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Abstract

This paper investigates whether two lines of rainbow trout displaying genetically
determined variation in stress responsiveness and behavior also show differences in brain
monoaminergic activity. In several brain regions, strains of rainbow trout selected for
consistently high or low post-stress cortisol levels displayed differences in tissue
concentrations of monoamines and/or monoamine metabolites, or in
metabolite/monoamine ratios. High-responsive trout reacted to stress by an increase in the
concentrations of both serotonin (brain stem), dopamine (brain stem), and norepinephrine
(optic tectum, telencephalon), whereas low-responsive fish did not. Brain stem and optic
tectum concentrations of monoamine metabolites were also elevated after stress in high
responders, but not in low-responsive fish. The simultaneous increase in the
concentration of monoamines and their metabolites suggests that both synthesis and
metabolism of these transmitters were elevated after stress in high-responsive trout. A
divergent pattern was seen in the hypothalamus, where low-responsive fish displayed
elevated levels of 5-hydroxyindoleacetic acid (a serotonin metabolite) and 3-methoxy-4-
hydroxyphenylglycol (a norepinephrine metabolite). In the telencephalon, both
populations had elevated concentrations of these metabolites after stress. These results
clearly suggest that selection for stress responsiveness in rainbow trout is also associated
with changes in the function of brain monoaminergic systems. The possible functional

significance of these observations is discussed with respect to the physiological and



behavioral profile of these strains of fish. Literature is reviewed showing that several
factors affecting brain monoaminergic activity might be altered by selection for stress

responsiveness, or alternatively be under direct influence of circulating glucocorticoids.

Introduction

Stress responsiveness, in terms of blood cortisol levels following exposure to a
standardized stressor, is a consistent individual characteristic in rainbow trout, with a
moderate to high degree of heritability [Fevolden et al., 1999; Pottinger and Carrick,
1999]. Recent studies have shown that strains of rainbow trout selected for high (HR) or
low (LR) cortisol responsiveness also display differences in behavior [Pottinger and
Carrick, 2001a; @verli et al., 2001]. Consistent differences in stress responsiveness and
behavior may indicate that HR and LR rainbow trout represent selection for differential

stress coping strategies, or coping styles, as defined by Koolhaas et al. [1999].

Specifically, females from the LR population displayed a lower level of locomotor
activity than HR fish, both when reared alone and in response to a conspecific territorial
intruder [@verli et al., 2001]. It would also appear that LR fish adapt more easily to new
rearing conditions, since only fish from this population regained feed intake within one
week after transfer from holding tanks to rearing in social isolation [@verli et al., 2001].
In another experiment, involving juveniles from the third generation of selection for high

or low post-stress cortisol values, it was found that LR fish became socially dominant



over size-matched HR fish in staged fights for social dominance between pairs [Pottinger
and Carrick, 2001a].

Little is known about the potential causative mechanisms underlying concomitant
differences in stress responsiveness and behavior in fish. The behavioral and
physiological characteristics of HR and LR rainbow trout may be functionally linked
through a number of factors which influence both endocrine and behavioral responses, as

well as through direct behavioral effects of cortisol.

The brain monoamine neurotransmitters dopamine (DA), norepinephrine (NE), and
serotonin (5-hydroxytryptamine, 5-HT) are believed to be involved in the control and
integration of behavioral and physiological stress responses in both teleost fish and
mammals [Blanchard et al., 1993; Stanford, 1993; Winberg and Nilsson, 1993; @Qverli et
al., 1997, 1999; Hoglund et al., 2000] and the behavioral and neuroendocrine effects of
these signal substances appear to be similar among different vertebrate groups.
Differences in brain monoaminergic functions also have been observed in animals
displaying genetically determined variation in stress responsiveness and behavior [e.g.
Bertolucci-D’Angio et al., 1990; Popova et al., 1991a, b; Nikulina et al., 1992; Rots et al.,
1996a, b; De Kloet et al., 1996; Sallinen et al., 1998; Lepage et al., 2000]. It therefore
could be hypothesized that selection for stress responsiveness in rainbow trout is
associated with changes in brain monoaminergic activity. We report here the effect of a
standardized stressor on tissue concentrations of DA, NE, and 5-HT, and their
metabolites (3,4-dihydroxyphenylacetic acid [DOPAC], 3-methoxy-4-

hydroxyphenylglycol [MHPG], and 5-hydroxyindoleacetic acid [5-HIAA], respectively)



along with corresponding metabolite/monoamine ratios in different brain regions in adult

females from established HR and LR strains of rainbow trout.

Materials and methods

All experimental work was carried out within the requirements of the Animals (Scientific
Procedures) Act 1986, UK. Brain and blood plasma samples were obtained from the
experimental fish utilized in the behavioral studies described by @verli et al. [2001]. In
short, two F1 lines of rainbow trout (Oncorhynchus mykiss) divergent for the cortisol
response to a standardized stressor (confinement) were generated by individual selection
for consistently high or low post-stress cortisol values within the FO generation [Pottinger
and Carrick, 1999]. HR and LR F1 families were maintained at the Windermere
Laboratory in 1500 1 outdoor tanks, supplied with lake water (25 I min™'; stocking density
approx. 20 g ') at ambient temperature and fed three times weekly with commercial feed

(Trouw Standard Expanded 40) at the manufacturers recommended rate.

During April 2000, adult female HR (n = 18) and LR (n = 18) rainbow trout weighing
987.5 £ 39.5 g (mean + SE) were transferred from communal holding tanks to rearing in
isolation in outdoor observation tanks. The polypropylene observation tanks (250 1, flow
rate 15 1 min™!) were covered with medium plastic mesh in order to prevent escape of the
fish, while allowing for behavioral observations from above [@verli et al., 2001]. The
water temperature increased gradually from 6.2°C at the start of the experiment to 8.5°C

at the end of the experiment. From day 1 after transfer to rearing in isolation, fish were



fed daily by hand (1.5% of body weight). Only LR fish (7 out of 18 individuals) fed

during the experiment.

On day 8, 50% of the fish from each group were transferred to 50 1 confinement tanks
which had previously been utilized to quantify the cortisol response in HR and LR
rainbow trout [Pottinger and Carrick, 1999]. After 1h in the confinement tanks, fish were
netted, anaesthetized in 0.5 ml/I 2-phenoxyethanol, and a blood sample was obtained
from the caudal sinus into a heparinized syringe. Following blood sampling fish were
killed by decapitation, and within 2 min after capture brains were removed and dissected
into telencephalon (excluding the olfactory bulbs), hypothalamus (excluding the
pituitary), optic tectum, and brain stem (excluding the cerebellum), following the protocol
of Overli et al. [1999]. Brain samples were immediately wrapped in aluminum foil and
frozen in liquid nitrogen, before being transferred to storage at -80°C. Blood samples
were kept on ice for < 1h before being centrifuged (3000 g at 4°C for 10 min). Separated
plasma was transferred to polypropylene tubes and stored frozen (-20°C) until analyzed

for plasma cortisol.

The remaining 50% of the fish from each group were sampled directly from the
observation tanks, to serve as undisturbed controls, but otherwise sampled as described
above. All sampling was carried out between 10.00 and 14.00, on four separate days, with
an equal number of stressed and control LR and HR fish sampled each day. Thus, for the
analysis of plasma cortisol and brain neurochemistry four experimental groups were

established: HR controls, LR controls, HR stressed, and LR stressed (n =9 in all groups).



Plasma cortisol levels were determined using a previously validated cortisol
radioimmunoassay [Pickering et al., 1987], and concentrations of monoamines and
monoamine metabolites in brain samples were analyzed by HPLC with electrochemical

detection, as described by Overli et al. [1999].

It should be noted that both controls and stressed fish had previously been tested for
behavioral activity in the presence of a conspecific intruder the day before sampling (data
presented in @verli et al. [2001]). It is however assumed that the fish had recovered from
any stress effects of the intruder test. In a previous experiment it was shown that
immediately (within Smin) after fights for social dominance both dominant and
subordinate rainbow trout had elevated cortisol levels, but this response was abolished
and cortisol levels had decreased to control levels in fight winners within 3h after the
termination of fights [@Overli et al., 1999]. When pairs of rainbow trout were split and
fish left in isolation after fights for dominance, neither dominant or subordinate fish
showed any elevation of plasma cortisol or activation of brain monoaminergic systems

when sampled 3h or 24h after fights (0. Overli and S. Winberg, unpublished data).

Using the Levene test (homogeneity of variances) and normal probability plots, it was
found that concentrations of cortisol, monoamines, and monoamine metabolites in control
and stressed HR and LR fish fulfilled the criteria for parametric statistics. Data were
analyzed by ANOVA, followed by the Tukey HSD post-hoc test when significant group

differences were indicated by the ANOVA. As a further index of brain monoaminergic



activity, monoamine / metabolite ratios were calculated and compared between groups as

described above.

Results

Plasma cortisol

Plasma cortisol concentrations in LR and HR rainbow trout sampled directly from rearing
in isolation (controls) and following 1 h confinement stress are shown in table 1.
Compared to controls, both LR and HR rainbow trout displayed increased cortisol
concentrations after 1 h of confinement (ANOVA statistics: F(3,32) = 6.23, p = 0.002;
post hoc: p=10.02 and p = 0.009, for LR and HR, respectively). Furthermore, HR fish had
higher cortisol than LR fish after stress (post hoc: p = 0.04), but this difference was not

significant in fish sampled directly from rearing in isolation (post hoc: p = 0.16).

Brain Serotonergic Activity

Concentrations of monoamines and monoamine metabolites, and corresponding
monoamine/metabolite ratios, are shown in figures 1-4. The clearest effects of 1h
confinement stress on serotonergic activity were seen in the brain stem and telencephalon.
(Fig. 1A-C, 2A-C). HR fish but not LR fish (p=0.15), displayed significantly increased 5-
HIAA concentrations in the brain stem after confinement stress, as compared to controls
from the same population (F(3,32) =9.37, p <0.001; post hoc: p <0.001 and p = 0.15,
for HR and LR, respectively; fig. 1A). Possibly, the stress induced increase in 5S-HIAA

concentrations did not reach statistical significance in LR fish, since there was a trend



towards increased 5-HIAA in this group even in the control condition (fig. 1A). On the
other hand, 5-HIAA/5-HT ratios were significantly higher in LR than HR fish both in the
control condition (F(3,32) =20.97, p < 0.001; post hoc: p = 0.02; fig. 1C) and after
confinement stress (post hoc: p = 0.001; fig. 1C), even though both groups displayed
significant increases after stress as compared to controls (post hoc: p =0.005 and p <
0.001, for HR and LR, respectively). Possibly contributing to the difference in 5-HIAA/5-
HT ratios after stress was the fact that stressed HR fish had higher concentrations of 5-HT
in the brain stem than had stressed LR fish (F(3,32) = 2.90, p = 0.049; post hoc: p = 0.04;

fig. 1B).

Concentrations of 5-HT were not significantly different between groups in any other brain
region than the brain stem (telencephalon: F(3,32) = 0.39, p = 0.76, fig. 2B; optic tectum:
F(3,32) =0.95, p = 0.43, fig. 3B; hypothalamus: F(3,31) =0.12, p = 0.94, fig. 4B).
Confinement stress however led to increased telencephalic 5-HIAA concentrations
(F(3,27) = 8.96, p < 0.001; post hoc: p=10.003 and p =0.04, in HR and LR fish,
respectively, fig. 2A) in both populations. Telencephalic serotonergic activity was not
different between LR and HR rainbow trout after stress, but in the control condition

LR fish again had significantly higher 5-HIAA/5-HT ratios than HR fish had (post hoc: p
=0.04, fig. 2C). In the optic tectum parameters of 5S-HT activity were not significantly
different between comparable experimental groups (5-HIAA concentrations: F(3,32) =
3.94, p =0.017, but post hoc tests indicated that this effect was due to a difference
between LR controls and stressed HR fish only, fig. 3A; 5-HT concentrations: F(3,32) =

0.95, p=0.43; 5-HIAA/5-HT ratios: F(3,32) = 3.55, p = 0.025, but post hoc comparisons



were non-significant; fig. 3B, C). In the hypothalamus LR rainbow trout had higher 5-
HIAA concentrations than HR fish both in the control condition (F(3,31) = 8.89, p <
0.001; post hoc: p = 0.03) and after confinement stress (post hoc: p = 0.03, fig. 4A),
whereas neither 5-HT concentrations (F(3,31) = 0.12, p = 0.94), nor 5-HIAA/5-HT

ratios (F(3,31) = 0.83, p = 0.49) was a affected in this brain area (fig. 4B, C).

Brain Dopaminergic Activity

Several differences in brain catecholaminergic activity between LR and HR rainbow trout
were evident, but in this case significant differences between the two groups were only
present following confinement stress. A major difference was that HR fish responded to
stress by an increase in DOPAC concentrations in the brain stem (F(3,32) =11.21,p <
0.001; post hoc difference to HR controls: p = 0.007 and difference to stressed LR fish: p
< 0.001) and optic tectum (F(3,32) = 8.90, p <0.001; post hoc difference to HR controls:
p = 0.02, difference to stressed LR fish: p = 0.001), whereas LR fish did not (fig. 1D, 3D).
In the optic tectum HR fish also displayed significantly higher DOPAC/DA ratios than
LR fish after confinement stress (F(3,32) = 5.59, p = 0.003; post hoc p = 0.01; fig. 3F).
Furthermore, brain stem DA concentrations were significantly different between the two
populations after stress, HR fish again displaying the highest concentrations (F(3,32) =
2.92, p = 0.048; post hoc p = 0.04; fig. 1E). Parameters of dopaminergic activity were not
significantly different between groups in the telencephalon (DOPAC concentrations:
F(3,327)=2.04, p = 0.13; DA concentrations: F(3,27) = 0.46, p = 0.52; DOPAC/DA
ratios: F(3,27) =1.69, p = 0.19; fig. 2D-F) or hypothalamus (DOPAC concentrations:

F(3,29) =0.70, p = 0.56; DA concentrations: F(3,31)=1.12, p = 0.36; DOPAC/DA



ratios: F(3,29) = 0.85, p = 0.48; fig. 4D-F). In the latter brain parts, some samples could
not be analyzed for catecholamine metabolites due to unknown interfering peaks in the

chromatograms.

Brain Noradrenergic Activity

Similar to what was the case for DOPAC, only HR fish responded to stress by significant
increases in the concentration of the NE metabolite MHPG in the brain stem (F(3,32) =
4.69, p = 0.008; post hoc p = 0.03; fig. 1G) and optic tectum (F(3,32) = 6.96, p < 0.001;
post hoc p = 0.004; fig. 3G) as compared to controls, but differences between the two
populations were not significant in this case. On the other hand, again potentially as a
result of differences in neurotransmitter concentrations, brain stem MHPG/NE ratios
were significantly elevated after stress in LR fish as compared to controls (F(3,32) = 4.95,
p = 0.006, post hoc p = 0.04), but not in HR fish (post hoc p =0.11; fig. 11). A highly
significant increase in optic tectum NE concentrations was also seen in HR fish following
confinement stress (F(3,32) = 8.99, p <0.001; post hoc difference to controls p = 0.004;

difference to LR fish p =0.002; fig. 3H).

In the telencephalon, both LR and HR fish responded to stress by highly significant
increases in MHPG concentrations (F(3,29) = 20.21, p <0.001; post hoc difference to
controls p < 0.001 for both strains; fig. 2G). Due to the stress induced increase in NE
concentrations present in HR fish (F(3,27) =4.16, p = 0.02; post hoc difference to
controls: p = 0.04; fig. 2H), MHPG/NE ratios were significantly affected by confinement

stress only in LR fish (F(3,27) = 11.50, p <0.001; post hoc difference to controls: p <



0.001; fig. 2I) (Fig. 2C). A different pattern was seen in the hypothalamus, where only
LR fish displayed a significant increase in MHPG concentrations after stress (F(3,30) =
5.19, p = 0.005; post hoc difference to controls p = 0.04), and no effects were seen on NE
concentrations (F(3,28) = 0.34, p = 0.79) or MHPG/NE ratios (F(3,28) =2.24, p=0.11;

fig. 4H, ).

Discussion

The cortisol data confirm that rainbow trout selected for high (HR) and low (LR) cortisol
responsiveness to stress display differential hypothalamus-pituitary-interrenal (HPI) axis
activity [Pottinger and Carrick, 1999]. Notably, behavioral observations carried out
during rearing in isolation suggested an inhibition of both territorial behavior and appetite
in the experimental fish [Overli et al., 2001], further indicating that rearing conditions
were not optimal in this experiment. Thus, it is possible that some observed differences
between HR and LR fish sampled directly from rearing in isolation would not have been
present during rearing in a completely stress free environment. A significant effect of
confinement stress on plasma cortisol could however be seen in both populations, and
fish not exposed to confinement stress are therefore referred to as controls throughout this
paper. For comparison, it could be mentioned that plasma cortisol levels in group-reared
fish from the same batches that were utilized in the current experiment were measured
during January, 2000. At this time, when cortisol levels are normally elevated by sexual
maturity, the mean cortisol level in females (n = 12) was 59 ng/ml (SD = 22.9) with no

difference between HR and LR fish.



It is also possible that brain monoaminergic activity was affected by the inhibition of food
intake, which was complete throughout the experiment in HR, but not in LR fish [@verli
et al., 2001]. Both 5-HT and the catecholamines are synthesized from essential amino
acids (tryptophan and tyrosine, respectively), and, at least for 5-HT, precursor availability
has been shown to be of great importance for synthesis rate, neurotransmission, and
behavior [Boadle-Biber, 1993; SheaMoore et al., 1996; Aldegunde et al., 2000]. Winberg
et al. [1992] however found that starvation for 4 weeks did not affect brain serotonergic
activity in Arctic charr (Salvelinus alpinus), while chronic stress led to elevated 5-
HIAA/5-HT ratios. Looking more closely into the results of the current experiment, we
found that out of the 7 LR fish that had been eating during the experiment, 5 were found
among the fish subjected to the confinement test, and 2 in the control group (data not
shown in the results section). Thus, out of 9 LR fish subjected to confinement, 5 could be
classified as 'feeders', whereas 4 were non-feeders'. These numbers were arguably low,
limiting the power of statistical tests for an effect of feeding status on monoaminergic
activity. However, if anything, brain stem concentrations of DA (137.8 £ 8.3 ng gl vs
118.4+3.7ngg") and 5-HT (559.8 £ 44.8 ng g ' vs 511.2 £ 25.5 ng g'!) would appear to
be higher in non-feeding than feeding fish, an observation which does not support a
theory of reduced neurotransmitter concentrations due to altered precursor availability in

non-feeding fish.

When interpreting the various parameters of brain monoaminergic activity, special
attention should be paid to the fact that altered monoamine/metabolite ratios may be

caused by changes in the concentrations of monoamine neurotransmitters as well as



metabolites, or by combinations of such changes. Thus, differential patterns of activation
may be assumed depending on whether concentrations or ratios are studied. An example
of this is seen in the brain stem, where 5-HIAA concentrations were significantly affected
by confinement stress only in HR fish (c.f. Fig 1A). Thus, it could be concluded that 5-
HT systems are activated by confinement stress to a larger extent in HR than in LR fish.
On the other hand, brain stem 5-HIAA/5-HT ratios were higher in LR fish both in the
control condition and after stress (fig. 1C). The apparent contradiction is probably caused
by HR fish, but not LR fish, responding to stress by an increase in 5-HT concentrations in
this brain region (fig. 1B). The 5-HIAA/5-HT ratios however suggest that the proportion
of 5-HT catabolized by monoamine oxidase (MAOQO), relative to total 5-HT content, was
greater in LR fish, both in the control condition and during confinement stress. This result
may be due to differences in functional 5-HT release, MAO enzyme activity, or in the

efficiency of 5-HT uptake from the intracellular space.

Elevated 5-HIAA/5-HT ratios in LR fish due to increased 5-HT release in this group
would at first hand appear contradictory as there is evidence that 5-HT acts as a stimulus
on the HPI-axis in teleost fish, similar to in mammals [Winberg et al., 1997]. On the other
hand, differential cortisol secretion in HR and LR fish might depend on differences in
interrenal responsiveness [Pottinger and Carrick, 2001b], rather than central control of the
HPI-axis. In fact, the observed differences in brain serotonergic activity between

HR and LR fish might be attributed to differences in circulating cortisol as well as to
alterations in intrinsic properties of the neural systems. Glucocorticoid hormones can

affect the activity of serotonergic neurons both directly [Chaouloft, 1993, 2000], and



through interactions with other signal substances. Glucocorticoids for instance have
regionally dependent effects on brain corticotrophin-releasing hormone (CRH, or
corticotrophin-releasing factor, CRF) gene expression in mammals [Schulkin et al.,
1998], and CRH in turn has been shown to affect the firing rate of raphe 5-HT neurons
[Lowry et al., 2000]. Furthermore, glucocorticoids are reported to have an inhibitory
effect on brain MAO in mammals [Veals et al., 1977; Cvijic et al., 1995]. Effects of
glucocorticoids on MAO have to our knowledge not been reported in fish, but an
inhibitory effect would be consistent with decreased 5S-HIAA/5-HT ratios in HR as
compared to LR fish. It is also possible that selection for stress responsiveness led to
genetically determined differences in MAO. Such differences have been associated with
personality traits in human [reviewed by Shih and Thompson, 1999]. Finally, a direct
influence of glucocorticoids on 5-HT reuptake cannot be excluded [Fernandes et al.,
1997], but evidence for such an effect is inconclusive [see e.g. the review by Chaouloff,
2000]. An association between 5-HT transporter gene polymorphisms and mood

alterations has also been reported in humans [Lesch et al., 1996].

Increased brain stem 5-HT in HR fish as compared to LR fish after confinement points
towards differential effects of stress on 5-HT synthesis in the two populations.
Glucocorticoids may again be responsible, either through effects on precursor availability,
or through effects on synthetic enzymes (reviewed by Chaouloff [1993, 2000]). Evidence
on the possible role of cortisol in the regulation of monoamine synthesis in teleost fish is
lacking, but in general it would appear that fish and mammalian monoamine systems

display extensive similarities in both function and anatomy [Parent et al., 1984; Hornby



and Piekut, 1990; Jacobs and Azmitia, 1992; Winberg and Nilsson, 1993; Ma, 1994]. A
similar influence of adrenal / interrenal steroids on monoamine functioning in these

vertebrate groups therefore can not be excluded.

Similar to 5-HT, stressed HR fish displayed increased DA and DOPAC levels in the brain
stem, as compared to both controls from the same population and stressed LR fish (c.f.
fig. 1D, E). The simultaneous increase in the concentration of both the monoamine and its
metabolite suggests that both synthesis and metabolism of the transmitter were increased
after stress in high-responsive trout. Also supporting a theory of differential effects of
stress on catecholamine synthesis in the two groups was the increase in NE
concentrations seen in the telencephalon and optic tectum of HR, but not LR fish, after
stress (cf. fig. 2H, 3H). Glucocorticoids may also act stimulatory on tyrosine hydroxylase
[Dunn et al., 1978; Lucas et al., 1998], again making it possible that increased
neurotransmitter concentrations in HR fish during stress is a consequence of increased
synthesis due to elevated glucocorticoid levels. Glucocorticoids may also influence
catecholaminergic systems through effects on neurotransmitter release, MAO, uptake
sites, or pre- and postsynaptic receptor densities [Veals et al., 1977; Gilad et al., 1987;
Piazza et al., 1996; Marinelli et al., 1998; Day et al., 1999; Lammers et al., 1999; Rougé-

Pont et al., 1999].

Genetically determined differences in dopaminergic activity have also been connected to
differences in behavior and altered HPA-axis activity in rats [Cools et al., 1990, 1995,

19964, b]. Using a selection model based on the extent of stereotypic gnawing elicited by



the dopamine D1/D2 receptor agonist apomorphine Cools et al. [1990], found that high
susceptibility to apomorphine-induced stereotypic behavior co-occured with increased
locomotor activity in a novel environment. The apomorphine susceptible (apo-sus) rats
also showed increased tyrosine hydroxylase mRNA and D2 receptor binding in the
nigrostratial and tuberoinfundibular DA pathways [Rots et al., 1996a], and coherent with
measures of increased tuberoinfundibular DA activity, it was also shown that the
prolactin response to stress was significantly decreased in apo-sus rats, as compared to the
apo-unsus strain originating from the same population [Rots et al., 1996b]. Stress-induced
ACTH and total as well as free corticosterone levels remained significantly elevated
longer in apo-sus animals as compared to the apounsus strain, suggesting a reduced
ability to terminate stress-induced ACTH release, and therefore corticosteroid feedback
resistance in the apo-sus strain [Rots et al., 1995, 1996b]. It would appear then that the
physiological and behavioral characteristics of the apo-sus strain of Wistar rats
corresponds quite well to those of HR rainbow trout, indicating that both the teleost and
the mammalian model represent selection for opposing physiological-behavioural stress

coping strategies [Koolhaas et al., 1999].

A stimulatory role for brain dopaminergic systems in locomotor activity has long been
acknowledged, and this point of view has recently been confirmed in studies with
dopamine transporter knockout mice [Spielewoy et al., 2000], whereas 5-HT is thought to
have an inhibitory effect on locomotor activity [Winberg et al., 1993]. In rats,
glucocorticoids have been shown to facilitate dopamine-dependent behaviors, probably

by glucocorticoid-receptor mediated effects on dopamine release [Marinelli et al., 1998].



It therefore seems likely that an interaction between cortisol and brain dopaminergic
systems is involved in the elevation of behavioral activity observed in HR fish when

subjected to a conspecific intruder [@verli et al., 2001].

Other behavioral characteristics of HR rainbow trout are a slow recovery to feed after
transfer to a new environment [@verli et al., 2001] and a tendency to become socially
subordinate in dyadic encounters [Pottinger and Carrick, 2001a]. Interestingly, a negative
relationship between stressor novelty-induced locomotor activity and social competitive
ability also have been demonstrated in cynomolgus monkeys (Macaca fascicularis)
[Morgan et al., 2000]. Individually housed monkeys with high levels of locomotion in an
open-field test after a low dose of cocaine (which has been shown to increase CNS
dopamine) were more likely to become subordinate in subsequent group rearing [Morgan

et al., 2000].

The current study shows that differential HPI-axis responsiveness in rainbow trout is
associated with differences in brain monoaminergic activity, which in part correspond to
changes seen in mammalian models of genetically determined differences in stress
responsiveness and behavior. It is however not known to what extent these differences are
caused by genetically determined alterations in the intrinsic properties of brain
monoaminergic systems, or are a result of differential cortisol levels. Furthermore, it is
not known at what site(s) within the HPI-axis selection for stress responsiveness operates
in rainbow trout. Recent results however suggest that the differences in stress induced

cortisol concentrations might arise from differences in interrenal function, rather than in



central HPI-axis control [Pottinger and Carrick 2001b]. Thus, the possibility should be
considered that differences in neurochemistry and behavior between these lines of fish are

a result of variation in interrenal influence on brain functions, rather than the opposite.
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Table 1. Plasma cortisol (ng/ml) (mean = SE) in low- and high-responsive (LR, HR)

rainbow trout when reared in isolation (controls) and following 1 h confinement stress.

Group [Cortisol] and post hoc significance levels
LR Control 23.6 6.1

HR Control 405114

LR Confinement 51.6 +£7.5%

HR Confinement 72.5 £ 6.7[*]**

Post-hoc significance levels are indicated by asterisks, where * is used to indicate a
difference between stressed fish and controls from the same population, and [*] indicates
a difference between LR and HR fish (*p < 0.05, **p <0.01) (ANOVA followed by the

Tukey HSD post-hoc test).



Figure legends

Fig 1. Tissue concentrations of monoamines and monoamine metabolites (ng/g), and
corresponding metabolite/monoamine ratios (mean = SE) in the brain stem of low
responsive (LR) and high responsive (HR) rainbow trout when reared in isolation
(controls) or following 1 h confinement stress. A—C are the results for serotonin and
metabolite concentrations (A: 5-HIAA, B: 5-HT, and C: 5-HIAA/5-HT ratios), D-F are
the results for dopamine and metabolite concentrations (D: DOPAC, E: DA, F:
DOPAC/DA ratios), and G-I are the results for norepinephrine and metabolite
concentrations (G: MHPG, H: NE, and I: MHPG/NE ratios). Post-hoc significance levels
(ANOVA followed by the Tukey HSD post-hoc test) are indicated by asterisks, where * is
used to indicate a difference between stressed fish and controls from the same population,
and brackets [*] indicate a difference between LR and HR fish (*p <0.05, **p <0.01,

*x%p < 0,0001).

Fig 2. Tissue concentrations of monoamines and monoamine metabolites (ng/g), and
corresponding metabolite/monoamine ratios (mean + SE) in the telencephalon of low
responsive (LR) and high responsive (HR) rainbow trout when reared in isolation
(controls) or following 1 h confinement stress. A—C are the results for serotonin and
metabolite concentrations (A: 5-HIAA, B: 5-HT, and C: 5-HIAA/5-HT ratios), D-F are
the results for dopamine and metabolite concentrations (D: DOPAC, E: DA, F:
DOPAC/DA ratios), and G-I are the results for norepinephrine and metabolite

concentrations (G: MHPG, H: NE, and I: MHPG/NE ratios). Post-hoc significance levels



(ANOVA followed by the Tukey HSD post-hoc test) are indicated by asterisks, where * is
used to indicate a difference between stressed fish and controls from the same population,
and brackets [*] indicate a difference between LR and HR fish (*p < 0.05, **p <0.01,

*xkp < 0.0001).

Fig. 3. Tissue concentrations of monoamines and monoamine metabolites (ng/g), and
corresponding metabolite/monoamine ratios (mean = SE) in the optic tectum of low
responsive (LR) and high responsive (HR) rainbow trout when reared in isolation
(controls) or following 1 h confinement stress. A—C are the results for serotonin and
metabolite concentrations (A: 5-HIAA, B: 5-HT, and C: 5-HIAA/5-HT ratios), D-F are
the results for dopamine and metabolite concentrations (D: DOPAC, E: DA, F:
DOPAC/DA ratios), and G-I are the results for norepinephrine and metabolite
concentrations (G: MHPG, H: NE, and I: MHPG/NE ratios). Post-hoc significance levels
(ANOVA followed by the Tukey HSD post-hoc test) are indicated by asterisks, where * is
used to indicate a difference between stressed fish and controls from the same population,
and brackets [*] indicate a difference between LR and HR fish (*p <0.05, **p <0.01,

%5 < 0,0001).

Fig. 4. Tissue concentrations of monoamines and monoamine metabolites (ng/g), and
corresponding metabolite/monoamine ratios (mean + SE) in the hypothalamus of low
responsive (LR) and high responsive (HR) rainbow trout when reared in isolation
(controls) or following 1 h confinement stress. A—C are the results for serotonin and

metabolite concentrations (A: 5-HIAA, B: 5-HT, and C: 5-HIAA/5-HT ratios), D-F are



the results for dopamine and metabolite concentrations (D: DOPAC, E: DA, F:
DOPAC/DA ratios), and G-I are the results for norepinephrine and metabolite
concentrations (G: MHPG, H: NE, and I: MHPG/NE ratios). Post-hoc significance levels
(ANOVA followed by the Tukey HSD post-hoc test) are indicated by asterisks, where * is
used to indicate a difference between stressed fish and controls from the same population,
and brackets [*] indicate a difference between LR and HR fish (*p < 0.05, **p < 0.01,

wx%p < 0,0001).
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Fig. 3.
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Fig. 4.
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