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a b s t r a c t
While there have been many studies in various species examining the physiological role of leptin, there
are so far no data in free-living seabirds. In the present study, we assess whether leptin is expressed in
thin-billed prions (Pachyptila belcheri) and we investigate its relationship with feeding-related parameters including body condition, begging intensities and provisioning rates. We showed by Western Blot
analysis using leptin-speciﬁc antibody that leptin-like protein (14–16 kDa) is expressed in adipose tissue
and liver of nestling thin-billed prions. Plasma leptin-like protein levels, determined by RIA, were in the
same range (1–3 ng/ml) as in other avian species and increased with age. In two breeding seasons, the
plasma leptin-like protein levels were negatively correlated with provisioning rates (R = 0.67 and
0.35 in 2003 and 2004, respectively, P < 0.05) indicating that endogenous leptin may be an anorexigenic
hormone in wild birds. Plasma leptin-like protein levels were positively correlated with begging intensities (R = 0.43 and 0.37 in 2003 and 2004, respectively, P < 0.05), and this may be because hungry nestling
seabird chicks with low body conditions increased their begging intensities. Plasma leptin-like protein
levels did not correlate either with plasma triglyceride or glucose levels in thin-billed prions. Overall,
these ﬁndings show the presence of leptin-like protein in free-living seabirds and provide new insights
into its function and its possible role in feeding-associated behaviours.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Leptin, a 16-kDa adipocytokine hormone encoded by the ob
gene, has been shown to play an important role in food intake regulation (Zhang et al., 1994; Pelleymounter et al., 1995; Halaas
et al., 1995; Freidman and Halaas, 1998), energy homeostasis
(Mistry et al., 1997; Scarpace et al., 1997), and reproduction in
mammals (Chehab et al., 1996). Leptin is mainly secreted by mammalian adipose tissue (Zhang et al., 1994) and functions as a hormonal signalling mechanism for fat deposition. Mammalian
adipocytes produce and secrete more leptin in the bloodstream
as fat storage increases (Maffei et al., 1995) signalling the brain
via leptin receptor (Fei et al., 1997) and modulating the hypothalamic feeding-related (an)orexigenic neuropeptides to suppress
appetite and increase energy expenditure (Schwartz et al., 1996).
Leptin has recently sustained an increasing interest in non- mammalian species. Biochemical studies (immunohistochemistry and
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Western blotting) using speciﬁc anti-mammalian leptin antibodies
revealed immunoreactive bands and cells in various tissues from
ﬁsh, amphibian, lizard, snake, and birds (Johnson et al., 2000; Niewiarowski et al., 2000; Paolucci et al., 2001; Muruzabal et al., 2002;
Bosi et al., 2004; Kochan et al., 2006; Neglia et al., 2007). Several
laboratories described the existence of a leptin-like gene in ﬁsh
(Kurokawa et al., 2005), amphibians (Crespi and Denver, 2006;
Boswell et al., 2006), and birds (Taouis et al., 1998; Ashwell
et al., 1999). However, there are some controversial reports about
the presence of a leptin-like gene in the avian species. In fact, several research groups cloned the coding region of the leptin gene in
chicken (Taouis et al., 1998; Ashwell et al., 1999; Sato et al., 2003),
turkey (GenBank Accession No. AF082501), and duck (GenBank
Accession No. AY555727), however other laboratories have since
been unable to amplify the report sequences (Friedman-Einat
et al., 1999; Pitel et al., 2000). Furthermore, recent data reported
that the leptin gene is missing in the chicken genome (Carre
et al., 2006), and a molecular evolutionary analysis suggested that
is is unlikely that the chicken leptin cDNA sequence in GenBank is
a chicken gene (Sharp et al., 2008). We here use the term ‘‘leptinlike protein” to take this controversy into account, by admitting
that the mammalian leptin RIA might be measuring either the
avian homologue of mammalian leptin in avian plasma, or some
other protein with similar immunological characteristics.
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Unlike mammals, a leptin-like protein is expressed in the liver
as well as in the adipose tissue of domestic (chicken, Gallus gallus)
and wild (dunlin, Calidris alpina) birds (Taouis et al., 1998; Ashwell
et al., 1999; Kochan et al., 2006), and this situation, apparently
unique to avian species, undoubtedly reﬂects a major role for the
liver in the regulation of lipogenesis (Leveille et al., 1968). Leptin-like gene expression and plasma leptin-like protein levels have
been shown to be altered by nutritional state: decreased by food
deprivation and increased after meal feeding in chickens and dunlin (Sato et al., 2003; Dridi et al., 2005a; Kochan et al., 2006).
Peripheral or central administration of recombinant (human or
chicken) leptin signiﬁcantly reduced food intake in chickens (Raver
et al., 1998; Cassy et al., 2004; Dridi et al., 2000a, 2005b; Denbow
et al., 2000; Kuo et al., 2005; Yang and Denbow, 2007) and in great
tits (Parus major) (Lõhmus et al., 2003).
Procellariiform seabirds such as albatrosses, petrels, and shearwaters, rear only one chick at a time but may breed many times in
their lives (e.g. Brooke, 2004). Parents should thus limit food delivery to the chick to keeping a balance between current and future
reproductive output. Despite the limit and irregular energy supply,
chicks of seabirds show an extreme growth pattern with a large
accumulation of lipid (some times reaching over 190% of adult
mass) during nestling development (e.g. Quillfeldt and Peter,
2000). Thus, the term ‘‘nestling obesity” has been used to describe
the high peak masses of the chicks (e.g. Hamer and Hill, 1997; Phillips and Hamer, 1999; Schultz and Klomp, 2000). Leptin, regarding
its key role in energy homeostasis and lipid metabolism in mammals, might be involved in the regulation and sensing of energy reserves and feeding-associated behaviour in free-living seabird
chicks. Therefore, the present study aimed to determine ﬁrstly
whether leptin is expressed in liver and adipose tissue of thinbilled prions, and secondly to investigate the relationship between
plasma leptin levels, body conditions, provisioning rate, and begging intensity.

2. Materials and methods
2.1. Field site and study species
The study was carried out at New Island, Falkland Islands, from
8 January to 4 February 2003 and from 8 January to 10 March 2004.
The life cycle and basic biology of Thin-billed prions have been described by Strange (1980). More recent studies described sexual
dimorphism (Genevois and Bretagnolle, 1995), feeding ecology
(Quillfeldt et al., 2007a; Cherel et al., 2002; Chastel and Bried,
1996), parental investment (Quillfeldt et al., 2007b; Quillfeldt
et al., 2003; Duriez et al., 2000; Weimerskirch et al., 1995) and hormonal regulation of behaviour (Quillfeldt et al., 2006; Quillfeldt
et al., 2007c). Thin-billed prions show the typical procellariiform
pattern of a single-egg clutch and slow chick development, with
an average ﬂedging period of 50 days (Strange 1980). Thin-billed
prions are burrow nesters, and we reached chicks in their nest
chambers via short access tunnels in the roof of each burrow,
capped with removable stone lids. This system facilitated rapid access to chicks, reducing overall disturbance. Marked nests were
monitored for eggs and hatching chicks.
2.2. Chick measurements
On our ﬁrst visit, we determined the hatching dates of chicks by
calibrating their wing length against wing growth in chicks of
known age (e.g. Quillfeldt et al., 2006). Chicks were weighed daily
at 07.30 and 19.30 h to the nearest 1 g using a digital balance (Kern
CM320-1N, Germany). Feeding rates were estimated from the
evening and morning weights, by correcting the mass differences

for metabolic mass loss, using the equations given previously
(Quillfeldt et al., 2003). An index of chick body condition at
19.30 h each evening was calculated relative to the mean mass
for study chicks of each age (mmean), using the following formula:
BC = m  100/mmean. The index varied between 75 and 122 for
mean chick values.
Begging rates were recorded as described previously for burrow-nesting Procellariiformes (Quillfeldt, 2002; Quillfeldt et al.,
2004; Quillfeldt and Masello, 2004). Brieﬂy, we placed a portable
tape recorder or digital voice recorder outside the nest entrance
and an external microphone with a 2 m connection in the nest entrance close to the nest chamber. The recorders were switched on
at 23.00 h each night (before the ﬁrst adults returned) and
recorded at low speed until the end of the tape (95 min in tape
recorders and 6 h in digital recorders). We included only ﬁrst begging sessions of each chick and night in the analyses of begging
behaviour, and included only chicks from 10 days of age. This
way, daily variation in begging behaviour reﬂected the chick’s need
at the time of adult arrival. From the recorded begging sessions, we
recorded the duration (in min), the total number of calls in the session, the mean call rate (call/min), and the maximum call rate sustained for one minute (calls/min).
2.3. Measurement of plasma triglyceride, glucose and leptin-like
protein levels
Blood (0.2–0.4 ml) was sampled during the day (1000–1700 h)
by puncture of the wing vein, collected with heparinized capillaries
and immediately transferred to 0.5 ml tubes. Tubes were kept on
ice until centrifugation, and plasma was stored frozen at 20 °C.
Blood samples for the analysis of plasma contents were obtained
from 63 chicks (20 in 2003 and 43 in 2004, aged between 12 and
51 days). However, sample sizes are lower in some tests according
to available plasma volumes, which did not, in all cases, allow all
analyses to be carried out.
Plasma glucose and triglyceride levels were determined spectrophotometrically by using commercially available kits from
Instrumentation Laboratories (Lexington, KY, USA) with an automatic apparatus (Monarch Chemistry System, Instrumentation
Laboratories, Zaventem, Belgium).
Plasma leptin-like protein concentrations were measured by
radioimmunoassay using the multi-species leptin RIA kit (Linco
Research, St. Charles, Missouri, USA). The parallelism and the speciﬁcity of the assay were also performed as described above except
that 125I-human leptin binding was displaced by increasing
concentrations of human insulin, chicken GH, or chicken IGF-1
(1–50 ng/ml). The coefﬁcient of variation was less than 10%.
2.4. Western Blot analysis
Liver and adipose tissue (1 g) were taken from a thin-billed
prion ﬂedgling found freshly dead after predation. Tissues were
homogenized in lysis buffer (10 mM Tris base, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40, protease inhibitor cocktail (Sigma, Belgium)). Homogenates were centrifuged at 600g for 20 min at 4 °C, and supernatants were then ultra
centrifuged for 45 min at 45,000 rpm. Protein concentrations were
determined using a Bradford assay kit (Bio-Rad, Belgium) with
bovine serum albumin as a standard. Proteins (20 g) were run on
4–12% Novex Bis–Tris gels (Invitrogen life technologies, Belgium).
The transferred membranes were blocked in ECL blocking agent
for 1 h at room temperature, and incubated with rabbit polyclonal
anti-leptin antibody (PA1-051; 1:1000) (Afﬁnity BioReagents,
Golden, USA) at 4 °C overnight. The peroxidase-conjugated goat
anti-rabbit secondary antibody was used (1:2000) for 1 h at room
temperature. The signal was visualized by enhanced chemilumi-
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nescence (ECL plus) (Amersham Biosciences, Belgium). The SeeBlue
Plus2 pre-stained standard (Invitrogen, Belgium) was used as
molecular weight of the protein bands.

elevated values (plasma triglycerides >400 mg/dl, plasma leptinlike protein >3.2 ng/ml, deﬁned by visual inspection of the distribution as separated from symmetric distribution). We compared
the body condition at the ﬁrst day we measured elevated triglyceride values with the average body condition of each chick by paired
t-tests.

2.5. Statistical analyses
Statistical tests were conducted using SPSS 12.0.1. Normality
was tested using Kolmogorov–Smirnov tests and non-normally
distributed data (plasma triglyceride levels and begging call number and duration) were ln-transformed to achieve normal distribution for parametric tests. We tested between-chick effects with
correlations performed on mean data for individual chicks. In order
to control for multiple testing, we calculated P-values corrected for
the number of tests (Pcorr), using a conversion of the Dunn-Šidák
equation (Sokal and Rohlf, 1994, see also Quillfeldt et al., 2006).
Mean values for chicks were also used to test differences between
years. Within-chick effects were tested using General Linear Models (GLM). In order to avoid unreliable assessments of the effects of
covariates, we included only those chicks into the General Linear
Models of within-chick effects of which we had obtained 3–5 blood
samples (6 chicks in 2003, 12 chicks in 2004, no nest was repeatedly used in both years). For plasma triglycerides and leptin-like
protein levels, we tested some within-chick effect by identifying

Chicken
Liver

3. Results
3.1. Leptin-like protein expression in liver and adipose tissue of thinbilled prions
An immunoreactive band located at approximately 14–16 kDa
was revealed in both liver and adipose tissue of thin-billed prion
(Fig. 1) as well as in the liver of chicken, which was chosen as
the positive control.
3.2. Relationship between leptin-like protein and plasma metabolite
levels in thin-billed prions
The level of leptin-like protein in the plasma of thin-billed prion
chicks varied between 1 and 3 ng/ml, which is in the same range as
that of chickens. Increasing concentrations of human insulin,
chicken GH, or chicken IGF-1 did not crossreact with multi-species
leptin RIA when compared to recombinant human leptin (Fig. 2A).
To determine the parallelism of the assay, a serial dilution of plasma were used. The dilution curve is parallel to that of standard and
proportional to the dilution factor (Fig. 2B).
Chicks differed signiﬁcantly (P < 0.05) in plasma triglyceride
and leptin-like protein levels, but not in plasma glucose levels.
Plasma triglyceride and glucose levels were highly and positively
correlated (P = 0.002), however plasma leptin-like protein levels
did not correlate with either plasma triglyceride or glucose levels.

Thin-billed prions
Liver

AT
14-16 kDa

Leptin-like
protein
Tubilin

55 kDa

3.3. Relationship between plasma parameter levels, provisioning rate
and body condition

Fig. 1. Expression of leptin-like protein in the liver and adipose tissue (AT) of thinbilled prions. Liver and adipose tissue lysates were subjected to Western Blot as
described in Section 2. Blot was incubated with anti-leptin antibody and revealed
by ECL. Chicken liver was used as a positive control.

Plasma triglyceride levels were positively correlated to provisioning rates and chick body condition (Table 1, Fig. 3) and this
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Fig. 2. Determination of speciﬁcity of Thin-billed prion (Pachyptila belcheri) leptin RIA. (A) Cross-reactivity was determined by adding increasing concentrations of human
insulin, chicken GH and IGF-1 to displace 125I-human leptin binding to leptin antibody (linco kit). (B) Typical standard curve (Linco kit) and dilution curve of Thin-billed prion
plasma. Each point of the curve represents the mean of triplicate measurements.
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Table 1
Between chick correlations of plasma triglycerides and leptin with measures of body condition and begging intensity in Thin-billed prions at New Island, Falkland Islands.
Parameters marked () are ln-transformed.
Plasma triglycerides*

Plasma glucose

Plasma leptin

Feeding rate (g/day)
Body condition
Number of begging calls*
Duration of begging session*

R = 0.377, df = 59, P = 0.003, Pcorr = 0.006
R = 0.494, df = 59, P<0.001, Pcorr<0.001
R = 0.377, df = 51, P = 0.006, Pcorr = 0.012
R = -0.370, df = 51, P = 0.007, Pcorr = 0.014

R = 0.181, df = 59, P = 0.167
R = 0.170, df = 59, P = 0.194
R = -0.161, df = 51, P = 0.260
R = -0.107, df = 51, P = 0.457

R = -0.353, df = 55, P = 0.007, Pcorr = 0.014
R = -0.261, df = 55, P = 0.050, Pcorr = 0.100
R = 0.387, df = 48, P = 0.011, Pcorr = 0.022
R = 0.324, df = 48, P = 0.036, Pcorr = 0.072

ln-transformed mean plasma triglycerids
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Fig. 3. Relationship between the mean body condition of chicks of Thin-billed
prions (Pachyptila belcheri) and their plasma triglyceride levels for two breeding
seasons at New Island, Falkland Islands.

correlation was maintained in both seasons (R = 0.498, df = 19,
P = 0.025 in 2003 and R = 0.296, df = 40, P = 0.060 in 2004).
Plasma glucose levels were not correlated to provisioning rates
or body condition for both years analysed separately or in combination (Table 1).
Plasma leptin-like protein levels were negatively correlated to
provisioning rates among chicks (Table 1, Fig. 4), and this relationship was also observed when each year was analysed independently (R = 0.675, df = 14, P = 0.006 in 2003 and R = 0.354,
df = 40, P = 0.023 in 2004). However, there was no relationship be-

tween plasma leptin-like protein levels and body condition within
chicks (GLM with leptin as dependent variable, chick as factor and
body condition and age as covariates; effect of age: F17,39 = 2.84,
P = 0.100, g2 = 0.070, t = 1.69; effect of body condition: F17,39 =
0.79, P = 0.379, g2 = 0.020, t = 0.89, effect of chick: F17,39 = 2.05,
P = 0.033, g2 = 0.478).
Few cases of high plasma leptin-like protein concentrations
were recorded [2 cases (5% of measurements, 3.3 and 10.1 ng/ml)
in 2003 and 1 case (1% of measurements, 4 ng/ml) in 2004]
(Fig. 5). In 2003, one case of 3.3 ng/ml was registered in a chick
of near-average mean bc (102%) after a large single meal (49 g),
when the chick increased its body condition by 13% and had the
highest registered plasma triglyceride value of the season
(1867 mg/dl). The second case (10.1 ng/ml leptin-like protein)
was a well-fed chick (mean bc 116%), which received a double
meal of 90 g, and had a body condition increase of 35% and also elevated triglyceride concentration in plasma (788 mg/dl). In 2004,
the case of elevated plasma leptin-like protein (4.0 ng/ml) was registered in the chick with the highest measurement of body condition (161%) and triglycerides (1570 mg/dl) of the season, but the
previous feeding had not been measured.
Although all cases of elevated plasma leptin-like protein were
associated with elevated plasma triglyceride values, the opposite
was not the case (Fig. 5).
3.4. Relationship between plasma parameter levels and begging
intensities in thin-billed prions
Plasma leptin-like protein levels were positively correlated to
the begging call number among chicks (Table 1), and this relationship was maintained when each year was analysed independently
(R = 0.439, df = 14, P = 0.102 in 2003 and R = 0.379, df = 33,
P = 0.033 in 2004).
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Fig. 4. Relationship between plasma leptin-like protein levels and provisioning rate
in Thin-billed prions (Pachyptila belcheri) for two breeding seasons at New Island,
Falkland Islands.
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Fig. 5. Distribution of plasma leptin-like protein concentrations in two seasons and
in samples with elevated triglyceride concentrations (>400 mg/dL), indicating a
positive energy balance. Three cases were separated from the symmetric distribution and thus, deﬁned as elevated plasma leptin-like protein concentrations
(>3.2 ng/ml). These had leptin-like protein concentrations of 3.3, 4.0 and 10.1 ng/ml.
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Feeding rates were higher in 2003 than in 2004 (31.7 ± 0.69 g/
night in January 2003 vs. 27.6 ± 0.58 g/night in January 2004;
t = 4.68, df 58, P < 0.001). Correspondingly, higher mean body conditions were observed in 2003 than in 2004 (109.5 ± 3.3 vs.
98.6 ± 1.6; t = 3.1, df = 44, P = 0.003). A substantial part of the variation in chick body conditions was explained by individual differences among chicks, while body condition was independent of
chick age (GLM of body condition as dependent variable, with chick
as factor and age as covariate; effect of chick: F17,62 = 1.89, P = 0.046,
g2 = 0.421; effect of age: F1,53 = 1.76, P = 0.188, g2 = 0.039).
There was a large difference between the median plasma triglyceride values of chicks in the two seasons (420.5 vs. 206.7 mg/dl in
2003 and 2004, respectively, Mann–Whitney U test: U21,46 = 111,
P < 0.001), and this was related to the difference in body condition
(GLM with ln of triglycerides as dependent variable, using the ﬁrst
sample of each individual, with year as factor and body condition
and age as covariates; effect of year: F1,53 = 0.77, P = 0.384,
g2 = 0.015; effect of age: F1,53 = 0.39, P = 0.534, g2 = 0.008; effect of
body condition: F1,53 = 15.06, P < 0.001, g2 = 0.231, t = 7.34). Plasma
triglyceride levels were not affected by age (see age effect in GLM
and Fig. 7).
Plasma glucose also differed between years (223.2 ± 5.0 vs.
200.6 ± 3.1 mg/dl in 2003 and 2004, respectively; t = 3.9, df = 60,
P < 0.001), and this was related to the difference in body condition
(GLM with glucose as dependent variable, using the ﬁrst sample of
each individual, with year as factor and body condition and age as
covariates; effect of year: F1,53 = 1.01, P = 0.320, g2 = 0.020; effect
of age: F1,53 = 0.02, P = 0.904, g2 < 0.001; effect of body condition:
F1,53 = 9.77, P = 0.003, g2 = 0.163, t = 3.13). There was no relationship
between plasma glucose and age (see age effect in GLM and Fig. 7).
In contrast, there was no difference in plasma leptin-like protein levels among years (2.34 ± 0.07 vs. 2.31 ± 0.04 ng/ml in 2003
and 2004, respectively; t = 0.4, df = 56, P = 0.724). Plasma leptin-
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3.5. Effect of age and seasons on plasma parameter levels and feedingassociated behaviour
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Plasma triglyceride levels were negatively correlated to begging
intensities, (Table 1, Fig. 6). Plasma glucose levels were not related
to measures of begging among chicks. Begging intensity did not
correlate with the mean provisioning rate or body condition in
nestling thin-billed prions.
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Fig. 7. Triglycerides, glucose and leptin-like protein of chicks of thin-billed prions
Pachyptila belcheri at different ages during two breeding seasons at New Island,
Falkland Islands.

like protein levels had no relationship with body condition, but
increased with age (GLM with leptin-like protein as dependent variable, using the ﬁrst sample of each individual, with year as factor
and body condition and age as covariates; effect of year:
F1,53 = 1.19, P = 0.281, g2 = 0.022; effect of age: F1,53 = 10.97,
P = 0.002, g2 = 0.171; effect of body condition: F1,53 < 0.001,
P = 0.992, g2 < 0.001, t = 0.01). When chick means were calculated
using only samples collected during the age represented in both
years (12–32 days, Fig. 7), there was still no difference in plasma
leptin-like protein concentrations between the two years
(2.34 ± 0.07 vs. 2.27 ± 0.04 ng/ml in 2003 and 2004, respectively;
t = 0.8, df = 56, P = 0.433).

6.5
6.0
5.5
5.0
4.5
5.0

5.5

6.0

6.5

7.0

ln-transformed mean plasma triglycerids
Fig. 6. Relationship between the mean concentration of triglycerides in plasma of
chicks of Thin-billed prions Pachyptila belcheri and their mean begging intensities
for two breeding seasons at New Island, Falkland Islands. Begging intensity was
measured as the total number of begging calls during the feeding session.

4. Discussion
Chicks of tubenosed seabirds are infrequently fed and are therefore subject to large and variable (timing/intensity) cycles of food
deprivation and feeding. Despite the limited and irregular food
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supply, chicks of seabirds show an extreme growth pattern with a
large accumulation of lipid during their nestling development referred to a ‘‘nestling obesity”. Since leptin, the adipocytokine hormone, was found to play a key role in the control of energy
homeostasis (for review, see Freidman and Halaas, 1998) and lipid
metabolism (for review see, Heynes and Jones, 2001) in mammals,
we predicted that a leptin-like protein may be also involved in
sensing of body energy reserves and feeding-associated behaviour
in free-living seabirds.
We showed ﬁrstly that leptin-like protein is expressed in liver
and adipose tissue of thin-billed prions by using a Western immunoblotting method with a speciﬁc primary antibody. The anti-leptin antibody (PA1-051, Afﬁnity BioReagents, Golden, USA) was
raised against a synthetic peptide corresponding to amino acids
25–44 of mouse leptin (QKVQDDTKTLIKTIVTRIND). This sequence
is highly conserved in several species including human, mouse,
rat, carp, duck, sheep, turkey, and chicken (but see Sharp et al.,
2008). The PA1-051 immunizing peptide has shown to detect a leptin-like protein from tissues of several species and more recently
from wild migratory birds (dunlin) (Kochan et al., 2006). Our data
corroborate previous ﬁndings in chickens and dunlin and suggest
that the particular hepatic expression of leptin-like protein may
be related to the major role of liver in the control of lipogenesis
in birds (Leveille et al., 1968). Recent studies showed that leptin
gene/protein is expressed also in the liver of various non-mammalian species including ﬁsh (pufferﬁsh: Kurokawa et al., 2005, green
sunﬁsh, largemouth bass, bluegill, and white crappie: Johnson
et al., 2000), amphibians (Crespi and Denver, 2006), and reptiles
(Paolucci et al., 2001), indicating that the hepatic expression of leptin is not limited only to avian but it also extended to oviparous
species.
Although there are controversial reports about the presence of a
leptin-like gene in birds as described in the introduction, there is
however evidence that a leptin-like signalling system is present
in avian species because the leptin receptor gene has been cloned
in chicken (Ohkubo et al., 2000; Horev et al., 2000; Dunn et al.,
2000; Liu and Sharp, 2007; Liu et al., 2007), turkey (Richards and
Poch, 2003), and duck (GenBank Accession No. EU049612) that
shows conservation of the key motifs and predicted exon boundaries found in the long isoform of the mammalian leptin receptor
(ob-Rb) (Tartaglia et al., 1995). Additionally, a chicken leptin receptor has been shown to be functional in activating JAK-STAT pathway (Adachi et al., 2008).
Our data support the existence of a leptin-like molecule in a
seabird, the Thin-billed prion, however the characterization of
prion leptin cDNA is necessary for comparative sequence analysis
and expression studies.
The level of leptin-like protein, determined by multi-species
leptin RIA, in the plasma of thin-billed prions was in the same
range as that of chickens (Dridi et al., 2000b) except for very
few cases where leptin was found to be higher. Plasma leptin-like protein levels increased with age in free-living thinbilled prions corroborating previous studies in mammals (Ahima
et al., 1998) and chickens (Dridi et al., 2000b; Ashwell et al.,
2001).
The effect of leptin-like protein on food intake in avian species
was widely studied however its effect (particularly endogenous
leptin-like protein) on feeding-associated behaviour was poorly
documented. Exogenous administration of recombinant (chicken
or human) leptin at pharmacological doses reduced food intake
in domestic chickens (Raver et al., 1998; Cassy et al., 2004; Dridi
et al., 2000a, 2005b; Denbow et al., 2000; Kuo et al., 2005; Yang
and Denbow, 2007) as well as in great tits (Parus major) (Lõhmus
et al., 2003). Monitoring food behaviour revealed that the attenuated food intake in chickens resulted not from a decreased number
of approaches to the feeders but from a decrease in the average

time spent eating during each approach (Dridi et al., 2000a). Lõhmus and Sundström (2004) have shown that leptin-treated asian
blue quail (Coturnix chinensis) spent also less time feeding compared to the controls.
In nestling birds, begging behaviour is used to honestly advertise offspring condition and determine food provisioning rates by
parents (e.g. Quillfeldt, 2002; Quillfeldt and Masello, 2004;
Goodship and Buchanan, 2006). Thus, the lower body condition
(the hungrier the bird), the more intense is its begging and parents
respond with a high provisioning rate (Quillfeldt et al., 2006). We
expect therefore that animals with higher leptin-like protein levels
should feel more satiated and beg less. Our data showed that seabirds with low mean body conditions increased begging intensities, but surprisingly they are characterized by high mean plasma
leptin-like protein levels.
The negative correlations between plasma leptin-like protein
levels and body conditions on one hand and between the concentrations of leptin-like protein and triglycerids on the other hand
are intriguing and differ from that observed in mammals where
the circulating leptin levels are generally proportional to the
amount of body fat content. Such an inverse relationship between
fat contents and plasma leptin levels was previously reported in
broiler breeder female chickens (Bruggeman et al., 2000). These
disparate data may be related to the particular synthesis of leptin-like protein by the avian liver and therefore to substantial species-speciﬁc role of leptin-like protein in lipid metabolism. Such
discordant data have been reported previously for several hormones such as ghrelin (Furuse et al., 2001) and MAPK-dependent
mechanism of leptin action in ovarian cells (Sirotkin and Grossmann, 2007).
The increase in begging intensities, despite the high levels of
plasma leptin-like protein, is unclear at this time. It might be
achieved by high energy requirement following increased energy
expenditure by leptin. When released into the bloodstream, leptin
is transported through the blood–brain barrier via a saturable
transport system (Banks et al., 1996) and functions via its receptor
as a signal between peripheral lipid stores and the central nervous
system where it orchestrate neural events for dissipation of appetite and to determine feeding (Freidman and Halaas, 1998). Interruption of one of these upstream events (transport, signalling,
and/or effectors) could alter the leptin action. For ethical reasons
during our work with these wild birds, the expression of the leptin
receptor gene and hypothalamic neuropetides as well as the correlation between fat content, liver weight and leptineamia could not
be addressed in this study. A further limitation of the present study
is that being a single time point measurement of plasma leptin-like
protein concentrations we do not take into account diurnal and
ultradian rhythm of plasma leptin (Saad et al., 1998; Kousta
et al., 1998). To fully assess the physiological relevance of these
studies, the identity of the protein measured with the leptin RIA remains to be established (Sharp et al., 2008), in order to design
experimental studies including manipulation of leptin-like protein
levels. Further characterization of the prion ob gene and the full
avian leptin cDNA are necessary for comparative sequence analysis
and expression studies.
Taken together, the present observation is the ﬁrst to demonstrate, to our knowledge, the expression of leptin-like protein in
liver and adipose tissue of seabird chicks. Furthermore, it suggests
that endogenous leptin-like protein might be involved in feedingassociated behaviour in natural free-living seabirds.
Acknowledgements
We are grateful to the New Island Conservation Trust for permission to work on the island and for providing accommodation
and transport. We would like to thank Kate L. Buchanan and Ian

P. Quillfeldt et al. / General and Comparative Endocrinology 161 (2009) 171–178

Strange for contributions to this work. This study was partly
funded by a grant provided by the German Science Foundation
DFG (Qu 148/1ff).
References
Adachi, H., Takemoto, Y., Bungo, T., Ohkubo, T., 2008. Chicken leptin receptor is
functional in activating JAK-STAT pathway in vitro. J. Endocrinol. 197, 335–342.
Ahima, R.S., Prabakaran, D., Flier, J.S., 1998. Postnatal leptin surge and of circadian
rhythm of leptin by feeding. J. Clin. Invest. 1020, 1020–1027.
Ashwell, C.M., Czerwinski, S.M., Brocht, D.M., McMurtry, J.P., 1999. Hormonal
regulation of leptin expression in broiler chickens. Am. J. Physiol. 276, R226–
R232.
Ashwell, C.M., Richards, M.P., McMurtry, J.P., 2001. The ontogeny of leptin mRNA
expression in growing broilers and its relationship to metabolic body weight.
Domest. Anim. Endocrinol. 161, 161–168.
Banks, W.A., Kastin, A.J., Huang, W., Jaspan, J.B., Maness, L.M., 1996. Leptin enters
the brain by a saturable system independent of insulin. Peptides 17, 305–311.
Bosi, G., Giancamill, A.D., Arrighi, S., Domeneghini, C., 2004. An
immunohistochemical study on the neuroendocrine system in the alimentary
canal of the brown trout, Salmo trutta, L., 1758. Gen. Comp. Endocrinol. 138,
166–181.
Boswell, T., Dunn, I.C., Wilson, P.W., Joseph, N., Burt, D.W., Sharp, P.J., 2006.
Identiﬁcation of a non-mammalian leptin-like gene: characterization and
expression in the tiger salamander (Ambystoma tigrinum). Gen. Comp.
Endocrinol. 146, 157–166.
Brooke, M., 2004. Albatrosses and Petrels Across the World. Oxford University Press,
Oxford.
Bruggeman, V., Onagbesan, O.M., Decuypere, E., 2000. Body weight, fat content, liver
weight and plasma leptin concentrations in broiler breeder females reared
under ad libitum feeding, restricted feeding or combinations of both until age of
ﬁrst egg. Br. Poult. Sci. 57, 57–59.
Carre, W., Wang, X., Porter, T.E., Nys, Y., Tang, J., Bernberg, E., Morgan, R., Burnside, J.,
Aggrey, S.E., Simon, J., Cogburn, L.A., 2006. Chicken genomics resource:
sequencing and annotation of 35,407 ESTs from single and multiple tissue
cDNA librairies and CAP3 assembly of a chicken gene index. Physiol. Genomics
25, 514–524.
Cassy, S., Picard, M., Crochet, S., Derouet, M., Keisler, D.H., Taouis, M., 2004.
Peripheral leptin effect on food intake in young chickens is inﬂuenced by age
and strain. Domest. Anim. Endocrinol. 27, 51–61.
Chastel, O., Bried, J., 1996. Diving ability of blue petrels and thin-billed prions.
Condor 627, 627–629.
Chehab, F., Lim, M., Lu, R., 1996. Correction of the sterility effect in homozygous
obese female by treatment with human recombinant leptin. Nat. Gen. 12, 318–
320.
Cherel, Y., Bocher, P., De Broyer, C., Hobson, K.A., 2002. Food and feeding ecology of
the sympatric thin-billed Pachyptila belcheri and Antarctic P. desolata prions at
Iles Kerguelen, Southern Indian Ocean. Mar. Ecol. Prog. Ser. 263, 263–281.
Crespi, E.J., Denver, R.J., 2006. Leptin (ob gene) of the South African clawed frog
Xenopus laevis. Proc. Natl. Acad. Sci. USA 103, 10092–10097.
Denbow, D.M., Meade, S., Robertson, A., McMurtry, J.P., Richards, M., Ashwell, C.,
2000. Leptin-induced decrease in food intake in chickens. Physiol. Behav. 69,
359–362.
Dridi, S., Buyse, J., Decuypere, E., Taouis, M., 2005a. Potential role of leptin in
increase of fatty acid synthase gene expression in chicken liver. Domest. Anim.
Endocrinol. 29, 646–660.
Dridi, S., Raver, N., Gussakovsky, E.E., Derouet, M., Picard, M., Gertler, A., Taouis, M.,
2000a. Biological activities of recombinant chicken leptin C4S analog compared
with unmodiﬁed leptins. Am. J. Physiol. 279, E116–E123.
Dridi, S., Swennen, Q., Decuypere, E., Buyse, J., 2005b. Mode of leptin action in
chicken hypothalamus. Brain Res. 1047, 214–223.
Dridi, S., Williams, J., Bruggeman, V., Onagbesan, M., Raver, N., Decuypere, E., Djiane,
J., Gertler, A., Taouis, M., 2000b. A chicken leptin-speciﬁc radioimmunoassay.
Domest. Anim. Endocrinol. 18, 325–335.
Dunn, I.C., Boswell, T., Friedman-Einat, M., Eshdat, Y., Burt, D.W., Paton, I.R., 2000.
Mapping of the leptin receptor gene (LEPR) to chicken chromosome 8. Anim.
Genet. 31, 290.
Duriez, O., Weimerskirch, H., Fritz, H., 2000. Regulation of chick provisioning in the
thin-billed prion: an interannual comparison and manipulation of parents. Can.
J. Zool. 78, 1275–1283.
Fei, H., Okano, H.J., Li, C., Lee, G.H., Zhao, C., Darnell, R., Friedman, J.M., 1997.
Anatomic localization of alternatively spliced leptin receptors (ob-R) in mouse
brain and other tissues. Proc. Natl. Acad. Sci. USA 94, 7001–7005.
Freidman, J.M., Halaas, J.L., 1998. Leptin and the regulation of body weight in
mammals. Nature 395, 763–770.
Friedman-Einat, M., Boswell, T., Horev, G., Girishvarma, G., Dunn, I.C., Talbot, R.T.,
Sharp, P.J., 1999. The chicken leptin gene: has it been cloned? Gen. Comp.
Endocrinol. 115, 354–363.
Furuse, M., Tachibana, T., Ohgushi, A., Ando, R., Yoshimatsu, T., Denbow, D.M., 2001.
Intracerebroventricular injection of ghrelin and growth hormone releasing
factor inhibits food intake in neonatal chicks. Neurosci. Lett. 301, 123–126.
Genevois, F., Bretagnolle, V., 1995. Sexual dimorphism of voice and morphology in
the thin-billed prion Pachyptila belcheri. Notornis 42, 1–10.

177

Goodship, N.M., Buchanan, K.L., 2006. Nestling testosterone is associated with
begging behaviour and ﬂedging success in the pied ﬂycatcher, Ficedula
hypoleuca. Proc. R. Soc. B 273, 71–76.
Halaas, J.L., Gajiwala, K.S., Maffei, M., Cohen, S.L., Chait, B.T., Rabinowitz, D., Lallone,
R.L., Burley, S.K., Freidman, J.M., 1995. Weight-reducing effects of the plasma
protein encoded by the obese gene. Science 269, 543–546.
Hamer, K.C., Hill, J.K., 1997. Nestling obesity and variability of food delivery in Manx
Shearwater Pufﬁnus pufﬁnus. Funct. Ecol. 11, 489–498.
Heynes, G.R., Jones, P.J., 2001. Leptin and its role in lipid metabolism. Curr. Opin.
Lipidol. 12, 321–327.
Horev, G., Einat, P., Aharoni, T., Eshdat, Y., Friedman-Einat, M., 2000. Molecular
cloning and properties of the chicken-leptin receptor (CLEPR) gene. Mol. Cell.
Endocrinol. 162, 95–106.
Johnson, R.M., Johnson, T.M., Londraville, R.L., 2000. Evidence for leptin expression
in ﬁshes. J. Exp. Zool. 286, 718–724.
Kochan, Z., Karbowska, J., Meissner, W., 2006. Leptin is synthesized in the liver and
adipose tissue of the dunlin (Calidris alpina). Gen. Comp. Endocrinol. 148, 336–
339.
Kousta, E., Chrisoulidou, A., Lawrence, N.J., Al-Shoumer, K.A., Parker, K.H., McCarthy,
M.I., Johnston, D.G., 1998. The circadian rhythm of leptin is preserved in growth
hormone deﬁcient hypopituitary adults. Clin. Endocrinol. (Oxf.) 48, 685–690.
Kuo, A.Y., Cline, M.A., Werner, E., Siegel, P.B., Denbow, D.M., 2005. Leptin effects on
food and water in lines of chickens selected for high or low body weight.
Physiol. Behav. 84, 459–464.
Kurokawa, T., Uji, S., Suzuki, T., 2005. Identiﬁcation of cDNA coding for a homologue
to mammalian leptin from pufferﬁsh, Takifugu rubripes. Peptides 26, 745–750.
Leveille, G.A., Ohea, E.K., Chakrabarty, K., 1968. In vivo lipogenesis in domestic
chicken. Proc. Soc. Exp. Biol. Med. 128, 398–401.
Liu, X., Dunn, I.C., Sharp, P.J., Boswell, T., 2007. Molecular cloning and tissue
distribution of a short form chicken leptin receptor mRNA. Domest. Anim.
Endocrinol. 32, 155–166.
Liu, X., Sharp, P.J., 2007. Deletions in mRNA encoding the chicken leptin receptor
gene binding domain. Comp. Biochem. Physiol. 146, 250–255.
Lõhmus, M., Sundström, L.F., 2004. Leptin and social environment inﬂuence the
risk-taking and feeding behaviour of Asian blue quail. Anim. Behav. 68, 607–
612.
Lõhmus, M., Sundström, L.F., El Halawani, M., Silverin, B., 2003. Leptin
depresses food intake in great tits (Parus major). Gen. Comp. Endocrinol.
131, 57–61.
Maffei, M., Halaas, J., Ravussin, E., Pratley, R.E., Lee, G.H., Zhang, Y., Fei, H., Kim, S.,
Lallone, R., Ranganathan, S., Kern, P.A., Friedman, J.M., 1995. Leptin levels in
human and rodent: measurement of plasma leptin and ob RNA in obese and
weight-reduced subjects. Nat. Med. 1, 1155–1161.
Mistry, A.M., Swick, A.G., Romsos, D.R., 1997. Leptin rapidly lowers food intake and
elevates metabolic rates in lean and ob/ob mice. J. Nutr. 127, 2065–2072.
Muruzabal, F.J., Frühbeck, G., Gomez-Ambrosi, J., Archanco, M., Burrell, M.A., 2002.
Immunocytochemical detection of leptin in non-mammalian vertebrate
stomach. Gen. Comp. Endocrinol. 128, 149–152.
Neglia, S., Arcamone, N., Gargiulo, G., De Girolamo, P., 2007. Immunocytochemical
detection of leptin-like immunoreactivity in the chicken gastroenteric tract.
Gen. Comp. Endocrinol. 155, 432–437.
Niewiarowski, P.H., Balk, M.L., Londraville, R.L., 2000. Phenotypic effects of leptin in
an ectotherm: a new tool to study the evolution of life histories and
endothermy? J. Exp. Biol. 203, 295–300.
Ohkubo, T., Tanaka, M., Nakashima, K., 2000. Structure and tissue distribution of
chicken leptin receptor (cOb-R) mRNA. Biochim. Biophys. Acta 1491, 303–308.
Pitel, F., Monbrun, C., Gellin, J., Vignal, A., 2000. The chicken LEP (ob) gene has not
been mapped. Anim. Genet. 31, 281.
Paolucci, M., Rocco, M., Varricchio, E., 2001. Leptin presence in plasma, liver and fat
bodies in the lizard podarcis sicula: ﬂuctuations throughout the reproductive
cycle. Life Sci. 69, 2399–2408.
Pelleymounter, M.A., Cullen, M.J., Baker, M.B., Hecht, R., Winters, D., Boone, T.,
Collins, F., 1995. Effects of the obese gene product on body weight regulation in
ob/ob mice. Science 269, 540–543.
Phillips, R.A., Hamer, K.C., 1999. Lipid reserves, fasting capability and the evolution
of nestling obesity in procellariiform seabirds. Proc. R. Soc. Lond. B 266, 1329–
1334.
Quillfeldt, P., 2002. Begging in the absence of sibling competition in Wilson’s stormpetrels Oceanites oceanicus. Anim. Behav. 64, 579–587.
Quillfeldt, P., Masello, J.F., 2004. Context-dependent honest begging in Cory’s
shearwaters (Calonectric diomedea)—inﬂuence of food availability. Acta Ethol. 7,
73–80.
Quillfeldt, P., Peter, H.U., 2000. Provisioning and growth in chicks of Wilson’s stormpetrels Oceanites oceanicus on King George Island, South Shetland Islands. Polar
Biol. 23, 817–824.
Quillfeldt, P., Masello, J.F., Strange, I.J., 2003. Breeding biology of the Thin-billed
prion Pachyptila belcheri at New Island, Falkland Islands, in the poor season
2002/2003: egg desertion, breeding success and chick provisioning. Polar Biol.
746, 746–752.
Quillfeldt, P., Masello, J.F., Hamer, K.C., 2004. Sex differences in provisioning rules
and honest signalling of need in Manx shearwaters Pufﬁnus pufﬁnus. Anim.
Behav. 68, 613–620.
Quillfeldt, P., Masello, J.F., Strange, I.J., Buchanan, K.L., 2006. Begging and
provisioning of thin-billed prions Pachyptila belcheri is related to testosterone
and corticosterone. Anim. Behav. 71, 1359–1369.

178

P. Quillfeldt et al. / General and Comparative Endocrinology 161 (2009) 171–178

Quillfeldt, P., Strange, I.J., Segelbacher, G., Masello, J.F., 2007a. Male and female
contributions to provisioning rates of thin-billed prions Pachyptila belcheri in
the South Atlantic. J. Ornithol. 148, 367–372.
Quillfeldt, P., Strange, I.J., Masello, J.F., 2007b. Sea surface temperatures and
behavioral buffering capacity in thin-billed prions: breeding success,
provisioning and chick begging. J. Avian Biol. 38, 298–308.
Quillfeldt, P., Poisbleau, M., Chastel, O., Masello, J.F., 2007c. Corticosterone in thinbilled prion Pachyptila belcheri chicks: diel rhythm, timing of ﬂedging and
nutritional stress. Naturwissenschaften 94, 919–925.
Raver, N., Taouis, M., Dridi, S., Derouet, M., Simon, J., Robinzon, B., Djian, J., Gertler,
A., 1998. Large-scale preparation of biologically active recombinant chicken
obese protein (leptin). Protein Expr. Purif. 14, 403–408.
Richards, M.P., Poch, S.M., 2003. Molecular cloning and expression of the turkey
leptin receptor gene. Comp. Biochem. Physiol. 136, 833–847.
Saad, M.F., Riad-Gabriel, M.G., Khan, A., Sharma, A., Michael, R., Jinagouda, S.D.,
Boyadjian, R., Steil, G.M., 1998. Diurnal and ultradian rhythmicity of plasma
leptin: effects of gender and adiposity. J. Clin. Endocrinol. Metab. 83, 453–459.
Sato, K., Nishida, M., Akiba, Y., 2003. Nutricional modulation of leptin Messenger
RNA in broiler chickens. J. Poult. Sci. 40, 13–20.
Schwartz, M.W., Seeley, R.J., Campﬁeld, L.A., Burn, P., Baskin, D.G., 1996. Identiﬁcation
of targets of leptin action in rat hypothalamus. J. Clin. Invest. 98, 1101–1106.
Schultz, M.A., Klomp, N.I., 2000. Does the foraging strategy of adult short-tailed
shearwaters cause obesity in their chicks? J. Avian Biol. 31, 287–294.
Scarpace, P.J., Matheny, M., Pollock, B.H., Tumer, N., 1997. Leptin increases uncoupling
protein expression and energy expenditure. Am. J. Physiol. 273, E226–E230.

Sharp, P.J., Dunn, I.C., Waddington, D., Boswell, T., 2008. Chicken leptin. Gen. Comp.
Endocrinol. 158, 2–4.
Sirotkin, A.V., Grossmann, R., 2007. Leptin directly controls proliferation, apoptosis
and secretory activity of cultured chicken ovarian cells. Comp. Biochem. Physiol.
doi: 10.1016:j.cbpa.2007.06.001.
Sokal, R.R., Rohlf, F.J., 1994. Biometry—the principles and practice of statistics in
biological research, third ed. Freeman, New York.
Strange, I.J., 1980. The thin-billed prion, Pachyptila belcheri, at New Island, Falkland
Islands. Gerfaut 70, 411–445.
Taouis, M., Chen, J.W., Daviaud, C., Dupont, J., Derouet, M., Simon, J., 1998. Cloning
the chicken leptin gene. Gene 208, 239–242.
Tartaglia, L.A., Dembski, M., Weng, X., Deng, N., Culpepper, J., Devos, R., Richards,
G.J., Campﬁeld, L.A., Clark, F.T., Deeds, J., Muir, C., Sanker, S., Morirty, A., Moore,
K.J., Smutko, J.S., Mays, G.G., Wool, E.A., Monroe, C.A., Tepper, R.I., 1995.
Identiﬁcation and expression cloning of a leptin receptor, OB-R. Cell 83, 1263–
1271.
Weimerskirch, H., Chastel, O., Ackermann, L., 1995. Adjustment of parental effort to
manipulated foraging ability in a pelagic seabird, the thin-billed prion
Pachyptila belcheri. Behav. Ecol. Sociobiol. 36, 11–16.
Yang, S.J., Denbow, D.M., 2007. Interaction of leptin and nitric oxide on food
intake in broilers and leghorns. Physiol. Behav. doi: 10.1016/j.physbeh.
2007.05.009.
Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., Friedman, J.M., 1994.
Positional cloning of the mouse obese gene and its human homologue. Nature
(Lond.) 372, 425–432.

