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Proper functioning of the endocrine stress axis requires communication between the stress axis and other
regulatory mechanisms. We here describe an intimate interplay between the stress axis and recombinant
human leptin (rhLeptin) in a teleostean fish, the common carp Cyprinus carpio. Restraint stress (by netting
up to 96 h) increased plasma cortisol but did not affect hepatic leptin expression. Perifusion of pituitary
glands or head kidneys with rhLeptin revealed direct effects of rhLeptin on both tissues. RhLeptin sup-
presses basal and CRF-induced ACTH-secretion in a rapid and concentration-dependent manner. The

lL(zi)/\t/;/srds: rhLeptin effect persisted for over an hour after administration had been terminated. RhLeptin decreases
Stress axis basal interrenal cortisol secretion in vitro, and by doing so attenuates ACTH-stimulated cortisol produc-
Teleostean fish tion; rhLeptin does not affect interrenal ACTH-sensitivity. Our findings show that the endocrine stress
Cortisol axis activity and leptin are inseparably linked in a teleostean fish, a notion relevant to further our insights
CRF in the evolution of leptin physiology in vertebrates.

ACTH © 2012 Elsevier Inc. All rights reserved.

1. Introduction

Since the initial cloning of the Obese (Ob) gene in mice [52], its
key role in the regulation of food intake and body weight has been
well established [36,42], fuelled by the increasing occurrence of
obesity throughout the (Western) world. In mammals, leptin is pri-
marily produced and secreted by white adipose tissue [52] and cir-
culates in proportion to the amount of body fat. From the blood
stream, leptin is shuttled across the blood brain barrier coupled
to a truncated soluble form of the leptin receptor [24] and signals
to the arcuate nucleus (ARC). The peripheral signals regarding en-
ergy status are integrated and transmitted by arcuate neurons to
higher order brain centres (among others the paraventricular nu-
cleus, PVN) to terminate food intake, increase metabolism [10,36]
and by doing so, guarantee energy homoeostasis. Besides its key
role in the regulation of food intake and body weight, in recent
years leptin was shown to be a truly pleiotropic hormone, and
has been implicated to serve in e.g., the immune response [9,31],
bone formation [15] and the stress response [30,40].

Early studies on leptin in fish revealed the liver as a main site of
expression; further it was also shown that leptin expression does
not change after fasting or feeding to satiation for up to six weeks
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[22]. Since this first paper on the physiology of a teleostean leptin,
a rather different leptin physiology in fish compared to mammals
has emerged from studies on zebrafish [18], Atlantic salmon [38],
rainbow trout [26] and Arctic char [12]: in a nutshell, these studies
support the notion of the liver rather than adipocytes as the pri-
mary site of leptin production; these studies further suggest that
the role of leptin in energy homoeostasis in fish may differ from
the accepted role in mammals.

The stress response in fish shows many similarities to that of
terrestrial vertebrates [50]. Primary stress hormones include the
catecholamines and the signals of the hypothalamic - pituitary -
interrenal (HPI) axis. In response to a stressor, corticotropin-releas-
ing factor (CRF) produced in the nucleus preopticus is sent via ax-
ons to corticotrope cells in the pituitary pars distalis where it
initiates the release of adrenocorticotropic hormone (ACTH). ACTH
is transported to the interrenal cells in the head kidney and trig-
gers production and release of cortisol, the main end product of
the stress axis [11,50]. In fish, cortisol exerts a plethora of func-
tions. Key targets for cortisol are the gills, liver, intestine and kid-
neys. These organs reflect the two major actions of cortisol in fish:
regulation of (1) hydromineral balance and (2) energy partitioning.
Fish do not produce aldosterone, they lack aldosterone synthase;
dependent on the types of receptor (mineralocorticoid receptor
[MR] or glucocorticoid receptor [GR]) present in a cell, cortisol ex-
erts mineralo- and/or glucocorticoid actions [32,44,50].
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Table 1

Nucleotide sequences of the primers used for RT-qPCRs.
Gene Accession# FW5 - 3 RV5 -3/
Leptin-a-I AJ868357 CATATTGATTTGTCCACCCTTCTG CCATTAGCTGGCTCCTTGGAT
Leptin-a-II AJ868356 AGATACGCAACGATTTGTTCACA GCGTTGTTCTCCAAGAAAGCA
Elongation factor 1o AF485331 CACGTCGACTCCGGAAAGTC CGATTCCACCGCATTTGTAGA
40S AB012087 CCGTGGGTGACATCGTTACA TCAGGACATTGAACCTCACTGTCT

Stressed fish reduce their food intake and this is considered to be
the main reason for impaired growth of stressed fish [3]. Cortisol re-
leased during distress is assumed to be the primary mediator of im-
paired growth [37]; cortisol influences growth of fish in several
ways, e.g., by diversion of energy away from anabolic processes
[8,47] or by the reduction of intestinal nutrient absorption [35].

The energy partitioning actions of stress axis hormones, and a
possible role for leptin in fish energy metabolism makes one pre-
dict cross-talk or bidirectional communication between leptin
and the stress axis. In mammals, numerous studies describe effects
of leptin at multiple levels of the HPA-axis: e.g., leptin decreases
expression of CRF in the paraventricular nucleus and reverses the
CRF-stimulatory effect of adrenalectomy in ob/ob mice [1,21], aug-
ments plasma ACTH concentrations in response to electrical shocks
in rats [25], decreases adrenal steroidogenesis in rat adrenocortical
cell lines [20,49] and lowers plasma corticosterone levels in mice
[21]. To date, no effects of leptin on the stress axis of any non-
mammalian species have been reported.

The demonstration of leptin genes in teleosts provides us with
opportunities to study the physiology of this hormone in the earli-
est vertebrates, and gives us new and original insights in leptin
physiology. We here demonstrate for common carp, Cyprinus car-
pio interactions between the stress axis and rhLeptin. Netting
stress for up to 96 h does not influence hepatic leptin-a' mRNA lev-
els, recombinant human leptin inhibits both basal and CRF-induced
ACTH-secretion and decreases interrenal basal cortisol secretory
activity, and these observations substantiate a direct effect of rhLep-
tin on stress axis components. Taken together, these findings show
that the stress axis and leptin are intimately related in common carp.

2. Materials and methods
2.1. Animals

Common carp (C. carpio L.) was obtained from a commercial
farm in Valkenswaard, The Netherlands. Fish were kept in glass
tanks containing 150 L recirculated (80%; 20% fresh input of tap
water), biofiltered and UV-treated Nijmegen tap water at 23 °C.
Fish were fed 2% of the estimated body weight daily with commer-
cial fish food (Trouvit). Experimental design obeyed Dutch legisla-
tion and was approved by the ethics committee of the Radboud
University Nijmegen.

2.2. Restraint stress

To examine leptin expression during stress, we applied net re-
straint as stressor. Carp (n = 8 per tank; both male and female fish
were used) were housed in identical 150 L tanks. Fish were fed 2%
of the estimated body weight until restraint was given. On t=0
“control fish” were sampled and “restraint fish” were confined in

1 Zebrafish expresses two leptin genes, leptin-a and leptin-b (Gorissen et al., 2009);
common carp, a tetraploid species, expresses two copies of leptin-a and leptin-b. The
expression of leptin-b in carp liver is essentially undetectable under all conditions
tested so far (unpublished); for that reason we address only leptin-a (I&1l) in this
study.

a net. Restrained fish and pair-fed controls did not receive food
from t = 0 until the end of the experiment. At defined time points,
fish were sampled as described below.

2.3. Sampling

Fish were anaesthetised in 0.1% (v/v) 2-phenoxyethanol (Sigma,
St. Louis, USA) and blood was collected by puncture of the caudal
veins with a tuberculin syringe fitted with a 25-G needle; heparin
was used as anticoagulant. After blood collection, the fish were
killed by cutting the spinal cord caudal of the opercula. For perifu-
sion, left and right head kidneys were collected, as was the pitui-
tary gland, which was bisected into pars distalis and pars
intermedia. For quantification of mRNA levels, collected tissues
were flash-frozen on dry ice and kept at —80 °C until processing.

2.4. Determination of plasma glucose and NEFA levels

Plasma glucose and non-esterified fatty acids (NEFA) were
determined by use of the “Glucose liquicolor” and “NEFA-C” meth-
od, respectively, according to the manufacturer’s instructions
(Wako chemicals, Neuss, Germany).

2.5. Perifusion

Perifusion (also called superfusion) experiments were per-
formed as previously described [34]. Briefly, head kidney or the
pituitary pars distalis were placed in a perifusion chamber and
perifused with carbogen-saturated (95% 0,/5% CO,) 15mM
HEPES/Tris-buffer (pH 7.4) containing 128 mM NaCl, 2 mM KCl,
2 mM CaCl,, 0.25% (w/v) glucose, 0.03% (w/v) bovine serum albu-
min and 0.1 mM ascorbic acid. Peptides and amines of interest —
rhLeptin, human ACTH[1-39], ovine CRF and dopamine - were
all obtained from Sigma-Aldrich (St. Louis, USA) and were dis-
solved in the perifusion medium to the desired concentration.
Medium was perifused at 30 pl/min. Perifused medium was col-
lected over 5- or 15-min intervals and then immediately placed
on ice until further analysis by radioimmunoassay (RIA).

2.6. Determination of plasma hormone concentrations

ACTH was quantified by RIA as previously described [34]. In
short, the incubation mixture consisted of 25 pl samples (in dupli-
cate) or standards (in triplicate) with 100 pl of 1:1000 diluted anti-
body (raised against human ACTH[1-24]; Biogenesis, Poole, UK).
After 24 h at 4 °C, 100 pl of '®I-labelled human ACTH[1-39] was
added and incubated for another 24 h at 4 °C. Bound antigens were
incubated for 30 min at room temperature with 100 pl of 1:20 di-
luted goat anti-rabbit IgG (Biotrend, K6ln, Germany) in 0.005% (w/
v) rabbit IgG (Sigma). To precipitate immune complexes, one ml
ice-cold precipitation buffer (7.5% (w/v) polyethylene glycol
6000) was added and centrifuged for 10 min at 2000g and 4 °C.
The supernatant was aspirated and pellets were analysed for gam-
ma-emission.

Cortisol was measured using a RIA in a 96-well plate. All
wells except the ‘non-specifics’ received 100 pul cortisol antibody
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Fig. 1. Effect of netting restraint (black columns) for 24 and 96 h on plasma cortisol
(A), glucose (B) and NEFA (C) levels compared to control (grey column) and non-fed
controls (white columns). Values represent means * S.E. (n = 10). Columns that do
not share a common letter differ significantly from one another. P<0.05 was
accepted as fiducial limit.

(Cortisol Antibody[xm210] monoclonal and IgG purified (Abcam);
1:2000 in 50 mM NaHCOs3, 50 mM NaH,COs3, 0.02% NaNs3, pH 9.6)
and were incubated overnight at 4 °C. The following day, the plates
were washed three times with 200 pl/well wash buffer (100 mM
Tris, 0.9% NaCl, 0.02% NaN3). Subsequently, non-specific sites were
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Fig. 2. Effect of restraint (black columns) for 24 and 96 h on hepatic leptin-a-I (A)
and leptin-a-II (B) expression. Gene expression presented here was first normalised
to the expression of elongation factor 1o. and then presented relative to controls.
Values represent means + S.E. (n = 10). Columns that do not share a common letter
differ significantly from one another (P < 0.05).

blocked by the addition of 100 pl blocking buffer (100 mM Tris,
0.9% NacCl, 0.02% NaNs, 0.25% Normal Calf Serum) to each well.
Plates were covered and incubated for one h at 37 °C. Subse-
quently, 10 pl of standard (4-2048 pg cortisol/10 pl assay buffer
containing 100 mM Tris, 0.9% NacCl, 0.1% 8-anilino-1-naphthalene-
sulfonic acid, 0.02% NaNs3) or 10 pl of undiluted plasma or perifu-
sion medium was added to designated wells. Non-specifics and
By received 10 pl assay buffer. After the addition of standards
and samples, 90 ul (333 Bq) of 3H-hydrocortisone (PerkinElmer,
USA, 1:10,000 in assay buffer) solution was added to all wells.
Plates were incubated overnight at 4 °C. The plates were then
washed three times with wash buffer. After the final wash step,
all wells received 200 pl of ‘Optiphase hisafe-3 scintillation liquid’
(PerkinElmer, USA) and were covered. Beta-emission was quanti-
fied by a 3 min count per well using a Microbeta Plus (Wallac/Perk-
inElmer, USA).

2.7. Gene expression analysis

Total RNA was isolated with Trizol (Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions and diluted as re-
quired in ultrapure water. RNA concentration and purity was mea-
sured by nanodrop spectrophotometry. Samples were treated with



78 M. Gorissen et al./General and Comparative Endocrinology 178 (2012) 75-81

control

150=

100~

% stimulation

50+

L] L] L L L] | " 1
60 80 100 120 140 160 180 200 220
Superfusion time (min)

B 200+
leptin
10°M
c 1504
)
5
3 - P ——
£ 100 ==
=
7]
X 504 -
0

L] L] L) L] L L] " n
60 80 100 120 140 160 180 200 220
Superfusion time (min)

C 200+
leptin
103M

c 150=

L

e

s

2 100+

E

=

1]

® 504

L] L] 1 L] L] L] L] 1
60 80 100 120 140 160 180 200 220
Superfusion time (min)

Fig. 3. In-vitro release of ACTH from anterior pituitary glands in the absence (A,
controls n = 15), and presence of 10~° M leptin (B, n = 8) and 10~% M leptin (C, n = 6).
Values represent the mean percentage ACTH release relative to basal, unstimulated
release + S.E. Asterisks indicate significant difference from basal release (*P < 0.05).

DNase (Invitrogen, Carlsbad, USA) to remove genomic DNA. One pl
of total RNA was added to 1 pl of DNase I and incubated in a total
volume of 10 pl at room temperature. DNase was then inactivated
by addition of 1 pl EDTA (25 mM) and incubation for 10 min at
65 °C to simultaneously linearise the RNA. To each sample 300 ng
random primers, 4 pl 5x First Strand buffer, 1 ul 10 mM dNTP
mix, 2 ul 0.1 M DTT, 1 pl RNaseOUT and 200 U of Superscript Il Re-
verse Transcriptase (all from Invitrogen) was added and incubated
for 50 min at 42 °C to synthesise first strand cDNA. cDNA was kept
at -20 °C. Relative gene expression was assessed by real-time qPCR.
In short, 5 pl of 5x diluted cDNA was used as template in a reaction
with 12.5 pl SYBR Green Mastermix (Applied Biosystems), 5 pul for-
ward primer, 5 pl reverse primer (Table 1) and 1.5 pl dH,0. gPCR
(10 min 95 °C, 40 cycles of 15 s 95 °C and 1 min 60 °C) was carried
out on a 7500 Real Time PCR system (Applied Biosystems). Data
were analysed with the ‘AACt-method’. Dual internal standards
(40-S and elongation factor 1o (ELF1a)) were used in all PCRs

and results were confirmed to be similar following standardization
to either gene. Results standardised for ELF1o are shown.

2.8. Statistics

Statistical analyses were performed with Graphpad Prism 4.0
(Graphpad Software Inc., La Jolla, USA). Data were tested for nor-
mality with the D’Agostino & Pearson omnibus normality test. Dif-
ferences were evaluated with one-way ANOVA, followed by
Tukey’s test to determine which means differed significantly from
each other. The Kruskal-Wallis test was applied in the case of non-
Gaussian distribution of data, or an inequality of variances, fol-
lowed by a Dunn'’s post test. P < 0.05 was accepted as fiducial limit.

3. Results
3.1. Netting stress for 24 and 96 h increases plasma cortisol

Netting for 24 or 96 h increased plasma cortisol levels com-
pared to control levels in fed fish (Fig. 1A). However, during netting
fish are not fed; to discriminate between the effects of netting and
the effects of fasting, we included pair-fed (i.c. fasted) control
groups in our experiment. Cortisol levels in the fasted groups were
slightly but not significantly elevated compared to levels in fed
controls.

Glucose and NEFA were assessed to gain more insight in the
metabolic status. Fasting for 24 or 96 h decreased plasma glucose
levels (from approximately 7-4 mM); (Fig. 1B). In general, the de-
creased glucose levels and concomitantly increased NEFA levels
(Fig. 1C) indicate a shift from carbohydrate metabolism to fat
metabolism, a characteristic of carp challenged with fasting.

3.2. Hepatic leptin-a-I/Il expression after netting stress

Netting nor fasting for up to 96 h up- or down-regulated hepatic
leptin-a-I (Fig. 2A). However, leptin-a-II expression had decreased
after 96 h of food deprivation (Fig. 2B). This down-regulation of
leptin-a-II is both observed in stressed fish and non-fed controls
and this indicates that this is a fasting effect, rather than a reaction
to the stressor.

3.3. RhLeptin attenuates basal and CRF-induced ACTH release

Fig. 3A confirms an earlier report [34] where it was shown that
an ectopic pituitary pars distalis secretes ACTH spontaneously; this
secretion decreases concentration-dependently by addition of re-
combinant human leptin (107°-107%; Fig. 3B and C). The effect of
rhLeptin addition on ACTH secretion is rapid (effect seen within
10 min) and persists for at least an hour, as ACTH secretion re-
mains suppressed for at least 1h after removal of the rhLeptin
tonus.

We tested two CRF concentrations (107 and 10-° M) on the
ACTH release. Whereas CRF administered at a 10~7 M modestly in-
creased ACTH secretion (Fig. 4A), 10~ M CRF markedly increased
ACTH release (Fig. 4B). RhLeptin (1078 M) administration com-
pletely abolished CRF-induced ACTH secretion (Fig. 4C-D).

3.4. RhLeptin decreases basal cortisol secretion, but does not affect
ACTH-sensitivity

We exposed head kidneys to ACTH (5 x 10~8 M). From each fish,
either the left or the right head kidney was exposed to 10~/ M
rhLeptin from the start of the experiment whereas the other head
kidney (from the same fish) served as control. Administration of
rhLeptin from the beginning of the experiment decreased basal
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Fig. 4. In-vitro release of ACTH from anterior pituitary glands. We assessed ACTH release induced by two concentrations of CRF, 10~° M (A) and 107 M (B), and the effect of
administration of leptin, 108 M (C and D), on regulated ACTH release (n = 8). Values represent the percentage ACTH release relative to basal, unstimulated release * S.E.
Asterisks indicate significant differences with basal release. Differences were considered to be significant when P < 0.05.

cortisol release (Fig. 5B), but not the percentual increase in cortisol
release upon ACTH stimulation (i.e. the relative cortisol secretion
calculated by manually adjusting the cortisol secretion just before
the ACTH stimulation to 100%; Fig. 5A).

4. Discussion

The endocrine stress axis in fish is activated during both eus-
tress and distress [50]; interaction of the stress axis with other reg-
ulatory mechanisms targeting common metabolic pathways is
pivotal for proper functioning of the stress axis during periods of
fasting and (over-)feeding, illness and during reproduction. In the
past regulatory axes were often seen as independent and discrete
entities; nowadays it is widely recognised that regulatory systems
interact with each other and even share ligands and receptors to
allow for bi-directional communication [5]. Important communi-
cation occurs between the stress axis of fish and the thyroid axis
[16,17], the reproductive axis [41] as well as the immune system
[33] and this is not different from the situation in higher verte-
brates including mammals.

Cortisol is a recruiter of carbohydrate fuels, and replenishes gly-
cogen stocks [35]. Although for fish the role of leptin is not as
firmly established as in mammals, it plays a key role in energy
metabolism and is therefore likely to interact with the stress axis.
In this paper, we provide first evidence for a teleostean fish that the
stress axis is influenced by leptin. RhLeptin attenuates stress axis
activity in the common carp at multiple levels.

The restraint stressor that we applied resulted in mildly in-
creased cortisol levels, as described previously [23,34]. The mild

elevation of plasma cortisol values in pair-fed fish prevented dis-
crimination of a rise in cortisol due to either netting or fasting.
Clearly, pair-feeding is an important control and netting and fast-
ing imposed only a mild stress to the fish. Unfortunately we do
not (yet) have the tools to measure carp leptin protein levels, but
in rats, an acute swim stress for ten minutes resulted in elevated
leptin plasma levels [51].

Plasma glucose and NEFA levels indicate that this fish switches
from a carbohydrate to a lipid based metabolism as glucose de-
creases and NEFA levels increase during fasting. The effect on glu-
cose was potentially and partially confounded by the high levels of
(hyperglycaemia inducing) cortisol after netting for 24 h; increased
glucose levels after 24 h of restraint stress, compared to the 24 h
non-fed control group, correlate positively with high cortisol levels
in the stressed group. Despite this marked increase in plasma cor-
tisol and glucose (a secondary stress parameter) levels, no changes
in leptin expression due to stress were seen. The choice of (limited)
sampling points (i.e. after 24 and 96 h of restraint) may have ob-
scured changes in leptin expression. Moreover, cyprinid species
have duplicate leptin genes as a result of an early, large-scale (pos-
sibly whole) genome duplication event around 300 million years
ago [45,48]; these are called leptin-a and leptin-b [18,27]. The lep-
tin-a paralogues (leptin-a-I and leptin-a-II) described in this paper
[22] originated more recently as the result of an additional genome
duplication event + 16 million years ago in the common carp line-
age [29]. One should predict the additional occurrence of two lep-
tin-b paralogues in carp. Indeed, we recently identified two leptin-b
paralogues in carp that we named leptin-b-I and leptin-b-II. As
mentioned in the introduction, expression levels of leptin-b in liver
were insignificant or too low to measure reliably. Importantly, we
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observed a decrease in hepatic leptin-a-II expression after 96 h of
fasting, an effect not seen in previous studies [22] when carp were
fasted for up to 6 weeks. Such differential expression profile is in
line with evolutionary conservation of two closely related genes
resulting from a duplication event.

To study the effect of rhLeptin on various components of the
stress axis we used a perifusion setup. Recombinant human leptin
was used in these experiments, as a sufficient supply of homolo-
gous carp leptins was not available. Questions raised regarding
the validity of the experiments are justified as human and carp lep-
tins share no more than 25% amino acid identity. However, it
should be noted that the tertiary structure of human and fish lep-
tins is remarkably similar and suggestive that heterologous pep-
tides may activate the same receptor [7,18,22,28]. Beyond that
we feel that administration of human leptin to carp tissues is phys-
iologically relevant, as human and Xenopus leptin (and these pep-
tides display 35% amino acid identity) were shown to activate
both the human and Xenopus leptin receptor (which also share a
low 37% amino acid identity) with equal potencies [7].

When rhLeptin is administered to carp anterior pituitary gland
cells (we have given evidence earlier [43] that our bisection does
not result in contamination with proximal pituitary or pars inter-
media cells), ACTH-release rapidly decreased (within 10 min) in a
dose-dependent way. This effect was long lasting, as the ACTH re-
lease remained suppressed for more than an hour after application
of rhLeptin was stopped. There are at least six isoforms of the lep-
tin receptor in mammals (obese receptor; Ob-R), of which only the

long form (Ob-Rb) evokes second messenger responses and biolog-
ical effects [6]. In Atlantic salmon (Salmo salar L.) five leptin recep-
tor mRNAs, splice variants from a single gene, are found [38] but,
again, only one of the transcripts possesses both a transmembrane
domain and the intracellular segments essential for signal trans-
duction. The ‘classical’ view on leptin signalling includes the JAK/
STAT pathway and the activation and/or inhibition of gene expres-
sion by STATs; however, alternative, signalling events of short
duration have been suggested for leptin signalling [13]. The rapid
and prolonged responses observed in our experiments do not pre-
clude multiple signalling pathways. Short-term effects could im-
pinge on a phospholipase C (PLC) pathway, more Ilasting
responses to leptin will involve a JAK/STAT pathway [19].

In most fish species, ACTH release is under positive control of
hypothalamic CRF [2,11,14,39,46]. In carp, CRF must be co-admin-
istered with dopamine to induce ACTH secretion [34]. Indeed, the
CRF administration under DA- tonus increased ACTH release. When
rhLeptin is co-administered from the start of the DA/CRF treat-
ment, CRF-induced ACTH release is completely abolished.

Thus, both constitutive and regulated (CRF-induced) ACTH-
secretion are attenuated by rhLeptin. The effects of rhLeptin on
cortisol secretion are somewhat different. When head kidneys
are exposed to rhLeptin, basal levels of (spontaneous) cortisol
secretion decrease. The cortisol response to ACTH (expressed as
percent change relative to basal levels) was not affected; clearly
the absolute cortisol output of the interrenal cells is much lower
than in the absence of rhLeptin. Whereas we cannot be sure what
intracellular pathway(s) facilitate(s) the effects of rhLeptin on the
interrenal cells, it is possible that rhLeptin interferes with the sec-
ond messenger pathway of ACTH signalling (i.e. cAMP pathway), or
that rhLeptin inhibits expression/activity of key steroidogenic en-
zymes that include 11B-hydroxylase and 21a-hydroxylase.

In recent studies, we found a marked and prolonged increase in
hepatic leptin-a-I and leptin-a-II expression when carp are exposed
to hypoxia [4] as well as to low ambient temperatures (Gorissen
et al, in prep). In these cases, common carp (a truly eurytherm fish
that naturally meets large variation in water oxygen levels and
temperatures) reduce their energy expenditure to survive adverse
conditions. Mounting a large and sustained stress response in these
adaptations could be counterproductive, as fish then need to save
precious fuel to cope with the environmental demand imposed
on them. Leptin then may serve as a signal to downplay the stress
axis, and by doing so may represent a crucial factor in adaptation
processes when energy partitioning is critical. We stress the beauty
of this eurytherm fish model to study fundamental roles of the
pleiotropic cytokine leptin.

Acknowledgments

We thank Mr. F.A. Tom Spanings for excellent organisation of
fish husbandry and ample technical assistance. R.M. received fund-
ing from the Dutch Research Council (NWO) as part of the project
“Agression in catfish”, G.F. & M.G. were supported financially by
the European Union FP7 project “COPEWELL”, J.R.M. received
financial support by a “SmartMix” subsidy of the Netherlands Min-
istry of Economic Affairs and the Netherlands Ministry of Educa-
tion, Culture and Science.

References

[1] K. Arvaniti, Q. Huang, D. Richard, Effects of leptin and corticosterone on the
expression of corticotropin-releasing hormone, agouti-related protein, and
proopiomelanocortin in the brain of ob/ob mouse, Neuroendocrinology 73
(2001) 227-236.

[2] B.I. Baker, DJ. Bird, J.C. Buckingham, Effects of chronic administration of
melanin-concentrating hormone on corticotrophin, melanotrophin, and
pigmentation in the trout, Gen. Comp. Endocrinol. 63 (1986) 62-69.



M. Gorissen et al./General and Comparative Endocrinology 178 (2012) 75-81 81

[3] N.J. Bernier, The corticotropin-releasing factor system as a mediator of the
appetite-suppressing effects of stress in fish, Gen. Comp. Endocrinol. 146
(2006) 45-55.

[4] N.J.Bernier, M. Gorissen, G. Flik, Differential effects of chronic hypoxia and feed
restriction on the expression of leptin and its receptor, food intake regulation
and the endocrine stress response in common carp, Journal of Experimental
Biology (2012). http://dx.doi.org:10.1242/jeb.066183.

[5] NJ. Bernier, P.H.M. Klaren, G. Flik, Regulation and contribution of the
corticotropic, melanotropic and thyrotropic axes to the stress response in
fishes, in: N.J. Bernier, G. Van der Kraak, A.P. Farrell, C.J. Brauner (Eds.), Fish
Neuroendocrinology, Academic Press, Burlington, 2009, pp. 235-311.

[6] C.Bjorbaek, S. Uotani, B. da Silva, J.S. Flier, Divergent signaling capacities of the
long and short isoforms of the leptin receptor, J. Biol. Chem. 272 (1997) 32686-
32695.

[7] EJ. Crespi, RJ. Denver, Leptin (ob gene) of the South African clawed frog
Xenopus laevis, Proc. Natl. Acad. Sci. USA 103 (2006) 10092-10097.

[8] G. De Boeck, D. Alsop, C. Wood, Cortisol effects on aerobic and anaerobic
metabolism, nitrogen excretion, and whole-body composition in juvenile
rainbow trout, Physiol. Biochem. Zool. 74 (2001) 858-868.

[9] V. De Rosa, C. Procaccini, G. Cali, G. Pirozzi, S. Fontana, S. Zappacosta, et al., A
key role of leptin in the control of regulatory T cell proliferation, Immunity 26
(2007) 241-255.

[10] J.K. Elmquist, E. Maratos-Flier, C.B. Saper, ].S. Flier, Unraveling the central
nervous system pathways underlying responses to leptin, Nat. Neurosci. 1
(1998) 445-450.

[11] G.Flik, P.H.M. Klaren, E.H. Van den Burg, J.R. Metz, M.O. Huising, CRF and stress
in fish, Gen. Comp. Endocrinol. 146 (2006) 36-44.

[12] E. Froiland, K. Murashita, E.H. Jorgensen, T. Kurokawa, Leptin and ghrelin in
anadromous Arctic charr: cloning and change in expressions during a seasonal
feeding cycle, Gen. Comp. Endocrinol. 165 (2010) 136-143.

[13] G. Friihbeck, Intracellular signalling pathways activated by leptin, Biochem. J.
393 (2006) 7-20.

[14] ]. Fryer, K. Lederis, ]. Rivier, Cortisol inhibits the ACTH-releasing activity of
urotensin I, CRF and sauvagine observed with superfused goldfish pituitary
cells, Peptides 5 (1984) 925-930.

[15] L. Fu, M.S. Patel, G. Karsenty, The circadian modulation of leptin-controlled
bone formation, Prog. Brain. Res. 153 (2006) 177-188.

[16] EJ.W. Geven, G. Flik, P.H.M. Klaren, Central and peripheral integration of
interrenal and thyroid axes signals in common carp (Cyprinus carpio L.), ].
Endocrinol. 200 (2009) 117-123.

[17] EJ.W. Geven, F. Verkaar, G. Flik, P.H.M. Klaren, Experimental hyperthyroidism
and central mediators of stress axis and thyroid axis activity in common carp
(Cyprinus carpio L.), J. Mol. Endocrinol. 37 (2006) 443-452.

[18] M. Gorissen, N.J. Bernier, S.B. Nabuurs, G. Flik, M.O. Huising, Two divergent
leptin paralogues in zebrafish (Danio rerio) that originate early in teleostean
evolution, ]. Endocrinol. 201 (2009) 329-339.

[19] M. Gorissen, E. de Vrieze, G. Flik, M.O. Huising, STAT genes display differential
evolutionary rates that correlate with their roles in the endocrine and immune
system, J. Endocrinol. 209 (2011).

[20] H.T. Hsu, Y.C. Chang, Y.N. Chiu, C.L. Liu, KJJ. Chang, I.C. Guo, Leptin interferes
with adrenocorticotropin/3’,5'-cyclic adenosine monophosphate (cAMP)
signaling, possibly through a Janus kinase 2-phosphatidylinositol 3-kinase/
Akt-phosphodiesterase 3-cAMP pathway, to down-regulate cholesterol side-
chain cleavage cytochrome P450 enzyme in human adrenocortical NCI-H295
cell line, J. Clin. Endocrinol. Metab. 91 (2006) 2761-2769.

[21] Q. Huang, R. Rivest, D. Richard, Effects of leptin on corticotropin-releasing
factor (CRF) synthesis and CRF neuron activation in the paraventricular
hypothalamic nucleus of obese (ob/ob) mice, Endocrinology 139 (1998) 1524-
1532.

[22] M.O. Huising, E.J. Geven, C.P. Kruiswijk, S.B. Nabuurs, E.H. Stolte, F.A. Spanings,
et al,, Increased leptin expression in common Carp (Cyprinus carpio) after food
intake but not after fasting or feeding to satiation, Endocrinology 147 (2006)
5786-5797.

[23] M.O. Huising, ].R. Metz, C. van Schooten, A.J. Taverne-Thiele, T. Hermsen, B.M.
Verburg-van Kemenade, et al., Structural characterisation of a cyprinid
(Cyprinus carpio L.) CRH, CRH-BP and CRH-R1, and the role of these proteins
in the acute stress response, . Mol. Endocrinol. 32 (2004) 627-648.

[24] AJ. Kastin, W. Pan, LM. Maness, RJ. Koletsky, P. Ernsberger, Decreased
transport of leptin across the blood-brain barrier in rats lacking the short form
of the leptin receptor, Peptides 20 (1999) 1449-1453.

[25] A. Kawakami, N. Okada, K. Rokkaku, K. Honda, S. Ishibashi, T. Onaka, Leptin
inhibits and ghrelin augments hypothalamic noradrenaline release after stress,
Stress 11 (2008) 363-369.

[26] P. Kling, I. Ronnestad, S.O. Stefansson, K. Murashita, T. Kurokawa, B.T.
Bjornsson, A homologous salmonid leptin radioimmunoassay indicates
elevated plasma leptin levels during fasting of rainbow trout, Gen. Comp.
Endocrinol. 162 (2009) 307-312.

[27] T. Kurokawa, K. Murashita, Genomic characterization of multiple leptin genes
and a leptin receptor gene in the Japanese medaka Oryzias latipes, Gen. Comp.
Endocrinol. 161 (2009) 229-237.

[28] T. Kurokawa, S. Uji, T. Suzuki, Identification of cDNA coding for a homologue to
mammalian leptin from pufferfish Takifugu rubripes, Peptides 26 (2005) 745-
750.

[29] D. Larhammar, C. Risinger, Molecular genetic aspects of tetraploidy in the
common carp Cyprinus carpio, Mol. Phylogenet. Evol. 3 (1994) 59-68.

[30] LK. Malendowicz, M. Rucinski, A.S. Belloni, A. Ziolkowska, G.G. Nussdorfer,
Leptin and the regulation of the hypothalamix-pituitary-adrenal axis. Int. Rev.
Cytol. 2007, pp. 63-101.

[31] G. Matarese, C. Procaccini, V. De Rosa, T.L. Horvath, A. La Cava, Regulatory T
cells in obesity: the leptin connection, Trends Mol. Med. 16 (2010) 247-256.

[32] S.D. McCormick, D. Bradshaw, Hormonal control of salt and water balance in
vertebrates, Gen. Comp. Endocrinol. 147 (2006) 3-8.

[33] J.R. Metz, M.O. Huising, K. Leon, B.M.L. Verburg-van Kemenade, G. Flik, Central
and peripheral interleukin-1beta and interleukin-1 receptor I expression and
their role in the acute stress response of common carp Cyprinus carpio L, J.
Endocrinol. 191 (2006) 25-35.

[34] J.R. Metz, M.O. Huising, J. Meek, A.J. Taverne-Thiele, S.E. Wendelaar Bonga, G.
Flik, Localization, expression and control of adrenocorticotropic hormone in
the nucleus preopticus and pituitary gland of common carp (Cyprinus carpio
L.), ] Endocrinol. 182 (2004) 23-31.

[35] T.P. Mommsen, M.M. Vijayan, T.W. Moon, Cortisol in teleosts: dynamics,
mechanisms of action, and metabolic regulation, Rev. Fish Biol. Fish. 9 (1999)
211-268.

[36] G.J. Morton, D.E. Cummings, D.G. Baskin, G.S. Barsh, M.W. Schwartz, Central
nervous system control of food intake and body weight, Nature 443 (2006)
289-295.

[37] A.D. Pickering, Growth and stress in in fish production, Aquaculture 111
(1993) 51-63.

[38] 1. Rennestad, T.O. Nilsen, K. Murashita, A.R. Angotzi, A.G. Gamst Moen, S.0.
Stefansson, et al., Leptin and leptin receptor genes in Atlantic salmon: cloning,
phylogeny, tissue distribution and expression correlated to long-term feeding
status, Gen. Comp. Endocrinol. 168 (2010) 55-70.

[39] ]. Rotllant, P.H. Balm, N.M. Ruane, ]. Perez-Sanchez, S.E. Wendelaar-Bonga, L.
Tort, Pituitary proopiomelanocortin-derived peptides and hypothalamus-
pituitary-interrenal axis activity in gilthead sea bream (Sparus aurata) during
prolonged crowding stress: differential regulation of adrenocorticotropin
hormone and alpha-melanocyte-stimulating hormone release by
corticotropin-releasing hormone and thyrotropin-releasing hormone, Gen.
Comp. Endocrinol. 119 (2000) 152-163.

[40] EW. Roubos, M. Dahmen, T. Kozicz, L. Xu, Leptin and the hypothalamo-
pituitary-adrenal stress axis. Gen. Comp. Endocrinol. (2012).

[41] C.B. Schreck, Stress and fish reproduction: the roles of allostasis and hormesis,
Gen. Comp. Endocrinol. 165 (2010) 549-556.

[42] M.W. Schwartz, S.C. Woods, D. Porte Jr., RJ. Seeley, D.G. Baskin, Central
nervous system control of food intake, Nature 404 (2000) 661-671.

[43] E.H. Stolte, A.F. de Mazon, K.M. Leon-Koosterziel, M. Jesiak, N.R. Bury, A. Sturm,
et al., Corticosteroid receptors involved in stress regulation in common carp
Cyprinus carpio, ]. Endocrinol. 198 (2008) 403-417.

[44] EH. Stolte, B.M.L. van Kemenade, H.F. Savelkoul, G. Flik, Evolution of
glucocorticoid receptors with different glucocorticoid sensitivity, J.
Endocrinol. 190 (2006) 17-28.

[45] ].S. Taylor, 1. Braasch, T. Frickey, A. Meyer, Y. Van de Peer, Genome duplication,
a trait shared by 22000 species of ray-finned fish, Genome Res. 13 (2003) 382-
390.

[46] F.H. van Enckevort, P.P. Pepels, ].A. Leunissen, G.J. Martens, S.E. Wendelaar
Bonga, P.H. Balm, Oreochromis mossambicus (tilapia) corticotropin-releasing
hormone: cDNA sequence and bioactivity, ]J. Neuroendocrinol. 12 (2000) 177~
186.

[47] M.M. Vijayan, ].S. Ballantyne, J.F. Leatherland, Cortisol-induced changes in
some aspects of the intermediary metabolism of Salvelinus fontinalis, Gen.
Comp. Endocrinol. 82 (1991) 476-486.

[48] J.N. Volff, Genome evolution and biodiversity in teleost fish, Heredity 94
(2005) 280-294.

[49] C.D. Walker, C. Salzmann, H. Long, M. Otis, C. Roberge, N. Gallo-Payet, Direct
inhibitory effects of leptin on the neonatal adrenal and potential consequences
for brain glucocorticoid feedback, Endocrinol. Res. 30 (2004) 837-844.

[50] S.E. Wendelaar Bonga, The stress response in fish, Physiol. Rev. 77 (1997) 591-
625.

[51] P. Zareian, M.V. Karimi, G. Dorneyani, The comparison of the effects of acute
swimming stress on plasma corticosterone and leptin concentration in male
and female rats, Acta Med. Iran. 49 (2011) 284-287.

[52] Y. Zhang, R. Proenca, M. Maffei, M. Barone, L. Leopold, ].M. Friedman, Positional
cloning of the mouse obese gene and its human homologue, Nature 372 (1994)
425-432.


http://dx.doi.org:10.1242/jeb.066183

	Recombinant human leptin attenuates stress axis activity in common carp  (Cyprinus carpio L.)
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Restraint stress
	2.3 Sampling
	2.4 Determination of plasma glucose and NEFA levels
	2.5 Perifusion
	2.6 Determination of plasma hormone concentrations
	2.7 Gene expression analysis
	2.8 Statistics

	3 Results
	3.1 Netting stress for 24 and 96h increases plasma cortisol
	3.2 Hepatic leptin-a-I/II expression after netting stress
	3.3 RhLeptin attenuates basal and CRF-induced ACTH release
	3.4 RhLeptin decreases basal cortisol secretion, but does not affect ACTH-sensitivity

	4 Discussion
	Acknowledgments
	References


