experiment 1 than insignificant effect on telencephalic [5-HIAA]/[5-HT] ratio (Fig.
experiment 2R=0.0004), but no such difference was detected). Subjecting the fish to the resident/intruder test also had
in telencephalic [5-HT] (Table 2). significant effects (effect of resident/intruder test nested within

There were significant effects of feeding the fish TRPireatment and experiment) on hypothalamis 4=2.79,
supplemented feed (treatment nested within experiment) on [2=0.0371) and telencephalicF4{47=2.67, P=0.0436) [5-
HIAA] in the hypothalamusK?2,444.84,P=0.0136) and brain HIAA]/[5-HT] ratios, whereas [5-HIAA]/[5-HT] ratios in the
stem £2,44=8.03, P=0.0013), but not in the telencephalon brain stem E447=1.44,P=0.2370) were not affected (Fig. 6).
(F2,44=0.49, P=0.6137) (Table 2). The resident/intruder testFurthermore, there was a significant difference between
(effect of resident/intruder test nested within treatment anthe two experiments in [5-HIAA)/[5-HT] ratios in the
experiment) had significant effects on brain stem [5-HIAA]hypothalamus K147=59.13, P<0.0001) and brain stem
(F4,442.97,P=0.0318), but not on telencephalies(z4=1.14,

P=0.3519) or hypothalamid=§,440.69,P=0.6009) [5-HIAA]

(Table 2). There were significant differences between . Non-tested control E Non-tested 1.5% TRP
two experiments in [5-HIAA] in all these brain part Intruder-tested control |]]]] Non-tested 0.15% TRP
(e, Foacl8t, 200007 ol N oo e s e 56
with fish in experiment 2 (effects of 0.15% TRP) genera

showing a higher brain [5-HIAA] than fish in experiment 12, Experiment1 20- Experiment 2
(effects of 1.5% TRP) (Table 2). The contrast analysis shov 4~ 10 -~

that brain stem 5-HIAA concentrations were significani € € 15. [
higher in fish fed 1.5% TRP than in contro=0.0006), £ 81 =) I
whereas there was no significant difference in brain stem = 61 — 101 %
HIAA] between fish fed 0.15% TRP and contrd?=(.9961). g 41 § 5 ] /
Furthermore, hypothalamic 5-HIAA concentrations we S 21 3 /
significantly higher in fish fed 0.15% TRP than in contrc ~ 0| & < 0-—‘1"‘7"'r /

(P=0.0190), and a trend towards higher hypothalamic [5_. o : . .

HIAA] compared with controls was also observed in fish fecFIg' 5. Pl_asma levels of cortisol in isolated _juvenlle ralnbOV\_/ trout fed
0 - . o an experimental wet feed supplemented with 1.5 % (experiment 1) or

1.5% TRP P=0.0628). Brain stem [5-HIAA1 was significantly g 150, (experiment 2)-tryptophan (TRP) for 7 days. In both

lower (P<0.001), whereas hypothalamic [5-HIAA] was experiments, the control fish were fed the same experimental wet

significantly higher®<0.001), in aggression-tested controls infeed but without supplementary tryptophan. Intruder-tested fish were

experiment 1 than in experiment 2 (Table 2). subjected to resident/intruder tests (see text for details). Values are

Feeding the fish TRP-supplemented feed had significaimeans 4s.e.m. (intruder-testedN=10-12; non-testedy=6-12).
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Discussion
Non-tested control Non-tested 1.5% TRP . . .
. E ° The results of this study show that dietary supplementation
[_] intruder-tested control [T} Non-tested 0.15% TRP with TRP suppresses aggressive behaviour in juvenile rainbow

N Intruder-tested 1.5% TRP 77 \ntruder-tested 0.15% TRP trout. The amino acid TRP is the precursor of 5-HT, and
! = supplementary dietary TRP elevated [5-HIAA] and [5-

HIAA]/[5-HT] ratios in the brain. Plasma and brain [TRP]
0.40 Experiment 1 were drastically elevated in fish receiving the highest level

fish differing in size. However, since separate control groups
were included in each of the two experiment in the present
Fig. 6. The [5-hydroxyindoleacetic acid]/[serotonin] ([5-HIAA]/[5- study, and a nested design was used in statistical analysis,
HT]) ratios in the brain stem (BS), hypothalamus (Hyp) andexperimental effects should not affect any of the conclusions
telencephalon (Tel) of isolated juvenile rainbow trout fed angrgwn from the data generated in the present experiment.
experimental v_vet feed supplemented with 1.5% (experiment 1) of The central 5-HT system is believed to have an inhibitory
0.15% (experiment 2)-tryptophan (TRP) for 7 days. In both gttt on aggressive behaviour in a variety of vertebrates
experiments, the control fish were fed the same experimental w dwards and Kravitz, 1997; Larson and Summers, 2001),

i . Intruder-tested fish . . . . .
feed but without supplementary tryptophan. Intruder-tested fis Werltrécludlng teleost fish (Adams et al., 1996). Dietary intake of

subjected to resident/intruder tests (see text for details). Values a . i
means +seM. (intruder-tested,N=10-12; non-testedN=6-12). TRP, the amino acid precursor of 5-HT, has been reported to
#x P<0,001, P<0.05 (repeated-measures MANOVA followed by Suppress aggressive behaviour in feed-restricted male chickens
contrast analysis, see text for further details). (Gallus domestiCL)s(Shea et aI., 1990). The inhibitory effect

of dietary TRP on aggressive behaviour in male chickens was

dependent on dominance status, being more obvious in
(F1,47=12.33,P=0.0010), but not in the telencephalon. Fishdominant birds (Shea et al., 1991), and appeared to be mediated
in experiment 1 (effects of 1.5% TRP) showed highety brain 5-HT (Shea Moore et al., 1994).
hypothalamic but lower brain stem [5-HIAAJ/[5-HT] ratios  Notably, feeding the fish TRP-supplemented feed for 3 days
than fish in experiment 2 (effects of 0.15% TRP) (Fig. 6). Thdad no effect on aggressive behaviour, whereas feeding the fish
contrast, the analysis revealed that, among fish subjected to thRP-supplemented feed for 7 days suppressed aggressive
resident/intruder test, fish receiving 1.5% TRP showedbehaviour in the fish, an effect seen at both levels of TRP
significantly higher hypothalamid®€0.0001) and brain stem supplementation. The effect of elevated dietary TRP intake on
(P=0.0134) [5-HIAA]/[5-HT] ratios than controls. There were 5-HT synthesis and release could be expected to be very rapid.
also significant differences in brain stem [5-HIAA]/[5-HT] Thus, the fact that the effect of TRP on aggressive behaviour
ratios @=0.0002) between aggression-tested controls imvas first manifest after feeding the fish TRP-supplemented
experiments 1 and 2, whereas the contrast analysis did neied for 1 week suggests that other mechanisms may be
reveal any significant differenc®<£0.1082) in hypothalamic involved. Similarly, the anti-depressive effect of specific 5-HT
[5-HIAAJ/[5-HT] ratios between the two control groups re-uptake inhibitors (SSRIs), such as fluoxetine (Prozac), is
(Fig. 6). evident only after long-term treatment (Mongeau et al., 1997).

of TRP supplementation. The lower level of TRP
— supplementation had more modest effects on plasma and brain
':T 0-307 [TRP], and only the elevation in plasma [TRP] reached the
£, * level of statistical significance. Similarly, there were only
5 0.20- falat relatively small effects of the low TRP dose on brain [5-
T HIAA]/[5-HT] ratios, and only hypothalamic [5-HIAA]/[5-
b, 0104 HT] ratios were significantly elevated. Still, both the high and
= the low dose of TRP had very similar effects on aggressive
behaviour.
0- N There was no difference between the two experiments in the
BS Hyp number of aggressive acts performed or on attack latency in
0.50- Experiment 2 intruder tests. However, there were differences between the
: two experiments in plasma [TRP], as well as in [TRP], [5-HT]
0.40 and [5-HIAA] and in [5-HIAA]/[5-HT] ratios in certain brain
E areas. This variation between the two experiments may reflect
b, 0.30- growth and developmental changes in the fish; the fish in
? experiment 2 (0.15% TRP) were twice as large as the fish in
< 0.20 experiment 1 (1.5% TRP). Winberg et al. (1992b) reported
ﬁ similar experimental effects in a study on the effects of stress
~— 0.10 and starvation on brain serotonergic activity in Arctic charr, a
study that was performed in three experimental rounds, with
0 BS Hyp

Tel
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A compensatory response at pre- and/or postsynaptic receptarsall but significant elevation of plasma [cortisol] compared
as a result of prolonged 5-HT transporter blockade is generallyith non-tested fish, a pattern observed in both controls and
suggested as the mechanism involved in the therapeutic actioRRP-supplemented fish. In no case did we observe the intruder
of SSRIs. For instance, long-term treatment with SSRIs iperforming any aggressive behaviour against the resident fish.
believed to result in a desensitisation of somatodendriti&till, the slight increase in plasma [cortisol] of aggression-
autoreceptors, in turn causing an upregulation of 5-HTested fish may reflect stress since the intruder represented a
neurotransmission (Mongeau et al., 1997). challenge to the resident fish, even if it did not show any
In the mammalian brain, the 5-HT somatodendriticaggressive behaviour. Brain [5-HIAA] and [5-HIAA]/[5-HT]
autoreceptors are of the 5-IhFreceptor type, a type also ratios were also affected by the resident/intruder test, but
identified in the salmonid brain (Winberg and Nilsson, 1996)there was no clear pattern across different brain areas or
The delay in onset of the suppressive effect of TRP oexperimental groups. An elevation in brain [5-HIAA] and [5-
aggressive behaviour observed here could suggest alteredHFBAA]/[5-HT] ratios is a stress response that has been reported
HT receptor mechanisms. It is suggested that the effect &br a variety of teleost species in response to different stressors
dietary TRP on aggressive behaviour could be mediated by(#inberg and Nilsson, 1993).
downregulation of autoreceptor sensitivity, which in turn could Fish receiving TRP-supplemented feed showed both
result in an upregulation of 5-HT neurotransmission, especiallguppression of aggressive behaviour and elevated brain [5-
since brain TRP availability is also increased. However, the laglAA]/[5-HT] ratios, suggesting that the effects of dietary
time for the effect TRP may also be related to the fact that long-RP on aggression were mediated by a stimulation of brain
and short-term brain 5-HT activation seem to have differentieb-HT activity. Nevertheless, the suppression of aggressive
effects on aggressive behaviour, only long-term activation dbehaviour induced by elevated dietary TRP may be mediated
the brain 5-HT system resulting in inhibition of aggressivethrough mechanisms other than the central 5-HT system. For
behaviour. Notably, in response to stressful agonistiinstance, a TRP-induced stimulation of 5-HT synthesis could
interactions, socially dominant animals show a rapid, but shorelevate rates of melatonin synthesis and secretion, since 5-HT
lived, elevation of 5-HT activity in certain brain areas withoutis the precursor of melatonin. Elevated plasma melatonin levels
any concomitant inhibition in aggressive behaviour (Summer®llowing TRP treatment have been reported in humans (Hajak
et al., 1998; Dverli et al., 1999). et al., 1991), rats (Yaga et al., 1993) and chickens (Heuther et
In mammals, central 5-HT is believed to have an inhibitoryal., 1992). Furthermore, the 5-HT-releasing drugs fenfluramine
effect on appetite and food intake (Samanin and Garattingnd methylenedioxymethamphetamine elevate plasma
1996), and intracerebroventricular injections of 5-HT havemelatonin levels in rats, suggesting that 5-HT availability may
been reported to inhibit feed intake in the goldfi€aréssius be a factor in melatonin production in rats (Huether et al.,
auratug. However, the inhibitory effect of 5-HT on feed intake 1993). A possible mechanism may be precursor load (with 5-
in goldfish appeared to be mediated by corticotropin releasingT) of the low, daytime levels of pineal-acetyltransferase
factor (CRF) (de Pedro et al., 1998). The brain 5-HT system igHuether et al., 1993).
also believed to have a stimulatory effect on the hypothalamic/ Thus, in addition to its effects on the 5-HT system,
pituitary/adrenal (HPA) axis in mammals (Chaouloff, 1993;increasing dietary TRP content may affect melatonin
Dinan, 1996) and on hypothalamic/pituitary/interrenal axigproduction in fish. Munro (1986) showed that intracranial
activity in rainbow trout (Winberg et al., 1997). Serotonininjection of melatonin reduced aggressive responsiveness in
appears to exert its stimulatory effects on the mammalian HPthe cichlidAequidens pulcheFurthermore, in the same study,
axis at the level of the hypothalamus, by stimulating CRFe also found that intracranial injections of 5-HT reduced
release (Dinan, 1996). However, in the present study, feediraggressive behaviour in this species, but that this effect was
the fish TRP-supplemented feed, which appeared to stimulaitghibited if 5-HT was administrated together witadenosyl
brain 5-HT activity, had no effect on either feed intake othomocysteine, a substance that inhibits the conversion of 5-HT
plasma [cortisol]. When the standard trout feed was exchangéal melatonin.
for experimental feed either with or without supplemental Dietary supplementation of TRP could be an interesting
TRP, the fish showed a transient decrease in intake. Thereaftaquaculture management strategy, especially during periodic
the fish rapidly increased their intake and, if calculated as thfeeding restrictions, which are frequently utilised to control the
amount of wet feed consumed, it greatly exceeded thalte of production of fish and to obtain fish of a certain size
observed when the fish were fed commercial trout pellets (datd predetermined time intervals. Feeding restrictions entail
not shown). However, if expressed as the amount of dry fegugher levels of competition for feed and may result in
consumed, feed intake reached the same level as obsendiglproportionate feed acquisition and heterogeneous growth
when feeding the fish commercial trout pellets. If calculated o@cCarthy et al., 1992; Jobling and Koskela, 1996; Damsgard
a dry mass basis, the energy contents of our experimental feetlal., 1997). In addition, the results of the present study show
and the commercial trout pellets used were similar, suggestintbat dietary TRP has effects that appear to be similar to those
that the fish were adjusting their food intake according to thef SSRIs, drugs commonly used to treat affective disorders in
energy content of the feed. humans. There are reports showing that diets rich in TRP or
Fish subjected to the resident/intruder stress displayed aarbohydrates elevate brain TRP availability by increasing the
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plasma concentration ratio of TRP to the sum of other LNAASernstrom, J. D. and Wurtman, R. J. (1972). Brain serotonin content:

and improve mood in vulnerable human subjects (Markus et regulation by plasma neutral amino aciisiencel78 414-416.
| 1999: Mark t al.. 2000 th hi th tudi Fontenot, M. B., Kaplan, J. R., Manuck, S. B., Arango, V. and Mann, J.
al., » Markus et al., )' even though In other studies 5 (1995). Long-term effects of chronic social stress on serotonergic indices

such evidence has been weak and inconsistent (Bellisle et al.in the prefrontal cortex of adult male cynomolgus macadgrein Res705,

1998). 105-108.
. ajak, G., Huether, G., Blanke, J., Blomer, M., Freyer, C., Poeggeler, B.,
In conclusion, the results from the present study show thg‘:Reimer, A., Rodenbeck, A., Schulz-Varszegi, M. and Riither, E1991).

supplemental dietary.-tryptophan suppresses aggressive The influence of intravenoustryptophan on plasma melatonin and sleep
behaviour in juvenile rainbow trout. This behavioural effect in men.Pharmacopsychiatrg4, 17-20.

L. . . . ._Heuther, G., Poeggeler, B., Adler, L. and Ruther, E(1993). Effects of
of TRP is “kely to be mediated by a stimulation of brain indirectly acting 5-HT receptor agonists on circulating melatonin levels in

serotonergic activity, but the slow time course of the effect rats.Eur. J. Pharmacol238, 249-254.
suggests that effects on 5-HT receptor mechanisms may beuther, G., Poeggeler, B., Reimer, A. and George, £1992). Effect of

. . . : tryptophan administration on circulating melatonin levels in chicks and rats:
involved. Furthermore, possible effects of TRP on circulating ¢jigence for stimulation of melatonin synthesis and release in the

melatonin levels cannot be excluded as the mechanism ofgastrointestinal tract.ife Sci.51, 945-953.
action. Decreasing aggressive behaviour in fish-rearing uniggbling, M. and Koskela, J.(1996). Interindividual variations in feeding and

L ; . . growth in rainbow trout during restricted feeding and in a subsequent period
by providing feed with increased dietary TRP could be a q compensatory growtti. Fish Biol 49, 6586-667.

promising aquaculture management strategy. Since plasmmhnston, W. L., Atkinson, J. L., Hilton, J. W. and Were, K. E.(1990).

and thereby brain, TRP levels are correlated with the amountEffect of dietary tryptophan on plasma and brain tryptophan, brain serotonin
f feed ingested. the effects of dietary TRP will be most and brain 5-hydroxyindoleacetic acid in rainbow trdutNutr. Biochemil,
0 g9 : y 49-54.

pronounced in dominant individuals, which consume thearson, E. and Summers, C. H(2001). Serotonin reverses dominant social
larger part of the feed offered and are also the most statusBehav. Brain Regin press).

. Lookingland, K. J., Shannon, N. J., Chapin, D. S. and Moore, K. £1986).
aggressive. TherEby’ the tendency to deVEIOp StrongExogenous tryptophan increases synthesis, storage and interneural

dominance hierarchies, resulting in stress, reduced diseaSenetabolism of 5-hydroxytryptamine in the rat hypothalarduleurochem.
resistance and highly variable growth rates, may be 47 205-212.
diminished Markus, C. R., Olivier, B., Panhuysen, G. E. M., van der Gugten, J., Alles,
iIminished. M. S., Tuiten, A., Westenberg, H. G. M., Fekkes, D., Koppeschaar, H.
F. and de Haan, E. H. F.(2000). The bovine protein-lactalbumin

This study was Supported by grants from the Swedish increases the plasma ratio of tryptophan to the other large neutral amino
acids and in vulnerable subjects raises brain serotonin activity, reduces

Council for For?Stry and AgriCUIturall Research, the Carl ool concentration and improves mood under strss.J. Clin. Nutr.
Trygger Foundation and Ewos International Ltd. The authors 71, 1536-1544.
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