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Summary
Arctic charr were allowed to interact in groups of three  MSH. Plasma levels of ACTH anda-MSH were both

for 5 days. Skin darkness was quantified by measuring the
mean brightness of individual fish before and after social
interaction. Brain levels of monoamines and monoamine
metabolites and plasma concentrations of cortisol,
adrenocorticotropic  hormone  (ACTH), N-acetyl{3-
endorphin and a-melanocyte-stimulating hormone @-
MSH) were analysed. The results show that social
subordination resulted in a significant skin darkening.
Furthermore, plasma concentrations ofa-MSH, ACTH
and cortisol were elevated in subordinates, and these fish
also displayed elevated levels of 5-hydroxyindoleacetic acid
(5-HIAA) in the telencephalon. The ratio of [5-HIAA] to
serotonin [5-HT] was increased in several brain areas. In

positively correlated with that of cortisol. Brain [5-
HIAA]/[5-HT] ratios were positively correlated with
circulating plasma levels of ACTH, and a similar positive
correlation was seen between [MHPG]/[NE] ratios in the
optic tectum and plasma levels of ACTH,a-MSH and
N-acetyl3-endorphin. In  contrast,  hypothalamic
[MHPGJ/[NE] ratios displayed a negative correlation with
plasma o-MSH concentrations. The present study
demonstrates that social stress induces skin darkening in
Arctic charr and that this effect could be mediated by a
stress-induced increase in the levels afi-MSH in the
circulation. Furthermore, the results suggest that 5-HT and
NE in the central nervous system could be factors

addition, the ratio of 3-methoxy-4-hydroxyphenylglycol
(MHPG) to norepinephrine (NE) concentrations was
significantly increased in the optic tectum of subordinate
fish. Skin darkness following social interaction showed a
significant positive correlation with plasma levels ofa-

regulating the pituitary release of ACTH and a-MSH.

Key words: salmonid, Arctic chargalvelinus alpinusmonoamine,
pro-opiomelanocortin-derived peptides, brain, skin darkening, social
signal.

Introduction

Animals often announce their fighting ability and aggressiveolour have never been quantified, and the neuroendocrine
state using a complex collection of cues, including visualmechanisms involved in socially induced colour changes in
auditory and olfactory stimuli as well as actual physicalffish are largely unknown.
contact. In fish, colour patterns often seem to play a rather In socially organised teleosts, as in many other vertebrates,
specific role in the control of agnostic behaviour (Huntingfordsubordinate individuals are subjected to chronic stress induced
and Turner, 1987). Social subordination has been reported lby a general lack of control as a result of aggressive acts from
be coupled to a darker body colour in several species dafidividuals of higher social rank (for a review, see Winberg
salmonid fish, e.g. rainbow trocorhynchus mykisébbot  and Nilsson, 1993). Sustained social stress leads to chronic
et al., 1985) and Atlantic salmo®dlmo salay O'Connor et  activation of the hypothalamic—pituitary—interrenal (HPI) axis
al., 1999). It has been suggested that the darker body coloratifihe teleost homologue of the mammalian hypothalamic—
of subordinates may act as an important social signal ipituitary—adrenal (HPA) axis], resulting in a sustained
salmonids and that darker body colour may reduce aggressiefevation of plasma cortisol levels (Winberg and Lepage,
from dominant individuals (Abbot et al., 1985; O’Connor et1998). Interestingly, the peptide adrenocorticotropic hormone
al., 1999). However, the effects of social interaction on skifACTH), which is considered to be the main factor for pituitary
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control of interrenal cortisol release, also has a dispersingehaviour, brain monoaminergic activity, plasma levels of
effect on chromatophores, causing skin darkening (Fujii anBOMC-related peptides (ACTHoa-MSH and N-acetyl{f3-
Oshima, 1986). The skin darkening effect of ACTH may beendorphin) and cortisol and skin colour were examined in
related to its structural similarity witha-melanocyte- juvenile Arctic charr.
stimulating hormonedo-MSH), another pituitary peptide well
known for inducing skin darkening (Fujii and Oshima, 1986).
Both ACTH and a-MSH are synthesised from the same
prohormone, pro-opiomelanocortin (POMC) (Hadley 1992). Animals
0-MSH is also able to stimulate interrenal cortisol release The fish were 2-year-old offspring of Arctic charr
(Balm et al., 1995). Furthermofg,endorphin, another peptide (Salvelinus alpinud..) caught in lake Hornavan, Lapland,
originating from POMC, appears to act in synergism with Sweden, and weighed 83.7+13.7 g (measint, N=36). Fish
MSH, stimulating cortisol release in tilapi@reochromis  were kept indoors at the Evolutionary Biology Centre, Uppsala
mossambicys(Balm et al., 1995). Some, but apparently notUniversity, at a density of 300fish# in a grey-coloured
all, stressors generate a general rise in plasma AGIWSH holding tank continuously supplied with Uppsala tap water
andp-endorphin levels (Sumpter, 1997). Winberg and Lepagé8—10°C, 1.5Iminl) for more than 1 year before the
(1998) reported that the expression of POMC mRNA wagxperiments. The light/dark regime was continuously and
elevated in the pituitary of subordinate rainbow trout,automatically adjusted to conditions at a latitude of 51°N. The
suggesting elevated synthesis and possibly release of POMIfsh were hand-fed with commercial trout pellets (Ewos ST40,
derived peptides. However, the effect of social stress on th&stra-Ewos Sweden) at 1-2 % of their body mass per day.
actual pituitary release of POMC-derived peptides in teleost
fish is still unknown. Behavioural observations

It has been suggested that the central monoaminergic Behavioural observations were made in six glass aquaria
systems take part in the regulation of the release of the POMCE000 mnx300 mmx500 mm) continuously supplied with
derived peptides from the pituitary. Several studies have shovaerated water. The bottoms of the aquaria were white, and light
that serotonin (5-hydroxytryptamine, 5-HT) has a stimulatorywas provided by two fluorescent tubes (20W, warm white)
effect on ACTH release in mammals (Dinan, 1996). Treatmenlaced 250 mm above the water surface. Each aquarium was
with  8-hydroxy-2N-propylamino-tetralin (8-OH-DPAT), a divided into three 331 chambers by removable black plastic
specific 5-HTa agonist, stimulates cortisol release inwalls. Fish were tagged using small clips in the caudal fin and
cannulated rainbow trout in a dose-dependent manneisolated in individual chambers within the observation aquaria.
suggesting a further stimulatory action of 5-HT on the teleodn this way, the fish were kept visually isolated for 3 weeks
HPI axis (Winberg et al., 1997). Furthermore, it has beebefore the experiment in an attempt to reduce the effects of
suggested that 5-HT acts as arMSH-releasing factor in previous tank colour and social experience. After the isolation
lower vertebrates (Olivereau et al., 1980). In addition, sociallperiod, groups consisting of three fish (within-group mass
subordinate fish usually display pronounced behaviouraleviation <5%) were formed by gently removing the plastic
inhibition, i.e. suppressed aggression, feeding and locomotiomalls that had kept them separated. Experimental fish were
effects that are probably mediated in part by the central 5-H@llowed to interact for 5 days. Nine fish were kept visually
system (Winberg and Nilsson, 1993; @verli et al., 1998).  isolated throughout the experiment and served as controls.

The brain catecholamines dopamine (DA) and Aggressive acts performed and received by individual fish
norepinephrine (NE) are known to have inhibitory effects orwere counted during two daily observation sessions of 5min
the release ai-MSH from the pituitary (Bentley, 1998). There each, at 10:00 and 16:00 h. Three types of aggressive acts were
are also some studies indicating that the brain DA systempunted: attack, charge and bite. The first observation was
facilitates intraspecific aggressive behaviour (Winberg angerformed 30 min after placing the fish in groups and the last
Nilsson, 1993). It has been shown that treatment with 3,4en day 4, the day before terminating the experiment. The fish
dihydroxyphenylalanineL(DOPA), the immediate precursor were ranked as 1 (dominant), 2 and 3 from the number of
of DA, increased the likelihood of a juvenile Arctic charr aggressive acts performed and received, using a dominance
(Salvelinus alpinusbecoming dominant over a size-matchedmatrix (Martin and Bateson, 1986).
conspecific in staged fights (Winberg and Nilsson, 1992). In Since the number of observation aquaria was limited, the
the weakly electric fispteronotus leptorhynchui has been experiment was performed in two consecutive rounds, the
demonstrated that the central NE system is involved in intessecond following immediately after the first. The first round
male aggression (Maler and Ellis, 1987). Many studies haveonsisted of three controls and five groups of socially
measured a relationship between behaviour and brainteracting fish, and the second round of six controls and four
monoaminergic activity. However, socially induced effects orgroups of socially interacting fish.
behaviour and central monoaminergic activity have never been
related to plasma levels of POMC-related peptides and skin Skin pigmentation measurements
colour. Skin pigmentation, quantified as the darkness of the skin,

In the present study, the effects of social interaction omwas measured by placing the fish in a plastic box with a

Materials and methods



Socially induced skin darkening in chafr713

transparent cover. The box was filled with foam rubber, whictBedford, MA, USA) with two electrodes at oxidising potentials
immobilised the fish against the transparent cover. The fishf +320mV and +450mV. A conditioning electrode with a
were filmed with a video camera through the plastic covepotential of +40mV was employed before the analytical
under constant light conditions. Thereafter, the film wa®lectrodes to oxidise any contaminants. The mobile phase
analysed using an image-analysis program (Scion Image, baseshsisted of 75mmot} sodium phosphate, 0.7 mmo}l

on NIH image for Macintosh modified for windows, by Wayneoctane sulphonic acid and il EDTA in deionized
Rasband, NIH, Betheseda, MD, USA). Skin darkness wagesistance 18.2 K1) water containing 10 % methanol brought
measured on a linear black/white scale on which 0 correspontts pH 3.1 with phosphoric acid. Samples were quantified by
to white and 255 to black. A grey scale with 11 standardomparison with standard solutions of known concentrations
measurement points ranging from 0 to 250 with a step valugnd corrected for recovery of the internal standard using HPLC
of 25 was attached to the transparent cover and used feoftware (CSW, DataApex Ltd, the Czech Republic).
calibration between measurements. The time taken for the As a result of the presence of interfering unidentified peaks
pigment-measuring procedure, from netting to the completiom the chromatogram, we were unable to quantify DOPAC in
of measurements, was approximately 40s. Skin pigmentaticghe telencephalon and optic tectum. For the same reason, we
measurements were performed 24 h prior to and immediatelyere also unable to quantify MHPG in the telencephalon.
after 5 days of social interaction. On these two occasions, skin Blood samples were assayed for cortisol, ACTHVSH
pigmentation measurements were also performed on isolatathd N-acetylf3-endorphin. Cortisol analysis was performed

controls (time 1 and time 2 controls, respectively). directly on Arctic charr plasma without extraction using a
o _ validated radioimmunoassay (RIA) modified from Olsen et al.
Blood and brain tissue sampling (1992), as described by Winberg and Lepage (1998). Plasma

Following the final measurement of skin pigmentation, theconcentrations of ACTH were determined by RIA, as
fish was anaesthetised (500 mglethyl-m-aminobenzoate described by Balm and Pottinger (1993) and Balm et al. (1994).
methanesulphonate) and blood (approximately 1ml) waa-MSH and N-acetylf3-endorphin concentrations in the
collected from the caudal vasculature using a syringplasma samples were quantified by validated RIAs following
pretreated with 1.5mg of EDTA. Blood samples were rapidiythe method of Balm et al. (1995).
transferred to Eppendorf tubes containing aprotinin (Sigma,

A1153, 3000i.u. mftblood) and were centrifuged at 15§for Statistical analyses

10min at 4 °C. Following centrifugation, the blood plasma was All data are presented as means * standard error of the mean
separated, divided into samples, frozen on dry ice and stor¢sle.m.). Plasma concentrations afMSH, ACTH, N-acetyl-
at-80°C. The time from first disturbance (netting of the firstB-endorphin and cortisol, brain levels of monoamines and
fish in the group) to obtaining a blood sample from the last fismonoamine metabolites and ratios of monoamine metabolite
(fish 3) in the group was less than 3 min in all cases. Followintp parent monoamine concentrations (i.e. [5-HIAA]/[5-HT],
blood sampling, the fish was killed by decapitation, and thEDOPAC]/[DA] and [MHPG]/[NE]) were subjected to
brain was rapidly removed (within 2min) and divided intomultiple analysis of variance (MANOVA) with social rank as
telencephalon (excluding olfactory bulbs), hypothalamudhe dependent factor. In the case of the skin colour data, a
(excluding the pituitary gland), optic tectum, cerebellum andepeated-measures MANOVA was performed. If significant
brain stem (including the medulla and part of the spinal cordgffects were indicated by variance analysis, the Tukey honest
Each brain part was wrapped in aluminium foil, frozen in liquidsignificant ~ difference  (HSD) test for unequaN

nitrogen and stored aB0 °C. (Spjotvoll/Stoline test) was used to investigate differences
between fish of different social rank and differences between
Assays interacting fish and controls.

The frozen brain samples were homogenised in 4% (w/v) To investigate the relationships between [5-HIAA]/[5-HT],
ice-cold perchloric acid (PCA) containing 0.2% EDTA and[DOPAC]/[DA] and [MHPGJ/[NE] in different brain parts
40ngmt?! epinine (deoxyepinephrine, the internal standard)(telencephalon, hypothalamus, optic tectum and brain stem)
using a Potter—Elvehjem homogenizer (optic lobes, cerebelluand plasma levels oft-MSH, ACTH and N-acetyl$3-
and brain stem) or an MSE 100W ultrasonic disintegratoendorphin, linear regression analysis was performed. In
(telencephalon and hypothalamus). addition, stepwise multiple regression analyses were

5-HT, 5-HIAA, DA, 3,4-dihydroxyphenylacetic acid performed to investigate correlations between plasma
(DOPAC, a major DA metabolite), NE and 3-methoxy-4-concentrations of POMC-derived peptidesMSH, ACTH
hydroxyphenylglycol (MHPG, a major NE metabolite) wereandN-acetylf3-endorphin), circulating cortisol levels and skin
qguantified using high-performance liquid chromatographydarkness following social interaction. To fulfil the assumption
(HPLC) with electrochemical detection. The HPLC systemof normal distribution, data on plasma concentrations of ACTH
consisted of a solvent-delivery system (CostaMetric Il, LDCand cortisol were log-transformed, whereas the [5-HIAA/5-
USA), an autoinjector (Midas, Spark, Holland), a reverseHT], [DOPAC/DA] and [MHPG/NE] ratios were subjected to
phase column (4.6 mei00 mm, Hichrom, C18, 3jim) kept  arcsine transformation. All statistical analyses were performed
at 40°C and an ESA 5200 Coulochem Il EC detector (ESAJsing Statistica 5.1 (StatSoft Inc.) software.
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Fig. 1. Skin darkness of Arctic charr occupying different positions ing 300 T =
a dominance hierarchy, social rank 1 being the dominant and soci@ 200 | —L 2 9 500 I
rank 3 the most subordinate fish in a group. Measurements wers g"
performed on a linear grey scale, on which 0 is white and 255 i, 100 =
black, before and after 5 days of social interaction. Controls are fish 0 = 0

that were kept visually isolated. Values are meang.m. from nine

fish of social rank 1, four fish of social rank 2 and 14 fish of socia ; |
rank 3 (see Materials and methods for details). An asterisk indicat’°rmone (ACTH) (B)a-melanocyte-stimulating hormona-MSH)

a significant difference from visually isolated controls at time 2, andC) andN-acetyl-endorphin (D) in Arctic charr occupying different

a double dagger indicates a significant difference between timesPOSitions in a dominance hierarchy developed over 5 days, social
and 2. *P<0.01; $+$<0.001. rank 1 being the dominant and social rank 3 the most subordinate

fish in a group. Controls are fish that were kept visually isolated.
Values are meansste.Mm. from nine fish of social rank 1, four fish of
Results social rank 2, 14 fish of social rank 3 and nine controls. An asterisk
Behaviour indicates a significant difference from visually isolated controls, and
a double dagger indicates a significant difference between social
ranks. £<0.05, **P<0.01, **P<0.001.

Fig. 2. Plasma concentrations of cortisol (A), adrenocorticotropic

In four out of nine groups, the fish could be ranked into thre
categories (social rank 1, 2 or 3) on the basis of the number
aggressive acts performed and received by individual grou
members. Dominant fish (social rank 1) were highlysocial rank 3 were significantly darker than controls
aggressive, performing 31.0+5.9 aggressive acts per 10 m{i?=0.048).

(mean xs.e.M., N=9), and usually moved directly above the

bottom, close to the centre of the aquarium, often biting andEffects of social rank on plasma levels of cortisol, ACIH,
nipping subordinate fish (social ranks 2 and 3). Fish of social MSH andN-acetyl{-endorphin

rank 2 were clearly less aggressive, performing 7.2+2.2 Plasma levels of cortisolF§3:=6.82, P=0.0012), ACTH
aggressive acts per 10 min (meaaemM., N=4) and were less (Fz.3:=4.77,P=0.0076) anda-MSH (F3.30=6.82, P=0.0012)
active than dominant fish, but moved fairly freely in thewere all significantly affected by social interaction
aquarium. Fish of social rank 3, in contrast, stayed inactivé~ig. 2A—C). In general, the effects on plasma concentrations
close to the surface, often close to the walls or in a corner of cortisol, ACTH anda-MSH followed the same pattern as
the aquarium, and were never observed to perform arpat of skin darkness, with fish of social rank 3 showing the
aggressive acts. In five of the groups, the dominant fishighest levels. In fish of social rank 3, plasma levels of cortisol
performed all the aggressive acts observed, and in these grops0.0029), ACTH P=0.045) andx-MSH (P=0.011) were all

both subordinates were classified as social rank 3. significantly elevated compared with controls. Moreover, in
_ . fish of social rank 3, the plasma levels of cortigeQ.023)
Effects of social rank on skin darkness and ACTH P=0.029) was also significantly higher than those

The level of skin darkness of isolated controls, and of fistof dominant fish (Fig. 2A,B). However, social interaction had
of different social status before and after 5 days of socialo significant effects on plasma concentrationil-aicetyl{3-
interaction, is presented in Fig. 1. There were no significargndorphin (Fig. 2D).
differences in skin colour between the groups before social
interaction  F33:=1.93, P=0.145, repeated-measures Effects of social rank on brain monoaminergic activity
MANOVA). However, social interaction had a significant As expected, social interaction had significant effects on
effect on skin colourKs 3=6.23,P=0.0019) and resulted in brain [5-HIAA]/[5-HT] ratios (Fig. 3A—C). Specifically,

a significant skin darkening in fish of social rank 3significant effects of social interaction on [5-HIAA]/[5-HT]
(P=0.0009). Moreover, following, social interaction, fish of ratios were observed in the telecephaloRs3(=5.35,
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Table 1.Effects of social rank on the concentrations of monoamines and monoamine metabolites, and the ratios of
concentrations of monoamine metabolite to parent monoamine neurotransmitter, in Arctic charr

[DA] [DOPAC] [NE] [MHPG] [5-HT] [5-HIAA] [DOPAC]/DA] [MHPG/NE] [5-HIAA]/[5-HT]

Rank (nggh)  (nggl)  (ngg)  (ngg?l)  (hgg?)  (ngg?) x1073 x1073 x1073
Cerebellum

1 498t14.4 ND 161@94.1 22319.1 ND ND - 140+0.015 -

2 448t18.4 ND 144@389  16254.3 ND ND - 11740.031 -

3 492+10.2 ND 164@138 533310 ND ND - 322+0.180 -

Control 55256.4 ND 150@109 21#10.6 ND ND - 153t0.015 -
Telencephalon

1 29139.6 ND 348a347 ND 655363.5 22819.7 - - 36725.9

2 272t52.6 ND 378a557 ND 645134  221#17.1 - - 37753.9

3 241247 ND 346@302 ND 67839.0 27&18.6* - - 408t15.0%**

Control 24842.3 ND 303a287 ND 61471.8 1584.93 - - 27%27.6
Optic tectum

1 109:12.2 ND 1053106 8.740.745 19@21.7 85.@¢10.1 - 8.7(t0.824 45228.6

2 116:15.2 ND 114%130 7.981.31 19616.3 82.65.31 - 6.94+0.736 4249.55

3 109+16.0 ND 115#177 12.4155 20&29.6 91.%#13.5 - 11.3:t0.813*  44%18.9

Control 10613.9 ND 109@118 8.421.55 18%24.3 63.27.02 - 7.60t0.966 36436.7
Brain stem

1 22#23.7 19.81.15 79@28.3 33.%#1.79 30%18.3 1028.58 93.312.7 43.%2.95 33320.9

2 228t23.3 20.41.86 827#94.2 35.63.76 29433.1 11414.0 92.45.30 43.%#3.78 39%35.2

3 199+11.6 18.50.79 74@25.8 34.@1.92 27#9.97 1026.09 96.36.46 45.82.19 38125.3**

Control 23@13.0 19.%#2.94 76326.5 29.226.5 28#13.9 76.@5.25 85.@9.36 39.89.36 26&18.0
Hypothalamus

1 248104 7.1%1.49 183@90.2 31879 184@237 19623.6 2.7%0.560 18#41.3 114125

2 161@691 3.252.16 142@624 26@125 145@603  15871.7 1.7%0.606 22#55.2 11418.0

3 222256 10.&3.77 164@209 26&45.0 152@214 24332.9 4.181.17 15%11.7 171#11.0**

Control 207@400 5.141.26 157@286 34%73.1 166@383 16540.7 2.5@0.366 26%36.5 10&17.8

Concentrations are ng¥praintissue.

Fish were occupying different positions in a dominance hierarchy developed over 5 days, social rank 1 being the domiciahtamd 3o
the most subordinate fish in a group. Controls are fish that were kept visually isolated.

Values are meanss.e.M. for nine controls, nine fish of social rank 1, four fish of social rank 2 and 14 fish of social rank 3.

Asterisks indicate a significant difference compared with contrBks0:05, **P<0.01, ***P<0.001.

ND, not detectable; DA, dopamine, DOPAC, 3,4-dihydroxyphenylacetic acid; NE, norepinephrine; MHPG, 3-methoxy-4-
hydroxyphenylglycol; 5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acid.

P=0.0044), brain stem F§3:=5,49, P=0.0038) and of NE, MHPG, DA or DOPAC, and [DOPAC]/[DA] ratios did
hypothalamus K3 3:=5.10, P=0.0055). Fish of social rank 3 not differ between socially interacting fish and controls or
displayed significantly elevated [5-HIAA]/[5-HT] ratios in the between fish of different social rank (Table 1).

telencephalon H=0.069), brain stem PE0.0011) and In the cerebellum, 5-HT, 5-HIAA and DOPAC
hypothalamusH=0.004) compared with controls (Fig. 3A—C). concentrations were below the level of detection, and no
Moreover, telencephalic 5-HIAA levels were significantly significant effects were observed on DA, NE or MHPG levels,
affected by social interactior-43:=7.70,P<0.0006), fish of nor on the [MHPG]/[NE] ratio (Table 1).

social rank 3 displaying significantly elevated telencephalic 5-

HIAA levels compared with controlsP£0.0006; Table 1). ~ Correlations between plasma concentrations of ACIH,
However, no effects were observed on 5-HT levels in any of MSH, N-acetyl3-endorphin and skin darkness
the brain areas analysed (Table 1). Skin darkness quantified following 5 days of social

The [MHPGJ/[NE] ratio in the optic tectum was also interaction showed a positive correlation with plasma
significantly affected by social interactionFs(2=4.74, concentrations ofi-MSH (Fig. 4). The multiple regression
P=0.00821), and in this part of the brain fish of social rank &nalysis indicated thati-MSH was the only POMC-
displayed significantly higher [MHPG]/[NE] ratios than derived peptide having a significant effect on skin
controls P=0.045) (Fig. 3D). darkness, explaining 25% of the variancE; 4:=6.62,

Social interaction had no significant effects on brain level$=0.004) (Table 2; Fig. 4).
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Table 2.Results of step-wise multiple linear regression analysis with plasma concentrations of cortisol and skin darkness as

dependent variables and plasma concentratiores RISH, N-

acetyl3-endorphin and ACTH as independent variables

Dependent variable Independent variable F d.f. Adjustedr? P B
log[cortisol] 22.24 2,31 0.56 0.00001

[a-MSH] 0.015 0.40

[N-acetyl3-endorphin] NS

log[ACTH] 0.0002 0.64
Skin darkness 6.62 2,31 0.25 0.00403

[a-MSH] 0.019 0.41

[N-acetyl3-endorphin] NS

log[ACTH] NS

The P values given in bold type stand for the total probability of the model, Btlvafues stand for the contribution of each independent

variable to the model.
NS, not significanta-MSH, a-melanocyte-stimulating hormone; AC

TH, adrenocorticotrophic hormone.

Correlations between plasma concentrations of ACAH,
MSH, N-acetyl3-endorphin and cortisol

monoaminergic activity (Winberg and Nilsson,

Social subordination is stressful and is known to affect brain
1993).

Again using a multiple regression analysis, we observed thAonoamine neurotransmitters, including both catecholamines
plasma levels of ACTH and-MSH both showed significant and 5-HT, also take part in the regulation of the pituitary
positive correlations with plasma cortisol concentrationgelease of ACTH and-MSH, peptides that have been reported
(Fig. 5A,B). Together, plasma levels of these two peptidet® cause skin darkening (Bentley, 1998).

explained 56 % of the variandéx(31=22.2,P<0.00001) (Table
2; Fig. 5A,B).

Correlations between brain [monoamine
metabolite]/[monoamine] ratios and plasma levels of ACTH,
a-MSH andN-acetyl{3-endorphin

Plasma concentration of ACTH was positively correlatec
with [5-HIAA]/[5-HT] in the telencephalonr€0.38,P=0.024),
hypothalamus rE0.39, P=0.020), optic tectum r€0.40,
P=0.021) and brain stenn=0.35,P=0.0036) (Table 3).

Positive correlations were also observed between brai
[MHPG]/[NE] ratios and plasma levels of POMC peptides
(Table 3). Specifically, [MHPG]/[NE] ratios in the optic
tectum showed significant positive correlations vathSH
(r=0.40, P=0.024),N-acetylf3-endorphin =0.57, P=0.0056)
and ACTH ¢=0.73, P=0.00002) concentrations (Fig. 6).
Furthermore, [MHPGJ/[NE] ratios in the brain stem displayed
a significant positive correlation with plasma levels of ACTH
(r=0.35, P=0.038). Hypothalamic [MHPG]/[NE], however,
showed a significant negative correlation with plasdSH
concentrationsré—0.37,P=0.036) (Fig. 7; Table 3).

In the present study, we used the ratio [metabolite]/[parent

monoamine] as an index of brain monoaminergic activity. This

[Icontrols [JRank1 M Rank2 MRank3
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However, no significant correlations were observed between

[DOPAC]/[DA] ratios in any of the brain parts analysed and
plasma levels of any POMC-derived peptides.

Discussion

The present study is the first to quantify socially inducec
effects on the skin colour in a teleost fish, the Arctic char
(Salmonidae). Our results show that social subordinatio
induces darkening of the skin in this species. Furthermore, sk
darkening appears to be mediated by factors that are al
involved in the neuroendocrine stress response.

Fig. 3. The [5-hydroxyindoleacetic acid]/[5-hydroxytryptamine]
([5-HIAA)/[5-HT]) ratios in the brain stem (A),
hypothalamus (B) and telencephalon (C) and the [3-methoxy-4-
hydroxyphenylglycol]/[norepinephrine] ((MHPG]/[NE]) ratio in the
optic tectum (D) of Arctic charr occupying different positions in a
dominance hierarchy developed over 5 days, social rank 1 being the
dominant and social rank 3 the most subordinate fish in a group.
Controls are fish that were kept visually isolated. Values are means +
s.eE.M. from nine fish of social rank 1, four fish of social rank 2, 14
fish of social rank 3 and nine controls. An asterisk indicates a
significant difference from visually isolated controlsP<9.05,
**P<0.01, **P<0.001.



Fig. 4. The relationship between plasma:
concentrations of  a-melanocyte-
stimulating hormone o-MSH) and skin
darkness of Arctic charr occupying
different positions in a dominance
hierarchy developed over 5 days, social
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is a more direct index of monoaminergic activity than brain Little is known about the role of the central NE system in the
levels of monoamine metabolitper se since variance related regulation of agonistic behaviour and stress reactions in teleost
to tissue sampling and differences related to total levels of thfesh. In mammals, stress is known to activate the brain NE
parent monoamine and its metabolite are reduced (Shannonsgstem (for a review, see Stanford, 1993), and some results
al., 1986). The subordinate fish showed a general elevation sfiggest that the central NE system could have a stimulatory
brain [5-HIAA])/[5-HT] ratios, which is in good accordance effect on agonistic behaviour in fish and lizards. For instance, in
with previous studies (Winberg and Nilsson, 1993). We wer¢he weakly electric fispteronotus leptorhynchustracranial

also able to quantify levels of the NE metabolite MHPG in thenjection of NE stimulates inter-male aggressive signalling
brain, and the results show that fish of social rank 3 displaygilaler and Ellis, 1987), and an elevation of brain [MHPG]/[NE]
an elevation of [MHPG]J/[NE] ratios in the optic tectum, ratios has been observed in lizards defending a territory (Matter
suggesting an increased NE activity in this part of the brain adt al., 1998). In addition, Mcintyre et al. (1979) reported that
subordinate fish. In general, the elevation of the [5-HIAA]/[5-dominant rainbow trout had lower NE concentrations in the
HT] and [MHPG]/[NE] ratios tended to be reflected by anbrain than subordinate conspecifics, a result that is difficult to
increase in 5-HIAA and MHPG concentrations, even thouglinterpret since brain levels of NE metabolites were not analysed.
only the effect on telencephalic 5-HIAA levels reached the The elevation of [MHPG]/[NE] ratios in the optic tectum of
level of statistical significance. subordinate fish (rank 3) observed in the present study is

Table 3.Linear regression analysis of relationships between [MHPG]/[NE] and [5-HIAA]/[5-HT] ratios in different brain areas
and plasma concentrations afMSH, N-acety|-endorphin and ACTH

Brain stem Hypothalamus

[MHPG/[NE] [5-HIAAJ/[5-HT]

Optic tectum

[MHPG)/NE] [5-HIAA)/[5-HT]

Telencephalon

[MHPGJ/[NE] [5-HIAAJ/[5-HT]

[MHPGJ/[NE] [5-HIAAJ/[SHT]

[o-MSH]
r -0.37 0.40 NS
P NS NS 0.036 NS 0.024 NS NS
[N-acetylf3-endorphin]
r NS NS NS
P NS NS NS NS 0.57
[ACTH]
r 0.35 0.35 NS 0.39 0.73 0.4 NS 0.39
P 0.038 0.0036 0.020 0.00002 0.021 0.024

Pearson- andP-values are given.

NS, not significant; DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; NE, norepinephrine; MHPG, 3-methoxy-4-
hydroxyphenylglycol; 5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acmkMSH, a-melanocyte-stimulating hormone; ACTH,
adrenocorticotropic hormone.
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Fig. 5. The relationships between plasma concentrations of < 4 1 ° LeeE
adrenocorticotropic hormone (ACTH) (pg™l and cortisol 8 °© ° _9_,_';'»]:"’& 0
(ngmiY) (A) and betweern-melanocyte-stimulating hormonei-( X 6-><'E‘|°x had
MSH) (pg mf1) and cortisol (ngmf) (B) in Arctic charr occupying EOES o
different positions in a dominance hierarchy developed over 5 days, 2 . . . .
social rank 1 being the dominant and social rank 3 the most 0.004 0.008 0.012 0.016 0.02

subordinate fish in a group. Controls are fish that were kept visually
isolated. To fulfil the assumption of normal distribution, plasma
concent.rations of ACTH and cortisol were jogransformed priorto  Fig. 6.  The relationships between and  [3-methoxy-4-
regression analysis. hydroxyphenylglycol)/[norepinephrine] ((MHPG]/[NE]) ratios in the
optic tectum and plasma concentrationdlefcetylf3-endorphin (A),
probably to be related to stress since these individuals were ra-melanocyte-stimulating  hormone a-MSH) ~ (B)  and
observed to perform any aggressive acts. Subordinate anim@drenocorticotropic hormone (ACTH) (C) in Arctic charr occupying
are subjected to chronic social stress, and fish of social rankdifférent positions in a dominance hierarchy developed over 5 days,
also displayed elevated brain [5-HIAAJ/[5-HT] ratios as well social rank 1 being the dominant and social rank 3 the most

. in ol trati f cortisol and AC_I_ls,ubordinate fish in a group. Controls are fish that were kept visually
as an increase In plasma concentrations of cortisol an isolated. To fulfil the assumption of normal distribution,

The fact that [MHPG]/[NE]_ ratios in the optic tectum ShOWe‘d[MHPG]/[NE] ratios were arcsine-transformed and ACTH values
a strong positive correlation with plasma levels of ACTH|og,qtransformed prior to regression analysis.

further supports the suggestion that the elevation ¢
[MHPG]/[NE] ratios seen in the optic tectum of subordinate
Arctic charr is related to stress. Moreover, @verli et al. (1999)vhich, in turn, activates pituitary corticotrophes (Chaouloff,
reported elevated brain [MHPG]/[NE] ratios and a positivel993; Dinan, 1996). In addition, there are results suggesting
correlation between brain [MHPG]/[NE] ratios and plasmathat 5-HT may stimulate ACTH release directly from the
cortisol levels in subordinate rainbow trout. mammalian pituitary (Dinan, 1996). However, in teleosts, it is
It has been suggested that the brain 5-HT system stimulataet clear whether the major 5-HT cell-body-containing nuclei
the HPI axis in salmonid fish (Winberg and Lepage, 1998pf the brain, the raphe nucleus and the paraventricular organ,
Winberg et al., 1997), a suggestion that is supported by th®oject to the pituitary (for a review, see Kah et al., 1993).
results of the present study, which imply a positive relationship The mechanism controlling the releasenefISH from the
between brain 5-HT activity and plasma levels of ACTH. Thepituitary pars intermedia is multifactorial and not fully
5-HT system of mammals stimulates the HPA axis activity byunderstood (Bentley, 1998). There is evidence to suggest that
inducing the release of corticotropin-releasing hormone (CRHituitary a-MSH is under inhibitory control by DA and NE

Optic tectum arcsinef MHPG]/[NE]
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hypothalamic [MHPG]/[NE] ratios and plasma concentrations
0 T T T T T J of a-MSH in combination with the higher [5-HIAA]/[5-HT]
0 01 02 03 04 0.5 06 ratio in the hypothalamus of subordinates could indicate an
Hypothalamis arcsinef MHPG]/[NE] antagonistic effect of NE and 5-HT on pituitag:MSH

Fig. 7. The relationship between hypothalamic [3-methoxy-4-release' The monof’;\mingrg?c control of pituitar_y release of
hydroxyphenylglycol)/[norepinephrine] ([MHPG]/[NE]) ratios and POMC—der'lved peptides in f|§h should be !nves_tlgate.d.further
plasma concentrations ai-melanocyte-stimulating hormonea-( by measuring the actual pituitary monoaminergic activity and
MSH) (pgmt?l) in Arctic charr occupying different positions in a the pituitary content and release of POMC-derived peptides.
dominance hierarchy developed over 5 days, social rank 1 being theWinberg and Lepage (1998) reported a sustained up-
dominant and social rank 3 the most subordinate fish in a groupegulation of pituitary POMC mRNA expression in
Controls are fish that were kept visually isolated. To fulfil thesubordinate rainbow trout, an effect that appeared to be caused
assumption of normal distribution, [MHPGJ/[NE] ratios were mainly by elevated expression of POMC mRNA in
arcsine-transformed prior to regression analysis. melanotrophes of the pituitary neurointermediate lobe. In the
present study, we observed elevated plasma levels of both
(Bentley, 1998). The inhibitory effects of these twoACTH anda-MSH in subordinate fish. Taken together, these
catecholamines on pituitargi-MSH release seem to be results clearly suggest that social stress results in an elevation
evolutionarily well conserved, since they have beerof the production and release of POMC-derived peptides of
demonstrated in species that are as phylogenetically distantfasth corticotrophic and melanotrophic origin.
rats and dogfish (Bentley, 1998). In the present study, we Activation of the pituitary corticotrophes and an elevation
observed a negative correlation between hypothalamiof circulating plasma levels of ACTH seems to be a general
[MHPG)/[NE] and plasma levels ofoi-MSH. However, response to all stressors (Sumpter, 1997). In contrast, the
hypothalamic [DOPAC]/[DA] ratios showed no significant effects on pituitary melanotrophes and on circulating plasma
correlation with plasma concentrationsoeMSH. levels of a-MSH and B-endorphin seem to depend on the
Subordinate fish displayed an elevation of hypothalamic [5nature and/or the intensity of the stressor (Wendelaar Bonga et
HIAA]/[5-HT] ratios and a general rise in the plasma contental., 1995). For instance, handling and confinement stress in
of ACTH anda-MSH, suggesting that 5-HT might play a role combination with a thermal shock induced a rise in plasma
in the regulation of the release of POMC-derived peptides afoncentrations of3-endorphin anda-MSH in brown trout
both melanotrophic and corticotrophic origin. Skin darkening(Salmo truttd (Sumpter et al., 1985). Similarly, restraint stress
a known effect ofa-MSH, has been observed following caused an elevation ofi-MSH levels in rainbow trout
injections of 5-HT or 5-hydroxytryptophan (5-HTP), the (Sumpter et al., 1986), as did exposure to acidified water in
precursor of 5-HT in goldfistGarassius auratuyOlivereau et tilapia (Lamers et al., 1991). However, other types and/or
al., 1980), lizardsAnolis caroliensisLevitin, 1980) and frogs combinations of stressors may not affect plasma levets of
(Xenopus laevijsOlivereau et al., 1980). The finding that MSH and B-endorphin or may even reduce plasma
treatment with 5-HT, as well as with 5-HTP, causedconcentrations of these peptides (Balm and Pottinger, 1995).
degranulation of pars intermedia cells in goldfish (Olivereau et In the present study, the plasma cortisol levels display a
al., 1980) further supports a role for 5-HT as aMSH-  similar pattern to those of ACTHy-MSH and skin colour,
releasing factor, at least in non-mammalian vertebratesvith fish of social rank 3 showing the highest plasma cortisol
Alternatively, 5-HT inhibits DA activity, thereby releasing DA concentrations. The multiple linear regression analysis showed
inhibition of the pituitarya-MSH release. Goudreau et al. that plasma levels of ACTH ardMSH were both positively
(1994) demonstrated that the stimulating effect of 5-HTi-on correlated with the concentration of cortisol in plasma,
MSH release could be mediated by 5-HT-induced suppressi@uggesting the possibility that ACTH amdMSH had a
of DA activity in the rat pituitary. Moreover, treatment with combined stimulatory effect on interrenal cortisol release.
MK-212 (a 5-HT receptor agonist) inducedMSH releasen ~ ACTH is known to play a central role in the control of
vivo in rats, an effect that was abolished by apomorphine (eorticosteroid secretion, and other POMC-derived peptides
DA receptor agonist), suggesting a direct antagonism betweetimulate interrenal cortisol release. Lamers et al. (1992)
DA and 5-HT (Carr et al., 1991). Administration of 5-HT demonstrated that-MSH stimulates cortisol release vitro
precursors also generates pituitary release of other POM@x tilapia. The finding that oral administration of cortisol
derived peptides such @sendorphin ang-lipotropin, in rats  decreased the activity of teMSH cells 10-fold suggests that
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o-MSH release is under negative feedback control by cortisébng as the stressor (i.e. the dominant individual) is present.
(Lamers et al., 1994). The results from the present study lendowever, it should be acknowledged that skin darkening could
further support to the hypothesis that products from thalso provide a cryptic coloration, thus making the subordinate
melanotrophes may have a corticotrophic action in teleost fidish less visible, or it could be simply a side effect of HPI

(Balm et al., 1995; Wendelaar Bonga et al., 1995). axis activation. Clearly, further studies are needed to clarify

In teleost fish, colour changes can be mediated by botlthether skin darkening of subordinate Arctic charr acts as a
humoral and neural mechanisms, as well as by a combinati@ocial signal.
of these two mechanisms (Bentley, 1998MSH is known to In conclusion, the results from the present study demonstrate
initiate skin darkening in poikilotherm vertebrates by inducingthat social stress induces skin darkening in Arctic charr and
chromatophore dispersion (physiological colour changeghat this effect may well be mediated by a stress-induced
and/or by increasing the number of chromatophoreglevation of plasma-MSH levels even though MCH could
(morphological colour changes; Bentley, 1998). In the presemiot be excluded as a factor contributing to this effect. The
study, increased levels ofMSH in plasma were positively results also suggest that hypothalamic NE could be an
correlated with skin darkening, suggesting a humoralmportant factor in the regulation of pituitaoyMSH release
involvement in socially induced colour changes even thougm Arctic charr. In addition, together with previous studies, our
the involvement of neural mechanisms could not be excludegork suggests that hypothalamic 5-HT has an excitatory effect
It is not clear whethen-MSH induces skin darkening by on the HPI axis, probably by stimulating hypothalamic CRH
physiological or morphological colour change in salmonidsrelease to the pituitary. Furthermore, a strong positive
Rodrigues and Sumpter (1984) suggested ¢thstSH may  correlation was demonstrated between [MHPG]/[NE] ratios in
only induce morphological colour change, since there is the optic tectum and plasma levels of ACTH, suggesting that
considerable time lag between the rise in plagAiwSH levels  the central NE system is involved in the neuroendocrine stress
and the actual colour changes in brown trout adapting to @sponse by regulating the HPI axis.
darker background colour.

Melanin-concentrating hormone (MCH) is another peptide This study was financially supported by grants from the
that could be involved in mediating socially induced effects orswedish Council for Forestry and Agricultural Research and
skin colour in salmonid fish. The release of MCH is affectedhe Magnus Bergvall Foundation (to S.W.), the Helge Ax:son
by stress; MCH interacts with other factors of theJohnson Foundation and the Swedish Royal Academy of
neuroendocrine stress response and affects skin colour $tiences (the Hierta-Retzius Foundation) (to E.H.).
teleost fish. The effect of MCH is to lighten the skin and,
overall, MCH seems to have effects antagonistic to thoae of
MSH (for reviews, see Baker, 1993; Balm and Groneveld, References
1998). Unfortunately, the blood volume obtained from the fisiphott, J. C., Dunbrack, R. L. and Orr, C. D. (1985). The
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