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This study aimed at determining whether in vitro secretion of two neuropeptides, arginine vasotocin
(AVT) and isotocin (IT), from pituitary cells of gilthead sea bream Sparus aurata was affected by
cortisol and urotensin (UI). Pituitary cells were exposed to 1·4 × 10−8, 1·4 × 10−7 and 0·4 × 10−6 M
cortisol and 10−12, 10−10 and 10−8 M UI for 6, 24 and 48 h, respectively. AVT and IT contents were
determined in the culture media by high-performance liquid chromatography (HPLC). An increase
in AVT secretion and a decrease in IT secretion were observed at all cortisol doses. UI increased
AVT secretion after 6 h of incubation at all doses. After 24 h, however, only the highest dose of
UI still displayed an effect. IT secretion was not influenced by UI. It was thus demonstrated that
cortisol does influence AVT and IT secretion from S. aurata pituitary cells, while UI regulates AVT
secretion, as a component of hypothalamic–pituitary–interrenal (HPI) axis in this species.

© 2014 The Fisheries Society of the British Isles

Key words: fish nonapeptides; primary hypophysis cell cultures; stress hormones.

INTRODUCTION

Arginine vasotocin (AVT) and isotocin (IT) belong to a family of neuropeptides,
closely related to the mammalian homologues arginine vasopressin (AVP) and oxy-
tocin (OT) (Acher, 1993). In fishes, AVT and IT are synthesized separately in the
parvocellular and magnocellular neurons of the preoptic area (POA), stored in axon
terminals in neurohypophysis and are released from there into the vascular system
(Van den Dungen et al., 1982; Holmqvist & Ekström, 1995; Saito et al., 2004). After
dissociation from non-covalent complex, mature nonapeptides act as peripheral hor-
mones and active neurotransmitters or neuromodulators in the central nervous system
(CNS). AVT plays a key role in cardiovascular control and maintenance of water
and ionic homeostasis. It also interacts with other endocrine systems and controls
reproductive and social behaviour (Balment et al., 2006; McCormick & Bradshaw,
2006; Kulczykowska, 2007; Goodson, 2008).
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There is also evidence for a role of AVT and IT in physiological stress responses
in fishes. Changes in hypothalamic, pituitary and plasma AVT and IT concentrations
were found in many fish species in response to stressors such as confinement, distur-
bance, high density, food deprivation or salinity (Kulczykowska et al., 2001; Mancera
et al., 2008). This suggests that AVT and IT are important components of stress axis
in fishes (Kulczykowska, 2008). AVT neurons are co-localized with corticotropin-
releasing factor (CRF) in the preoptic nucleus (NPO) of the white sucker Catostomus
commersonii (Lacépède 1803) and eels [European eel Anguilla anguilla (L. 1758),
American eel Anguilla rostrata (LeSueur 1817) and Japanese eel Anguilla japon-
ica Temminck & Schlegel 1846] (Yulis & Lederis, 1987; Olivereau et al., 1988).
The expression of AVT and CRF mRNAs increases simultaneously in response to
various stressors in rainbow trout Oncorhynchus mykiss (Walbaum 1792) and Euro-
pean flounder Platichthys flesus (L. 1758) (Ando et al., 1999; Gilchriest et al., 2000;
Balment et al., 2006). In vitro studies have shown that, independently or in syn-
ergy with CRF, AVT stimulates adrenocorticotropic hormone (ACTH) release from
goldfish Carassius auratus (L. 1758) pituitary cells (Fryer et al., 1985) and from
perfused O . mykiss pituitaries (Baker et al., 1996; Pierson et al., 1996).

The effect of cortisol on AVT has been examined only in vivo in gilthead sea bream
Sparus aurata L. 1758 (Román-Padilla et al., 2011). The application of cortisol
implants in S . aurata enhanced the hypothalamic expression of AVT mRNA and
subsequently hypophysial AVT content. Although IT studies are very limited, they
suggest that IT potentiates ACTH release from C . auratus pituitary cells (Fryer
et al., 1985). The in vitro effect of cortisol on AVT and IT secretion in teleosts has
never been studied before.

In teleosts, urotensin I (UI) is implicated in the regulation of neuroendocrine,
autonomic and behavioural responses to stressors (Lovejoy & Balment, 1999; Flik
et al., 2006). Gene expression of UI was found not only in urophysis but also
in the telencephalon-preoptic, hypothalamic, optic tectum-thalamus and posterior
brain regions, which indicates regulatory action of this peptide in the CNS (Bernier
et al., 1999; Lu et al., 2004; Alderman & Bernier, 2007). The structural similarity
of UI with CRF suggests similar hypophysiotropic roles of both hormones in the
hypothalamic–pituitary–interrenal (HPI) axis in fish (Ichikawa et al., 1982; Fryer
et al., 1983; Lederis et al., 1994). It has been established that UI modulates cor-
tisol secretion either directly by acting on steroidogenic cells of interrenal tissue
or indirectly via the hypothalamic–pituitary axis (Fryer et al., 1983, 1984; Arnold-
Reed & Balment, 1994; Lovejoy & Balment, 1999). In C . commersonii , C . auratus
and West African lungfish Protopterus annectens (Owen 1839), UI-immunoreactive
(UI-ir) fibres from the nucleus lateral tuberalis (NLT) extend to the pituitary where
they may interact with AVT and IT nerve terminals (Yulis et al., 1986; McMaster &
Lederis, 1988; Fryer, 1989; Mathieu et al., 1999).

In S . aurata , unlike other teleosts, CRF is not a releasing factor for ACTH and
cortisol because there are no anatomical connections between CRF perikarya and
ACTH cells in the adenohypophysis (Quesada et al., 1988; Mancera & Fernandez-
Lebrez, 1995; Duarte et al., 2001). In S . aurata , UI instead of CRF may regulate
AVT and IT release.

The aim of this study was to determine whether AVT and IT secretion from
pituitary cells was affected by cortisol and UI in S . aurata .
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MATERIALS AND METHODS

F I S H

Three year-old S . aurata of both sexes were held at the National Center for Maricul-
ture, Eilat, Israel. Fish were kept in a 5 m3 circular tank supplied with aeration at ambient
seawater temperature (20–26◦ C), salinity of 40 ± 0·5 (mean ± s.e.), under natural light con-
ditions (11L:13D). Fish were fed with commercial S . aurata diet containing 45% protein.
At the time of experiments (October), with the reproductive season approaching, 49 fish
(560 ± 24 g, mean ± s.e.) were euthanized with an overdose of bicarbonate-buffered MS-222
(0·02%; Sigma-Aldrich; www.sigmaaldrich.com), and after decapitation, the pituitary glands
were immediately collected.

C U LT U R E O F D I S P E R S E D P I T U I TA RY C E L L S

Primary cultures of pituitary cells were prepared by a modification of the method described
by Levavi-Sivan et al. (1995, 2004). Sparus aurata pituitaries (n = 49) were pooled into
the basic medium (pH 7·4) containing Medium199 (Biological Industries; www.bioind.com)
supplemented with 0·3% bovine serum albumin (BSA;Sigma-Aldrich), 10 μM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and 1% Pen–Strep–Nystatin
solution (Biological Industries). The glands were cut into small fragments using a razor blade
and dispersed by trypsinization for 30 min at room temperature in trypsin–EDTA solution
(0·25% trypsin, 25% glucose and 250 mM EDTA) (Biological Industries). Trypsinization
was halted by addition of foetal calf serum (FCS) (Biological Industries). After counting and
determination of viability using trypan blue exclusion method (Freshney, 1986), dispersed
cells were plated on 24 multi-well plates (Greiner Bio-One; www.greinerbioone.com)
at a density of 1·105 × 106 cells per well in 1·5 ml growth medium [Medium199,
10% FCS, 10mM HEPES and 1% penecillin-streptomycin-Nystatin (Pen-Strep-Nystatin)
solution]. The cells were cultured at 28◦ C under 5% CO2 for 3 days. After that time,
growth medium was replaced with harvest medium (Medium199 supplemented with 0·1%
BSA, 10 μM HEPES and 1% Pen–Strep–Nystatin solution) and cortisol (1·4 × 10−8,
1·4 × 10−7 and 0·4 × 10−6 M) (Sigma-Aldrich) or UI (10−12, 10−10 and 10−8 M) (C .
commersonii sequence; Bachem; www.bachem.com) was added. Each plate consisted
of a cell culture separately supplemented with cortisol or UI and a cell culture without
treatments as control. The plates were incubated at 28◦ C under 5% CO2 for 6, 24 and
48 h. Six replicas were done for each cortisol or UI concentration and control. After 6,
24 and 48 h, subsequent plates were removed from the incubator and the media were
collected and stored at −70◦ C until high-performance liquid chromatography (HPLC)
analysis.

AV T A N D I T A NA LY S I S

AVT and IT concentrations were determined in incubation media by HPLC with
fluorescence and UV detection preceded by solid-phase extraction (SPE) according to a
modified procedure by Kulczykowska (1995) that allows for measuring both neurohormones
in one sample. SPE was carried out on Strata-X (30 mg ml−1) columns (Phenomenex,
www.phenomenex.com). Before SPE, refrozen media were acidified with 1 M HCl to
pH 3–4. Extraction procedure for perfusion media was as follows: samples were loaded on
conditioned columns [1 ml of 100% (v/v) methanol (J. T. Baker; www.jtbaker.nl) and then
1 ml of H2O] and then 2 μl × 300 μl of H2O and 2 μl × 300 μl of 0·1% (v/v) trifluoroacetic
acid (TFA) (J. T. Baker) in 5% (v/v) acetonitrile (J. T. Baker) were passed through the
columns to wash out impurities. Hormones were eluted with 2 μl × 600 μl of 80% (v/v)
acetonitrile. Eluates were evaporated to dryness using TurboVap LV Evaporator (Caliper
Life Sciences; www.caliperls.com). Dried samples were then reconstituted with 50 μl of
0·1% TFA in 15% acetonitrile in H2O and directly injected to HPLC system (1200 series
Quaternary HPLC system, Agilent Technology; www.agilent.com) with fluorescence detector
and diode array detector. The chromatographic separations of peptides were carried out on
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ZORBAX Eclipse XDB-C18 (4·6 mm × 150 mm, 5 μm) (Agilent Technology) using linear
gradient system: 20–40% mobile phase B [0·1% TFA in acetonitrile:H2O (3:1)] in mobile
phase A (0·1% TFA in H2O) for 15 min. The column temperature was 20◦ C and flow rate
was 0·7 ml min−1. Fluorescence detection was performed at 312 nm with excitation at 280 nm
and UV detection at 215 nm. AVT and IT standards (Bachem) were used for standard curve
preparation. Recovery of AVT and IT was in the 89–93% range. The detection limit was
defined as 100 fmol ml−1. Intra-day repeatability expressed as relative s.d. (RSD) was in the
2–4·5 and 5·3–8·2% range for AVT and IT, respectively; inter-day repeatability was in the
2·5–5·5 and 5·5–8·5% range for AVT and IT, respectively.

S TAT I S T I C A L A NA LY S I S

AVT and IT contents are presented as a per cent of the control. For multiple comparisons,
two-way analysis of variance (ANOVA) was used. Post hoc comparisons were made with
the Newman–Keuls test. Significance was considered at P < 0·05. Statistical analysis was
performed using STATISTICA 7.1 programme (www.statsoft.com).

RESULTS

T H E I N F L U E N C E O F C O RT I S O L O N AV T A N D I T S E C R E T I O N

Cortisol at all doses significantly increased AVT release after 6, 24 and 48 h of cul-
ture. Moreover, AVT secretion after 24 h exposure to 1·4 × 10−7 and 1·4 × 10−6 M
of cortisol was significantly higher (P < 0·001) compared to that induced by
1·4 × 10−8 M of cortisol [Fig. 1(a)]. In contrast to AVT, IT secretion was signif-
icantly decreased by cortisol at all tested doses (P < 0·001) after 6, 24 and 48 h of
exposure. IT secretion after 6 h exposure to 1·4 × 10−6 M of cortisol was significantly
lower (P < 0·01) compared to that caused by 0·4 × 10−7 M of cortisol [Fig. 1(b)].

T H E I N F L U E N C E O F U I O N AV T A N D I T S E C R E T I O N

UI at all doses significantly increased AVT secretion (P < 0·05 for 10−12 and
10−10 M or P < 0·001 for 10−8 M) after 6 h of culture. After 24 h, only 10−8 M of UI
significantly (P < 0·05) elevated AVT secretion [Fig. 2(a)]. UI did not significantly
influence IT release from dispersed pituitary cells. IT secretion measured after 6 h
exposure to 10−12 M of UI was significantly lower compared with that caused by
two other doses of UI (P < 0·05 for 10−10 M and P < 0·01 for 10−8 M) [Fig. 2(b)].

DISCUSSION

This study demonstrates for the first time that AVT and IT secretion from S .
aurata pituitary cells was influenced by cortisol and UI. The response of AVT and
IT to different stress stimuli and the presence of arginine vasotocinergic innervation
of corticotrophic cells in the pituitary strongly suggest that both neuropeptides can
be important components of the stress axis in fish (Yulis & Lederis, 1987; Oliv-
ereau et al., 1988; Duarte et al., 2001; Kulczykowska, 2007). In this study, cortisol
showed a stimulatory action on pituitary cells of S . aurata inducing AVT secretion
at all doses. The doses of cortisol were chosen taking into account different cortisol
responses to stress in various fish species (Arnold-Reed & Balment, 1989; Kelsall
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Fig. 1. (a) Arginine vasotocin (AVT) and (b) isotocin (IT) secretion by primary cultures of dispersed pituitary
cells from Sparus aurata in response to cortisol [1·4 × 10−8( ), 1·4 × 10−7 ( ) and 0·4 × 10−6 M ( )]
for 6, 24 and 48 h of incubation. Values are mean ± s.e. AVT and IT values are expressed as % of
control ( ). Lowercase letters above bars indicate values significantly different v . control within time
point of incubation; a, P < 0·001; b, P < 0·01; c, P < 0·05. Asterisks above bars indicate values that
are significantly different between applied cortisol doses within time point of incubation; ***P < 0·001
and **P < 0·01.

& Balment, 1998; Barton, 2002). Among teleosts, some species exhibit high corti-
sol concentrations (10−7 –10−6 M) in response to acute stress (Barton, 2002) while
some species reveal low cortisol levels (10−9 –10−8 M) in response to the same stress
(Alderman et al., 2008; Bernier, et al., 2008; Mancera et al., 2008). Also, in rats Rat-
tus norvegicus , a wide range of corticosterone doses, i .e. between 10−9 and 10−4 M,
was found to affect AVP release from the hypothalamic slices containing paraven-
tricular (PVN) and supraoptic nuclei (SON) (Liu et al., 1995). In studies presented
here, the dose-dependent effect of cortisol on AVT secretion has been manifested
after 24 h of cell culture. In vitro cortisol action on AVT secretion in teleosts was not
studied before. In vivo studies on S . aurata have shown an increase in hypophysial
AVT content after 12 and 24 h post-implantation of cortisol (Román-Padilla et al.,
2011). In mammals, influence of cortisol on AVP secretion was studied by in vivo
and in vitro methods. In zebu steers Bos indicus , stimulatory in vivo effect of cortisol
on plasma AVP content was noted in response to water deprivation (Parker et al.,
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Fig. 2. (a) Arginine vasotocin (AVT) and (b) isotocin (IT) secretion by primary cultures of dispersed pituitary
cells from Sparus aurata in response to urotensin (UI) [10−12 ( ), 10−10 ( ) and 10−8 M ( )] for 6,
24 and 48 h of incubation. Values are mean ± s.e. AVT and IT values are expressed as % of control
( ). Lowercase letters above bars indicate values significantly different v . control within time point of
incubation; a, P < 0·001; c, P < 0·05. Asterisks above bars indicate values that are significantly different
between applied cortisol doses within time point of incubation; **P < 0·01 and *P < 0·05.

2004). Engler et al. (1989) have demonstrated that an audiovisual stress (barking
dog) rapidly increases the plasma levels of cortisol and AVP in sheep Ovis aries .
Other findings indicate that the expression of AVP in parvocellular neurons of the
PVN and AVP secretion into the pituitary portal circulation increases under chronic
stress in rats (Holmes et al., 1986; de Goeij et al., 1992; Aguilera, 1994; Chowdrey
et al., 1995). It is also shown that stress up-regulates the number of AVP receptors
in the rat anterior pituitary (Aguilera et al., 1994).

The results presented here revealed that the stimulatory effect of cortisol on AVT
secretion diminishes after 48 h of culture. The depletion of AVT stores without sub-
sequent supplementation of secretory granules from arginine vasotocinergic nerves is
the most likely explanation. Corticoid receptor (CR) desensitization could be another
cause. Desensitization of CRs is known in mammals as a result of physiological pro-
cesses, stress and disease (Meaney et al.; 1989; Modell et al., 1997; Cole et al.,
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2009). On the other hand, the reduction of AVT secretion after 48 h of cortisol expo-
sure could also be linked with an increase in aminopeptidase activity responsible for
nonapeptide metabolism as shown in rats and chickens Gallus domesticus (Wang
et al., 1983; Burbach et al., 1987, 1998).

As in the case of AVT, in vitro cortisol action on IT secretion in teleosts was
not known before this study. Data presented here showed that cortisol decreased IT
secretion from S . aurata pituitary cells. In mammals, cortisol action on OT was
investigated by in vitro and in vivo experiments. Di et al. (2003) have found that
glucocorticoids exert an inhibitory effect on neurosecretory activity of parvocellular
oxytocinergic neurons of rats. In rats, the increase in plasma OT levels after intra-
venous injection of isotonic or hypertonic saline was blocked by dexamethasone
(Durlo et al., 2004).

In S . aurata , unlike other studied fishes, CRF is not a releasing factor for ACTH
(Mancera & Fernandez-Lebrez, 1995). In vitro experiments performed on C . auratus
revealed that UI affects HPI axis. UI is even more potent than CRF in stimulation
of ACTH secretion from superfused anterior pituitary cells (Fryer, 1989; Tran et al.,
1990). It is presumed that UI, instead of CRF, may regulate AVT and IT release in
S . aurata .

The doses of UI used in the experiment were determined on the basis of the liter-
ature, considering its concentration in different tissues (Suess et al., 1986; Arnold-
Reed & Balment, 1989, 1994; Kelsall & Balment, 1998; Backström et al., 2011). In
this study, dose-dependent stimulatory effect of UI on AVT secretion was observed
after 6 h of incubation. In rats, it has been demonstrated that UI slightly increases the
hypothalamus AVP release in vitro, indicating the possible stimulatory effect of this
peptide on AVT production (Bagosi et al., 2011). The presented data have shown that
only after 24 h the highest dose of UI elevates AVT secretion from pituitary cells.
The stimulatory effect of UI completely expires after 48 h of cell culture. This may be
explained by later desensitization of CRF receptors (CRFR). UI is a natural ligand of
CRFRs (Lederis et al., 1994; Arai et al., 2001). Desensitization of CRFRs is demon-
strated by a number of in vitro studies (Hauger et al., 1997; Aguilera et al., 2004;
Hauger et al., 2006; Teli et al., 2008). In this study, UI did not affect IT secretion.
The influence of UI on IT or OT secretion had never been investigated before.

It is also known that UI increases cortisol secretion (Fryer et al., 1983, 1984;
Arnold-Reed & Balment, 1989, 1994; Lovejoy & Balment, 1999). Thus, UI may
also influence AVT secretion indirectly, stimulating cortisol release.

The opposite response of AVT and IT to UI or cortisol exposure in pituitary cell
culture is in accordance with other data (Saito & Urano, 2001; Kulczykowska, 2007)
showing an independent regulation of nonapeptide secretion.

This study indicates that cortisol affects AVT and IT secretion from pituitary cells
of S . aurata . In this species, UI instead of CRF may contribute to the regulation of
HPI axis and regulate AVT secretion. This study confirms previous assumptions that
AVT and IT are essential components of stress response in fish.
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the Hungarian Neuroscience Society (Világi, I.), 145. Lausanne: Frontiers Media.
10.3389/conf.fnins.2011.84.00086

Baker, B. I., Bird, D. J. & Buckingham, J. C. (1996). In the trout, CRH and AVT synergize
to stimulate ACTH release. Regulatory Peptides 67, 207–210.

Balment, R. J., Lu, W., Weybourne, E. & Warne, J. M. (2006). Arginine vasotocin a key
hormone in fish physiology and behaviour: a review with insights from mammalian
models. General and Comparative Endocrinology 147, 9–16.

Barton, B. A. (2002). Stress in fishes: a diversity of responses with particular reference
to changes in circulating corticosteroids. Integrative and Comparative Biology 42,
517–525.

Bernier, N. J., Lin, X. & Peter, R. E. (1999). Differential expression of corticotropin-releasing
factor (CRF) and urotensin I precursor genes, and evidence of CRF gene expression
regulated by cortisol in goldfish brain. General and Comparative Endocrinology 116,
461–477.

Bernier, N. J., Alderman, S. L. & Bristow, E. N. (2008). Heads or tails? Stressor-specific
expression of corticotropin-releasing factor and urotensin I in the preoptic area and cau-
dal neurosecretory system of rainbow trout. Journal of Endocrinology 196, 637–648.

Burbach, J. P. H., Terwel, D. & Lebouille, J. L. (1987). Measurement and distribution of
vasopressin-converting aminopeptidase activity in rat brain. Biochemical and Biophys-
ical Research Communications 144, 726–731.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 448–458



456 H . K A L A M A R Z - K U B I A K E T A L .

Burbach, J. P., Schoots, O. & Hernando, F. (1998). Biochemistry of vasopressin fragments.
Progress in Brain Research 119, 127–136.

Chowdrey, H. S., Larsen, P. J., Harbuz, M. S., Jessop, D. S., Aguilera, G., Eckland, D. J. &
Lightman, S. L. (1995). Evidence for arginine vasopressin as the primary activator of
the HPA axis during adjuvant-induced arthritis. British Journal of Pharmacology 16,
2417–2424.

Cole, S. W., Mendoza, S. P. & Capitanio, J. P. (2009). Social stress desensitizes lymphocytes
to regulation by endogenous glucocorticoids: insights from in vivo cell trafficking
dynamics in rhesus macaques. Psychosomatic Medicine 71, 591–597.

Di, S., Malcher-Lopes, R., Halmos, K. C. & Tasker, J. G. (2003). Nongenomic glucocor-
ticoid inhibition via endocannabinoid release in the hypothalamus: a fast feedback
mechanism. Journal of Neuroscience 23, 4850–4857.

Duarte, G., Segura-Noguera, M. M., Martín del Río, M. P. & Mancera, J. M. (2001). The
hypothalamo-hypophyseal system of the white seabream Diplodus sargus: immuno-
cytochemical identification of arginine-vasotocin, isotocin, melanin-concentrating hor-
mone and corticotropin-releasing factor. Histochemical Journal 33, 569–578.

Durlo, F. V., Castro, M., Elias, L. L. & Antunes-Rodrigues, J. (2004). Interaction of pro-
lactin, ANPergic, oxytocinergic and adrenal systems in response to extracellular volume
expansion in rats. Experimental Physiology 89, 541–548.

Engler, D., Pham, T., Fullerton, M. J., Ooi, G., Funder, J. W. & Clarke, I. J. (1989). Stud-
ies of the secretion of corticotropin-releasing factor and arginine vasopressin into the
hypophysial-portal circulation of the conscious sheep. I. Effect of an audiovisual stim-
ulus and insulin-induced hypoglycemia. Neuroendocrinology 49, 367–381.

Flik, G., Klaren, P. H., Van den Burg, E. H., Metz, J. R. & Huising, M. O. (2006). CRF and
stress in fish. General and Comparative Endocrinology 146, 36–44.

Freshney, R. I. (1986). Trypan blue dye exclusion method. In Culture of Animal Cells. A
Manual of Basic Technique (Freshney, R. I., ed), pp. 208–209. New York, NY: Alan
R. Liss Inc.

Fryer, J. (1989). Neuropeptides regulating the activity of goldfish corticotropes and melan-
otropes. Fish Physiology and Biochemistry 7, 21–27.

Fryer, J., Lederis, K. & Rivier, J. (1983). Urotensin I, a CRF-like neuropeptide, stimulates
ACTH release from the teleost pituitary. Endocrinology 113, 2308–2310.

Fryer, J., Lederis, K. & Rivier, J. (1984). Cortisol inhibits the ACTH-releasing activity of
urotensin I, CRF and sauvagine observed with superfused goldfish pituitary cells. Pep-
tides 5, 925–930.

Fryer, J., Lederis, K. & Rivier, J. (1985). ACTH-releasing activity of urotensin I and ovine
CRF: Interactions with arginine vasotocin, isotocin and arginine vasopressin. Regula-
tory Peptides 11, 11–15.

Gilchriest, B. J., Tipping, D. R., Hake, L., Levy, A. & Baker, B. I. (2000). The effects of
acute and chronic stresses on vasotocin gene transcripts in the brain of the rainbow
trout (Oncorhynchus mykiss). Journal of Neuroendocrinology 12, 795–801.

de Goeij, D. C., Jezova, D. & Tilders, F. J. (1992). Repeated stress enhances vasopressin
synthesis in corticotropin releasing factor neurons in the paraventricular nucleus. Brain
Research 577, 165–168.

Goodson, J. L. (2008). Nonapeptides and the evolutionary patterning of sociality. Progress in
Brain Research 170, 3–15.

Hauger, R. L., Dautzenberg, F. M., Flaccus, A., Liepold, T. & Spiess, J. (1997). Regulation
of corticotropin-releasing factor receptor function in human Y-79 retinoblastoma cells:
rapid and reversible homologous desensitization but prolonged recovery. Journal of
Neurochemistry 68, 2308–2316.

Hauger, R. L., Risbrough, V., Brauns, O. & Dautzenberg, F. M. (2006). Corticotropin releasing
factor (CRF) receptor signaling in the central nervous system: new molecular targets.
CNS and Neurological Disorders-Drug Targets 5, 453–479.

Holmes, M. C., Antoni, F. A., Catt, K. J. & Aguilera, G. (1986). Predominant release of
vasopressin vs. corticotropin-releasing factor from the isolated median eminence after
adrenalectomy. Neuroendocrinology 43, 245–251.

Holmqvist, B. I. & Ekström, P. (1995). Hypophysiotrophic systems in the brain of the Atlantic
salmon. Neuronal innervation of the pituitary and the origin of pituitary dopamine

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, 84, 448–458



AV T / I T S E C R E T I O N I N S PA RU S AU R ATA 457

and nonapeptides identified by means of combined carbocyanine tract tracing and
immunocytochemistry. Journal of Chemical Neuroanatomy 8, 125–145.

Ichikawa, T., McMaster, D., Lederis, K. & Kobayashi, H. (1982). Isolation and amino acid
sequence of urotensin I, a vasoactive and ACTH-releasing neuropeptide, from the carp
(Cyprinus carpio) urophysis. Peptides 3, 859–867.

Kelsall, C. J. & Balment, R. J. (1998). Native urotensins influence cortisol secretion and
plasma cortisol concentration in the euryhaline flounder, Platichthys flesus . General
and Comparative Endocrinology 112, 210–219.

Kulczykowska, E. (1995). Solid-phase extraction of arginine vasotocin and isotocin in fish
samples and subsequent gradient reversed-phase high-performance liquid chromato-
graphic separation. Journal of Chromatography B 673, 289–293.

Kulczykowska, E. (2007). Arginine vasotocin and isotocin: towards their role in fish osmoreg-
ulation. In Fish Osmoregulation (Baldisserotto, B., Romero Mancera, J. M. & Kapoor,
B. G., eds), pp. 151–176. Science Publisher: Enfield, NH.

Kulczykowska, E. (2008). Arginine vasotocin and isotocin as multifunctional hormones, neu-
rotransmitters and neuromodulators in fish. In Avances en Endocrinología Comparada ,
Vol. IV (Munoz-Cueto, J. A., Mancera, J. M. & Martínez-Rodríguez, G., eds), pp.
41–47. Cádiz: Servicio de Publicaciones Universidad de Cádiz.

Kulczykowska, E., Warne, J. M. & Balment, R. J. (2001). Day-night variations in plasma
melatonin and arginine vasotocin concentrations in chronically cannulated flounder
(Platichthys flesus). Comparative Biochemistry and Physiology A 130, 827–834.

Lederis, K., Fryer, J. N., Okawara, Y., Schonrock, C. H. R. & Richter, D. (1994).
Corticotropin-releasing factors acting on the fish pituitary; Experimental and molec-
ular analysis. In Fish Physiology , Vol. 13 (Farrell, A. P. & Randall, D. J., eds), pp.
67–110. San Diego, CA: Academic Press Inc.

Levavi-Sivan, B., Ofir, M. & Yaron, Z. (1995). Possible sites of dopaminergic inhibition of
gonadotropin release from the pituitary of a teleost fish, tilapia. Molecular and Cellular
Endocrinology 109, 87–97.

Levavi-Sivan, B., Safarian, H., Rosenfeld, H., Elizur, A. & Avitan, A. (2004). Regulation of
gonadotropin-releasing hormone (GnRH)-receptor gene expression in tilapia: effect of
GnRH and dopamine. Biology of Reproduction 70, 1545–1555.

Liu, X., Wang, C. A. & Chen, Y. Z. (1995). Nongenomic effect of glucocorticoid on the
release of arginine vasopressin from hypothalamic slices in rats. Neuroendocrinology
62, 628–633.

Lovejoy, D. A. & Balment, R. J. (1999). Evolution and physiology of the corticotrophin-
releasing factor (CRF) family of neuropeptides in vertebrates. General and Compara-
tive Endocrinology 115, 1–22.

Lu, W., Dow, L., Gumusgoz, S., Brierley, M. J., Warne, J. M., McCrohan, C. R., Balment,
R. J. & Riccardi, D. (2004). Coexpression of corticotropin-releasing hormone and
urotensin I precursor genes in the caudal neurosecretory system of the euryhaline floun-
der (Platichthys flesus): a possible shared role in peripheral regulation. Endocrinology
145, 5786–5797.

Mancera, J. M. & Fernandez-Lebrez, P. (1995). Localization of corticotropin-releasing factor
immunoreactivity in the brain of the teleost Sparus aurata . Cell and Tissue Research
281, 569–572.

Mancera, J. M., Vargas-Chacoff, L., García-López, A., Kleszczyńska, A., Kalamarz, H.,
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