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Abstract

Evidence for the presence of a serotonin1A (5-HT1A) receptor subtype in the salmonid fish brain has recently been presented. In the present
study the potent 5-HT1A receptor agonist, 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) was tested for its effect on plasma
cortisol concentrations in rainbow trout (Oncorhynchus mykiss). Blood was sampled and 8-OH-DPAT administered through a catheter
in the dorsal aorta. Thirty minutes after the injection of 40mg of 8-OH-DPAT/kg, plasma cortisol levels had increased from 12 to 149 ng/
ml, whereupon they fell, reaching baseline levels after 4 h. The effect of 1–40mg 8-OH-DPAT/kg on plasma cortisol concentrations was
dose-dependent. The results lends further support to the hypothesis that the brain serotonergic system plays a key role in integrating
autonomic, behavioral and neuroendocrine stress-responses in fish as well as mammals, suggesting that not only the structural and
biochemical organization, but also the function of the serotonergic system has been conserved during vertebrate evolution. 1997 Elsevier
Science Ireland Ltd.
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Numerous studies have presented evidence for a close
relationship between the brain serotonergic system and the
hypothalamic-pituitary-adrenal (HPA) axis in mammals. It
appears clear that brain serotonin (5-hydroxytryptamine, 5-
HT) synthesis and turnover is affected by stressful events
[1,2,8,9]. Further, there are results suggesting that the sym-
pathetic nervous system (SNS) as well as the HPA axis are
involved in mediating stress-induced alterations in the 5-HT
system of the mammalian brain (reviewed in Ref. [5]). Reci-
procally, the serotonergic system appears to be involved in
the control the HPA axis and SNS in mammals (reviewed in
Refs. [5,7]). Thus, the brain 5-HT system could play a pivo-
tal role in a complex neuroendocrine loop serving to defend
homeostasis and promote acclimation during physiological
or environmental challenges. Still, the role of brain 5-HT in
HPA axis regulation has been debated, especially since
direct 5-HT innervation of the mammalian paraventricular
nucleus, the crucial focus for central regulation of the HPA

axis, is limited [14]. However, direct synaptic contact
between 5-HT nerve terminals and corticotropin-releasing
hormone (CRH) containing neurons in the paraventricular
nucleus has been demonstrated in the rat [16]. Moreover, a
number of studies have shown that treatment with 5-HT
precursors or 5-HT receptor agonists elevates plasma glu-
cocorticoid levels in mammals, whereas 5-HT receptor
antagonists or 5-HT synthesis inhibitors have the opposite
effect [5,7].

The anatomical organization of the brain serotonergic
systems is remarkably conserved among vertebrates
[21,22], implicating that 5-HT functions might also have
been conserved. For instance, there are results suggesting
a relationship between the hypothalamic-pituitary-interre-
nal axis (HPI; the teleost homolog of the mammalian
HPA axis) and the brain 5-HT system also in fish [31]. In
a number of teleost species as well as in mammals, social
subordination and other stressors, including handling and
predator exposure, elevates brain 5-HT activity, as indicated
by brain 5-hydroxyindoleacetic acid (5-HIAA; the major 5-
HT metabolite) concentrations and 5-HIAA/5-HT ratios
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(reviewed in Ref. [31]). The effect of stress on central 5-HT
activity has a rapid onset and shows no signs of habituation
[32,33].

As suggested in mammals [6,27], this elevation of brain
5-HT activity could mediate the stress-induced behavioral
inhibition characterizing socially subordinate fish. In fact,
pharmacological stimulation of brain 5-HT activity inhibits
spontaneous locomotor activity and exploratory behavior in
Arctic charr (Salvelinus alpinus), whereas inhibition of 5-
HT synthesis by p-chlorophenylalanine has the opposite
effect [34]. However, brain 5-HT could also play an impor-
tant role in the regulation of the HPI axis. Socially subordi-
nate fish display elevated plasma cortisol levels [10], and
increased interrenal cell sizes, suggesting a chronic activa-
tion of the HPI axis [19].

The 5-HT system of the mammalian brain has been sug-
gested to stimulate the release of CRH which in turn acti-
vates corticotrops of the pituitary [5,7]. Further, 5-HT has
also been suggested to act directly at the corticotrops of the
mammalian pituitary to stimulate the release of adrenocor-
ticotropic hormone (ACTH) [5,7]. In mammals, the stimu-
latory role of 5-HT on the HPA axis has been attributed to 5-
HT1A and 5-HT2 receptors [7]. Recently, Winberg and Nils-
son [30] characterized three 5-HT receptor subtypes in the
Arctic charr brain. One of these receptors showed a phar-
macological profile strikingly similar to the mammalian 5-
HT1A receptor, as for example high affinity for 8-hydroxy-2-
(di-n-propylamino)-tetralin (8-OH-DPAT) but low affinity
to mianserin, a typical 5-HT2 receptor ligand [23].

The aim of the present study was to examine if 5-HT1A-
like receptors are involved in HPI axis regulation in the
rainbow trout (Oncorhynchus mykiss). This was to be
achieved by studying the effect of 8-OH-DPAT injections
on plasma cortisol concentrations in catheterized rainbow
trout. The rainbow trout used (400–500 g) were kept
indoors in a holding tank continuously supplied with aerated

Uppsala tap water (8–11°C) for more than 3 months before
the experiment. The automatic light/dark regime which was
continuously adjusted to conditions at latitude 51°N. In the
holding tanks, the fish were fed daily with commercial trout
pellets (EWOS ST40, Astra-EWOS Sweden) at 1–2% of the
body weight. The fish were anesthetized (2-phenoxy-etha-
nol, 500 mg/l in the water) and catheterized in the dorsal
aorta, as described by Soivio et al. [26], whereupon they
were isolated in individual tanks and allowed to recover for
1 week. The catheter was attached to the outside of the tank,
which was covered with black plastic. Moreover, the water
surface was covered with floating plastic balls making the
experimenter invisible to the fish, and thus allowing injec-
tions and sampling of blood without disturbance to the fish.
The fish were not fed during the experiment.

8-OH-DPAT (obtained from Sigma Chemical Co.) was
dissolved in saline at a concentration of 0.2 mg/ml. All
experiments were performed between 1000 and 1400 h.
At the start of the experiment a blood sample was taken
and 8-OH-DPAT or saline (controls) were injected through
the catheter. Subsequently, blood samples (100–200ml)
were taken through the catheter, using a heparinized syr-
inge, at 30, 60, 150 and 240 min after injection. The sample
volume was returned to the fish as saline. Blood samples
were centrifuged immediately and plasma was removed and
stored at−80°C.

Cortisol analysis was performed directly on rainbow trout
plasma without extraction, using a radioimmunoassay
described by Olsen et al. [20].

The sensitivity of the standard curve (r2 = 0.964± 0.022)
was 0.92± 0.25 ng/ml, the intra-assay coefficient of varia-
tion (CV) was 2.1% and the inter-assay CV was 7.1%. Cor-
tisol-free blanks gave a count of 1–2% of the total count.

Fig. 1. The effect of 8-OH-DPAT (40mg/kg i.v., n = 4) and saline (con-
trols, n = 6) on plasma cortisol concentrations in catheterized rainbow
trout over time. At the start of the experiment (t= 0) a blood sample
was taken and 8-OH-DPAT or saline were injected through the catheter.
Subsequently blood samples were taken at 30, 60, 150 and 240 min after
injection. Responses shown are mean± SE.

Fig. 2. Effects of saline and different doses of 8-OH-DPAT on plasma
cortisol concentrations in catheterized rainbow trout. Two blood samples
were taken; the first immediately before injection 8-OH-DPAT (1, 10 or 40
mg/kg) or saline (0mg/kg 8-OH-DPAT) through the catheter, and the
second 60 min later. Baseline levels of cortisol were obtained from the
blood samples taken immediately prior to injection of 8-OH-DPAT or
saline. Responses shown are mean± SE from 4–6 individuals. ***P ,

0.001, *P = 0.05 ANOVA followed by Fisher’s post hoc test.
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The effects of 8-OH-DPAT (40mg/kg) and saline on
plasma cortisol concentrations over time are shown in Fig.
1. Administration of 8-OH-DPAT resulted in a rapid eleva-
tion of plasma cortisol concentrations. Thirty minutes after
the injection of 40mg of 8-OH-DPAT/kg, plasma cortisol
levels had increased from 12± 5 to 149± 10 ng/ml
(mean± SE). Plasma cortisol concentrations subsequently
decreased and were back at baseline levels after 4 h. Con-
trols treated with an equal volume of saline showed constant
plasma cortisol concentrations throughout the 4 h experi-
ment. A repeated measurement ANOVA showed that treat-
ment (F1,24 = 11.659, P = 0.0142) as well as time
(F4,24 = 11.864, P = 0.0008) had significant effects on
plasma cortisol concentrations. Further, this test showed
that there was a significant interaction between time and
treatment (F4,24 = 8.310,P = 0.0036).

The effects of saline and different doses of 8-OH-DPAT
(1, 10 and 40mg/kg) on plasma cortisol concentrations are
summarized in Fig. 2. The experiment was performed as
described above except that only two blood samples were
taken; the first immediately before drug administration and
the second 60 min after injection of 8-OH-DPAT, or saline.
The effect of 8-OH-DPAT on plasma cortisol levels showed
a clear dose-response relationship (effect of dose,F3,15 =
16.408,P , 0.0001) and significant elevations in plasma
cortisol concentrations were observed with 10 and 40mg/
kg of 8-OH-DPAT.

These results show that the specific 5-HT1A receptor ago-
nist, 8-OH-DPAT, is a potent activator of the interrenal
stress-response in the rainbow trout. Furthermore, the time
course of this effect, and the clear dose-response relation-
ship, suggest that this is a specific effect, most likely
mediated by a 5-HT1A-like receptor. 8-OH-DPAT is one
of the most selective 5-HT1A agonists available. Winberg
and Nilsson [30] found theKi for 8-OH-DPAT at 5-HT1A-
like receptors in the Arctic charr brain to be 1.7 nM, which
is within the range ofKi values reported for 8-OH-DPAT at
mammalian 5-HT1A receptors [35].

The results of the present study are in good agreement
with the results obtained in mammals. 8-OH-DPAT as well
as other 5-HT1A agonists have repeatedly been found to
elevate plasma glucocorticoid levels in mammals
[3,13,29]. Furthermore, it appears well established that 5-
HT stimulates CRH release from the mammalian hypotha-
lamus and that 5-HT1A is the dominant receptor in mediating
this effect [5,7]. The effect of 5-HT at the mammalian ante-
rior pituitary has been less investigated. Still, there is a
growing body of evidence suggesting that 5-HT also acts
directly at the pituitary, stimulating the release of ACTH
[7]. These pituitary effects of 5-HT have been attributed to
5-HT1A and 5-HT2 receptor activation [7]. Moreover, 5-HT
has been reported to potentiate the effect of other ACTH
secretogogues, such as arginine vasopressin (AVP), sug-
gesting a possible amine-peptide interaction at the level of
the pituitary [7].

Similarly, in the rainbow trout 8-OH-DPAT might act at

different levels in the HPI axis. In the teleost brain, CRH
containing neurons are found in the preoptic area and in the
basal hypothalamus, two areas richly innervated by 5-HT
fibers [12]. The pituitary pars distalis in teleosts is unique
among vertebrates in that it is directly innervated by neuro-
secretory fibers and lack the portal system of the median
eminence [24]. Indeed, the only way 5-HT originating from
the central nervous system can reach the pituitary is through
direct innervation. Such innervation has been detected in
some teleost species [11,15,18] but Frankenhuis van den
Heuvel and Niwenhuys [12] could not demonstrate any
structural relationship between brain 5-HT neurons and
the pituitary gland in rainbow trout.

In addition to CRH several other neuropeptides/hormones
are involved in the regulation of ACTH secretion from the
teleost pituitary. For instance, arginine vasotocin (AVT),
isotocin (IT) and urotensin I (UI) are all potent ACTH secre-
touges [28]. AVT and IT are teleost homologs of mamma-
lian AVP and oxytocin, respectively [28], whereas UI is a
member of the CRH family of peptides [17]. 5-HT have
been reported to stimulate the release of AVP [4] and oxy-
tocin [25] in mammals but the role of 5-HT in the regulation
of production and release of AVT and IT in teleost fish has
not been studied.

In conclusion, the results from the present study show that
8-OH-DPAT elevates plasma cortisol in catheterized rain-
bow trout in a dose-dependent manner. The effect of 8-OH-
DPAT is most likely mediated by activation of 5-HT1A-like
receptors, 8-OH-DPAT being a highly selective 5-HT1A

receptor agonist. This conclusion is further supported by
the fact that previous results clearly show that 5-HT1A-like
receptors are present in the brain of salmonid fish. However,
at the present time, we do not know at which level of the
HPI axis 8-OH-DPAT exerts its effect.

This study was financially supported by the Swedish
Council for Forestry and Agricultural Research and the
Swedish Natural Science Research Council.

[1] Blanchard, D.C., Cholvanich, P., Blanchard, R.J., Clow, D.W.,
Hammer, R.P., Rowelt, J.K. and Bardo, M.T., Serotonin, but not
dopamine, metabolites are increased in selected brain regions of
subordinate male rats in a colony environment, Brain Res., 568
(1991) 61–66.

[2] Bliss, L.B., Thatcher, W. and Ailion, J., Relationship of stress to
brain serotonin and 5-hydroxyindole-acetic acid, J. Psychiat. Res.,
9 (1972) 71–80.

[3] Bovetto, S., Rouillard, C. and Richard, D., Role of CRH in the effects
of 5-HT-receptor agonists on food intake and metabolic rate, Am. J.
Physiol., 271 (Regul. Integr. Comp. Physiol. 40) (1996) R1231-
R1238.

[4] Brownfield, M.S., Greathouse, J., Lorens, S.A., Armstrong, J., Urban,
J.H. and Van de Kar, L.D., Neuropharmacological characterization
of serotonergic stimulation of vasopressin secretion in conscious rats,
Neuroendocrinology, 47 (1988) 277–283.

[5] Chaouloff, F., Physiopharmacological interactions between stress
hormones and central serotonergic systems, Brain Res. Rev., 18
(1993) 1–32.

[6] Davis, M., Neurochemical modulation of sensory-motor reactivity:

115S. Winberg et al. / Neuroscience Letters 230 (1997) 113–116



acoustic and tactile startle reflexes, Neurosci. Behav. Rev., 4 (1980)
241–263.

[7] Dinan, T.G., Serotonin and the regulation of hypothalamic-pituitary-
adrenal axis function, Life Sci., 58 (1996) 1683–1694.

[8] Dunn, A.J., Changes in plasma and brain tryptophan and brain ser-
otonin and 5-hydroxyindoleacetic acid after footshock stress, Life
Sci., 42 (1988) 1847–1853.

[9] Dunn, A.J., Elfvin, K.L. and Berridge, C.W., Changes in plasma
corticosterone and cerebral biogenic amines and their catabolites
during training and testing mice in passive avoidance behaviour,
Behav. Neural Biol., 46 (1986) 410–423.

[10] Ejike, C. and Schreck, C.B., Stress and social hierarchy rank in coho
salmon, Trans. Am. Fish. Soc., 109 (1980) 423–426.

[11] Ekström, P. and van Veen, T., Distribution of 5-hydroxytryptamine
(serotonin) in the brain of the teleostGasterosteus aculeatusL., J.
Comp. Neurol., 226 (1984) 307–320.

[12] Frankenhuis van den Heuvel, T.H.M. and Nieuwenhuys, R., Distri-
bution of serotonin-immunoreactivity in the diencephalon and
mesencephalon of the trout,Salmo gairdneri, Anat. Embryol., 169
(1984) 193–204.

[13] Fuller, R.W., Serotonin receptors and neuroendocrine responses,
Neuropsychopharmacology, 3 (1990) 495–502.

[14] Herman, J.P. and Cullinan, W.E., Neurocircuitry of stress: central
control of the hypothalamo-pituitary-adrenocortical axis, Trends
Neurosci., 20 (1997) 78–84.

[15] Kah, O. and Chambolle, P., Serotonin in the brain of the goldfish,
Carassius auratus. An immunohistochemical study, Cell Tissue Res.,
234 (1983) 319–333.

[16] Liposits, Z., Phelix, C. and Paull, W.K., Synaptic interaction of
serotonergic axons and corticotropin releasing factor (CRF) synthe-
sizing neurons in the hypothalamic paraventricular nucleus of the rat.
A light and electron microscopic immunocytochemical study,
Histochemistry, 86 (1987) 541–549.

[17] Lovejoy, D.A., Peptide hormone evolution: functional heterogeneity
within GnRH and CRF families, Biochem. Cell Biol., 74 (1996) 1–7.

[18] Margolis-Kazan, H., Halpern-Sebold, L. and Schreibman, M.P.,
Immunocytochemical localization of serotonin in the brain and pitui-
tary gland of the platyfish,Xiphoåphorus maculates, Cell Tissue
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