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Abstract
Background: Ghrelin and obestatin are two gut-derived peptides originating from the same ghrelin/obestatin
prepropeptide gene (GHRL). While ghrelin stimulates growth hormone (GH) secretion and food intake and inhibits caminobutyric-acid synaptic transmission onto GHRH (Growth Hormone Releasing Hormone) neurons, obestatin blocks these
effects. In Humans, GHRL gene polymorphisms have been associated with pathologies linked to an unbalanced energy
homeostasis. We hypothesized that one polymorphism located in the obestatin sequence (Q to L substitution in position 90
of the ghrelin/obestatin prepropeptide, rs4684677) may impact on the function of obestatin. In the present study, we tested
the activity of native and Q90L obestatin to modulate ghrelin-induced food intake, GH secretion, cFos activity in GHRH and
Neuropeptide Y (NPY) neurons and c-aminobutyric-acid activity onto GHRH neurons.
Methodology/Principal findings: Food intake, GH secretion and electrophysiological recordings were assessed in C57BL/6
mice. cFos activity was measured in NPY-Renilla-GFP and GHRH-eGFP mice. Mice received saline, ghrelin or ghrelin
combined to native or Q90L obestatin (30 nmol each) in the early light phase. Ghrelin stimulation of food intake and GH
secretion varied considerably among individual mice with 59–77% eliciting a robust response. In these high-responders,
ghrelin-induced food intake and GH secretion were reduced equally by native and Q90L obestatin. In contrast to in vivo
observations, Q90L was slightly more efficient than native obestatin in inhibiting ghrelin-induced cFos activation within the
hypothalamic arcuate nucleus and the nucleus tractus solitarius of the brainstem. After ghrelin injection, 26% of NPY
neurons in the arcuate nucleus expressed cFos protein and this number was significantly reduced by co-administration of
Q90L obestatin. Q90L was also more potent that native obestatin in reducing ghrelin-induced inhibition of c-aminobutyricacid synaptic transmission onto GHRH neurons.
Conclusions/Significance: These data support the hypothesis that Q90L obestatin partially blocks ghrelin-induced food
intake and GH secretion by acting through NPY and GHRH neurons.
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gut vagal afferents [7,8]. Within the hypothalamus, ARC
Neuropeptide Y (NPY) and Growth Hormone Releasing Hormone (GHRH) neurons express the GHS-R1a [9,10], and are a
well-characterized target for ghrelin or GHS actions [11–13].
More recently, obestatin, a 23 amino acid peptide, derived from
the cleavage of preproghrelin was discovered [14] and reported as
an anorexigenic peptide ligand of the orphan receptor, GPR39,
but these findings are controversial [15–18]. Nevertheless, when
co-administered with ghrelin at equimolar doses, obestatin
counteracts, for instance, ghrelin induced food intake and GH
secretion in rodents [19]. The mechanism of action of obestatin
and its interaction with ghrelin in the central nervous system

Introduction
Ghrelin is a 28 amino acid peptide principally synthesized in the
stomach and was originally described as the endogenous ligand of
the Growth Hormone Secretagogue 1a Receptor (GHS-R1a)
[1,2]. Ghrelin is the only orexigenic gastrointestinal peptide and
one of its main functions is to stimulate growth hormone (GH)
secretion [3,4]. Binding of ghrelin to the GHS-R1a, which relays
most of ghrelin’s biological effects, is made possible due to a posttranslational acylation on its serine in position 3 [5,6]. GHS-R1a is
highly expressed in the arcuate nucleus (ARC) of the hypothalamus, a key region involved in the control of GH secretion and
appetite but also in the brainstem that receives information from
PLOS ONE | www.plosone.org
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remain poorly understood. The effect of obestatin on ghrelininduced GH secretion is not mediated at the pituitary level
[14,19], suggesting that the interaction between ghrelin and
obestatin is mainly mediated within the central nervous system.
Indeed, recently, it was reported that obestatin blocks ghrelininduced inhibition of c-aminobutyric acid (GABA) synaptic
transmission onto GHRH neurons [20].
In humans, ghrelin/obestatin prepropeptide gene (GHRL)
polymorphisms have been associated with pathologies linked to
an unbalanced energy homeostasis like anorexia or bulimia
nervosa [21,22]. One of those single nucleotide polymorphisms
(SNP) (Q to L substitution in position 90 of preproghrelin,
rs4684677) is located in the sequence encoding obestatin and
anorexic patients carrying this SNP have a lower minimum body
mass index (BMI) [23]. This polymorphism may thus influence the
function of obestatin.
In this study, we compared the effect of native and Q90L
obestatin in modulating ghrelin-induced food intake and GH
secretion. These two parameters were measured after coadministration of the peptides in the light phase in ad libitum fed
C57BL/6 mice. To define the central sites of interaction of these
peptides, we assessed neuronal activation after co-administration
of ghrelin and native or Q90L obestatin, in two key regions
involved in regulation of GH secretion and/or food intake: the
ARC in the hypothalamus and the NTS in the brainstem.
Moreover, we investigated whether ghrelin and obestatin interacted directly on ARC NPY and GHRH neurons which relay
ghrelin effects on food intake and GH release respectively [13,24–
29].

Results
Inter-individual variations in the effects of ghrelin, or
ghrelin combined with native (hOb) and Q90L obestatin
(hObQ90L) to modulate food intake and GH secretion
The ability of human obestatin (hOb) and hObQ90L to inhibit
ghrelin-induced food intake and GH secretion was tested after
administration of equimolar doses (30 nmol ip) of ghrelin and hOb
or hObQ90L during the light period in male C57BL/6 mice
(Figure 1). We observed a high variability in the responses to
peptides injections in individual mice and only a proportion
responded to stimulation by ghrelin. Based on these observations,
we determined a threshold to classify ghrelin-treated animals into
either high or low responders. This was possible because each
mouse was injected with each treatment in a cross-over designed
manner. For food consumption, the threshold was defined as the
mean value+3 standard deviations (SD) measured during 0–4 h
after saline injection. For GH secretion, the threshold was defined
as the mean value+3 standard deviations (SD) of the peak value
recorded.
Fifty nine percent of mice increased their food consumption
over a threshold of 0.42 g (high responders) 4 hours after ghrelin
injection whereas 41% of mice did not (low responders)
(Figure 1A). For GH secretion, 75% of mice exceeded the
calculated threshold of 143 ng/ml (high responders) (Figure 1B).
After co-administration of ghr+hOb or ghr+hObQ90L, the profile
of the distribution of the responses was similar between high and
low responders (Figure 1A and B). There was no difference
between the two forms of obestatin in reducing the ghrelininduced food intake or GH secretion when all animals were
included.
Based on the above observations, the results for food intake and
GH secretion were analyzed separately in high and low
responders, the latter being shown in the Supporting Information.
PLOS ONE | www.plosone.org

Figure 1. Differential effect of ghrelin on food intake and GH
secretion in high and low-responders. (A) Cumulative 0–4 h food
intake and (B) GH peak of secretion in individual mice injected i.p with
saline (circles), 30 nmol of ghr (squares), ghr+hOb (triangles) or
ghr+hObQ90L (inverted triangles) (30 nmol). 4 hours after ghrelin
injection, 59% of mice increased their food consumption over a
threshold of 0.42 g (high responders, closed symbols) whereas 41% of
mice did not (low responders, open symbols) responders. The dotted
line represents the threshold for ghrelin response. Bar represents mean
of data. ***P,0.0001 vs saline.
doi:10.1371/journal.pone.0051135.g001

Native (hOb) and Q90L obestatin (hObQ90L) reduce
ghrelin-induced food intake in high responders
Feeding behavior was monitored after Ghr and/or after coadministration of Ghr+hOb/hObQ90L in male C57BL/6 mice.
In high responders only, hOb and hObQ90L attenuated the
ghrelin-induced cumulative food intake within 4 hours following
treatments and the activity of the two forms of obestatin was
equivalent (Figure 2A). Within the first hour following the
injection, however, neither hOb nor hObQ90L inhibited the
effects of ghrelin.
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Figure 2. Effect of native (hOb) and Q90L obestatin (hObQ90L) on ghrelin-induced (Ghr) cumulative food intake and meal pattern
in high responders C57BL/6 mice. (A) Mean cumulative 4 h food intake after the different treatments in high responders. (B–D) Meal number, size
and duration within 4 h following the injections in high responders. Data represent mean6SEM. **P,0.01 vs saline, ***P,0.001 vs saline,
###P,0.001 vs ghr.
doi:10.1371/journal.pone.0051135.g002

inhibitory effect of both forms of obestatin although not
statistically different from the ghrelin group (Figure 3B). There
was no significant difference observed in the responses to the two
forms of obestatin. In low responders, no statistical differences
were observed between treatments (Figure 2).

The analysis of the meal pattern revealed that the inhibitory
effect of both forms of obestatin was due to a decrease in meal size
and duration (Figure 2B–D). The effect of hObQ90L appeared to
be slightly more pronounced than hOb more particularly in
reducing ghrelin’s effect on total meal duration.
In low responders, although ghrelin did not elicit an increase in
cumulative food consumption (Fgure 1A), mice did respond to coadministration of ghr+hOb/hObQ90L notably by increasing meal
number, size and duration (Figure 1B–D). hOb or hObQ90L
injected alone did not affect food intake or meal pattern (Data not
shown).

Q90L obestatin (hObQ90L) reduces ghrelin-induced cFos
immunoreactivity in ARC and NTS
cFos immunoreactive cells were quantified from 2.2/1.6 mm of
the interaural line for the ARC and from 23.78/23.98 mm of the
interaural line for the NTS. Representative micrographs are
illustrated on Figure 4A and C for ARC and NTS respectively.
The increased number of cFos immunoreactive cells after ghrelin
injection was significantly reduced by hObQ90L in both ARC
(Figure 4B) and NTS (Figure 4D). The effects of both human
(hOb) and rat (rOb) obestatin on cFos activation were pooled as no
differences were observed between both forms (data not shown).

Native (hOb) and Q90L obestatin (hObQ90L) reduce
ghrelin-induced GH secretion in high responders
The ability of hOb and hObQ90L to inhibit ghrelin-induced
GH secretion was tested after administration of equimolar doses
(30 nmol ip) of ghrelin and hOb/hObQ90L during the light
period in both male and female mice (Figure 3). In high responders
only, ghrelin induced an increase in the amplitude of GH secretion
and this was significantly reduced by co-administration of
Ghr+hOb but not Ghr+hObQ90L 20 minutes following the
injection only (Figure 3A). Due to the inter-individual variability in
all groups, the area under the curve (AUC) analysis showed a small
PLOS ONE | www.plosone.org

Q90L obestatin (hObQ90L) reduces ghrelin-induced cFos
immunoreactivity in ARC NPY neurons
GFP positive cell number was quantified from 2.2/1.6 mm of
the interaural line in the ARC. The number of GFP-positive
neurons did not differ between the treatment groups (Figure 5A
3
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and hObQ90L obestatin dose-dependently inhibited ghrelin
effects on GABA transmission (Figure 6). hObQ90L obestatin
was 2.5 times more potent in inhibiting the ghrelin-induced
decrease of evoked GABA synaptic response in GHRH neurons
(EC50 18 mM for hObQ90L and 66.4 mM for hOb).

Discussion
In the present study, we observe that a natural variant of human
obestatin, hObQ90L, is slightly more active than the native
peptide to suppress some of ghrelin’s biological effects in mice that
respond to ghrelin. Indeed, only 59% and 75% of ghrelin-treated
mice responded to ghrelin’s actions on food intake and GH
secretion, respectively. To our knowledge, this is the first report
showing that i.p injection of ghrelin does not always lead to a
major increase in food consumption or GH secretion. As the
effects of obestatin can only be observed in high responders, interindividual heterogeneity in ghrelin responses may explain why
several studies failed to see any inhibitory action of obestatin on
ghrelin-induced food intake or GH secretion [30,31]. Controversy
concerning the physiological significance or pharmacological
actions of obestatin is partly due to the difficulty to reproduce
published data and to the lack of concordant information in the
literature [14,15,18,30,31]. Thus the pharmacological action of
obestatin in reducing ghrelin-induced food intake and GH
secretion [19] appears to depend upon the ability of individual
animals to respond to ghrelin. For instance, ghrelin-induced cFos
activation or feeding has been shown to be different in fed and
fasted states [19,32]. In the present study, we were unable to
demonstrate any correlation between the food consumed within
15 minutes prior to peptides injections and ghrelin-induced
feeding (R2 = 0,001, P = 0,8870). Thus, biological parameters, like
nutritional status or stress level, could impact on the response to
ghrelin but this remains to be demonstrated.
ObQ90L polymorphism is found in the general population with
a frequency of 2–14%. Although this single nucleotide polymorphism does not appear to be associated with metabolic or eating
disorders according to population studies [33–36], anorexic
patients carrying this SNP have a lower minimum body mass
index (BMI) [23]. Together with the current data, it may suggest
that ObQ90L polymorphism, located in the sequence encoding for
obestatin, has a stronger inhibitory action on some of the circuits
regulating feeding compared to the natural peptide, which has
been found to be a functional ghrelin antagonist previously
[19,20].
Although no significant difference between native and Q90L
obestatin is observed on cumulative food intake over 4 hours,
analysis of meal structure reveals that hObQ90L, at the dose of
30 nmol, has a slightly larger effect in reducing total meal duration
than the natural peptide. Real differences in potencies between
both peptides cannot be ascertained from analysis of feeding
pattern as dose-responses were not performed. At any rate, the
results indicate that native and Q90L obestatin partially reduce
ghrelin-induced food intake by modulating satiation (i.e meal
termination). A suppressive effect on the ghrelin-induced food
intake is not observed within the first hour following the injection,
suggesting that the inhibitory action of both native and Q90L
obestatin on ghrelin-induced food intake is delayed. However in a
previous study [19], the inhibitory effect of obestatin on the
ghrelin-induced food intake was observed immediately following
the injection. Such a discrepancy could be related to different
experimental paradigms, injections being performed just before
the dark phase in the previous study and during the light phase
herein. For ghrelin-induced GH secretion, inhibition by

Figure 3. Effect of native (hOb) and Q90L obestatin (hObQ90L)
on ghrelin-induced (Ghr) GH secretion in high responders
C57BL/6 mice. (A) Mean GH secretion in response to the different
treatments in high responders. (B) Area Under the curve of GH secretion
over 40 minutes in high responders. Data represent mean6SEM.
**P,0.01 vs saline, ***P,0.001 vs saline, #P,0.05 vs ghr+hOb.
doi:10.1371/journal.pone.0051135.g003

and Table S1). Ghrelin induced a significant increase in the
number of NPY neurons expressing cFos compared to salineinjected animals (26% vs 2% of NPY neurons, respectively)
(Figure 5B). In NPY neurons, co-localization with cFos was
reduced significantly to 11% with hObQ90L but not with hOb
(Figure 5A). Only 8% of GHRH neurons expressed cFos following
ghrelin (Table S1). This was not significantly different from
controls due to the lower proportion of ghrelin-activated neurons
and the inter-individual variability.

Native (hOb) and Q90L obestatin (hObQ90L) inhibit the
ghrelin-induced decrease in evoked GABA synaptic
responses in GHRH neurons
Because ghrelin has been shown to reduce GABA synaptic
transmission to GHRH neurons, evoked GABA synaptic responses
were recorded in GHRH neurons expressing GFP. Both native
PLOS ONE | www.plosone.org
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Figure 4. Effect of native (h/rOb) and Q90L obestatin (hObQ90L) on ghrelin-induced (Ghr) cFos immunoreactivity in C57BL/6 mice
in the arcuate nucleus (ARC) and in the nucleus tractus solitarius (NTS). (A and C) Representative confocal photomicrophotographs of the
cFos staining after each treatment in coronal sections at 1.9 mm of the interaural line in the ARC and 23.78 mm of the interaural line in the NTS ; (B
and D) Average of cFos-positive nuclei per section after the different treatments between 2.2/1.6 mm of the interaural line for the ARC and between
23.78/23.98 mm of the interaural line for the NTS. Data represent mean6SEM. ***P,0.001 vs saline, *P,0.05 vs saline, #P,0.05 vs ghr. Scale bar
represents 100 mm in the ARC and 50 mm in the NTS. 3V: third ventricle, ME: median eminence, DMH: Dorsomedial Hypothalamic nucleus, VMH:
Ventromedial Hypothalamic nucleus, ARC: Arcuate nucleus, NTS: Nucleus Tractus Solitarius, AP: Area Postrema, 10N: Dorsal Motor Nucleus of Vagus,
cc: central canal.
doi:10.1371/journal.pone.0051135.g004

hObQ90L is not more pronounced than native obestatin. In
addition, we were unable to demonstrate an effect of obestatin per
se, confirming most of previous data [22].
In the absence of an identified obestatin receptor and adequate
tools to study obestatin function (agonists or antagonists), the
mechanism of action of obestatin and its interaction with ghrelin in
the central nervous system have remained poorly understood. We
thus tested for the first time whether obestatin could modulate
ghrelin effects by acting on the same neuronal populations
synthesizing the orexigenic peptide NPY. ARC NPY neurons
are a well-characterized target for ghrelin actions in the
hypothalamus. In the rat, in-situ hybridization studies show colocalization between the GHS-R and NPY (and GHRH) mRNAs
[9,10]. In addition, intravenous administration of GHRP-6, a
synthetic GHS, activates cFos in GHRH and NPY neurons:
around half of the activated cells are NPY containing and around
one quarter are GHRH containing cells [13]. Here, we describe
for the first time by using NPY-Renilla-GFP mice that i.p
administration of ghrelin activates 26% of NPY neurons in the
ARC while 53% of cFos immunoreactive cells are GFP positive.
This is consistent with previous results showing that a majority of
cFos immunoreactive cells after i.p injection of ghrelin express
NPY mRNA in mice [11]. The proportion of NPY neurons
expressing cFos is robustly reduced from 26 to 11% by Q90L
obestatin, demonstrating that the actions of this natural variant are
relayed through this population of orexigenic neurons. In addition,
the activation of NTS neurons, another target of ghrelin, is also
PLOS ONE | www.plosone.org

more reduced by Q90L obestatin than with the native peptide. As
the NTS relays information about satiety and satiation, these data
are consistent with an effect of obestatin on ghrelin-induced
increase in meal size and duration.
Only a small proportion of GHRH-eGFP neurons were
activated by ghrelin treatment in the current study (8% of
GHRH-eGFP neurons are cFos positive). Consequently, a
significant inhibitory action of obestatin on GHRH neurons using
cFos quantification could not be demonstrated, despite the fact
that GHRH neurons express the GHS-R [9,10] and GHRH does
play a role in ghrelin-induced GH secretion in rats [24]. In
addition, this contrasts with data obtained in rats showing that the
synthetic GHSs, GHRP-6 and KP-102, activate cFos in a
significant number of GHRH neurons, although the proportion
of GHRH cells expressing cFos mRNA was very different with
both GHS (38% with GHRP-6 and 20% with KP-102) [13,37].
Thus differences in activated cells from one study to another may
be due to species differences, measurement of mRNA versus GFPpositive cells or to differences in the mechanism of actions of
various GHS-R ligands. A recent study from our laboratory using
patch-clamp recording in mice demonstrated that ghrelin activates
44% of recorded GHRH neurons by inhibiting GABA synaptic
transmission onto GHRH neurons and this was inhibited by
obestatin [20]. The discrepancies between the cFos data and
single-cell recording following ghrelin stimulation may be
explained by differences in the experimental conditions and
techniques used (electrically induced synaptic responses after direct
5
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Figure 6. Effect of native (hOb) and Q90L obestatin (hObQ90L)
on the ghrelin-induced (Ghr) decrease of evoked GABA
synaptic responses in GHRH neurons. Dose response curves for
hOb and hObQ90L (10, 30, 100 and 300 nM) represented on a semilogarithmic scale. Ghrelin was applied at 300 nM. Data represent
mean6SEM. The dotted line represents the EC50 values, 18 mM and
66.4 mM for hObQ90L and hOBhOb respectively. The two curves show
significant differences (comparing best fit values of two groups using
Student T-test, P,0.001).
doi:10.1371/journal.pone.0051135.g006

acid by another has previously been shown to modify the
biological activity of peptides [38,39]. These results extend our
knowledge about the mechanism of action of this functional
ghrelin antagonist and are in keeping with clinical data showing
that, in anorexic patients, this variant was more frequent amongst
women with the lowest body mass index [23].

Materials and Methods
Figure 5. Effect of native (h/rOb) and Q90L obestatin
(hObQ90L) on ghrelin-induced (Ghr) cFos immunoreactivity
in arcuate nucleus (ARC) NPY neurons in C57BL/6 mice. (A)
Representative confocal photomicrophotographs of hypothalamic
coronal sections showing the merged images containing cFos staining
in red and NPY-GFP cells in green after each treatment at 1.9 mm of the
interaural line in the ARC. (B) Quantification of NPY-GFP positive cell
bodies expressing cFos in the ARC after the different treatments. Data
represent mean6SEM. ***P,0.001 vs saline, #P,0.05 vs ghr, $P,0.01
vs ghr+hOb. Scale bar represents 100 mm, 3V: third ventricle, ME:
median eminence.
doi:10.1371/journal.pone.0051135.g005

Ethics Statement
All experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC) and
were approved by the Animal Experimentation Committee of
Paris Descartes University.

Animals
Adult C57Bl/6 male mice (Charles River) (11 weeks old upon
arrival) were housed in individual cages for the food intake
experiments. Heterozygous GHRH-eGFP transgenic mice [40]
and NPY-Renilla GFP transgenic male and female mice [41] were
obtained by crossing transgenic to C57Bl/6 mice. The transgenic
offspring were genotyped by PCR amplification of tail DNA. All
animals were housed in a room under controlled illumination (7:00
AM to 7:00 PM) and temperature (22–24uC) and had free access
to food and water. All experiments were started between 9:30 AM
and 10:30 AM. Male and female mice were used for GH response
and immunohistochemistry experiments and only males were used
for the feeding and electrophysiological experiments. No sex
differences were observed.

application of ghrelin on hypothalamic slices versus cFos activation
after peripheral ghrelin administration). Thus we compared the
effects of native and Q90L obestatin using patch-clamp recording
and demonstrated that Q90L obestatin blocks ghrelin-induced
decreases in GABA synaptic transmission more potently than
native obestatin. In contrast to the behavioral and physiological
observations in mice, cellular assays appear to reveal a difference
between native and Q90L obestatins.
In conclusion, hObQ90L not only retains its ability to reduce
ghrelin effects on food intake and GH secretion, in mice that
respond to ghrelin, but it also has a stronger effect than native
obestatin in inhibiting neuronal activity in key target circuits
regulating feeding or GH secretion. Substitution of one aminoPLOS ONE | www.plosone.org

Acute injections of peptides
For the food intake and GH secretion experiments, mice
received an intraperitoneal (i.p) injection of saline, rat acyl-ghrelin
6
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(ghr), ghrelin+human obestatin (ghr+hob) and ghrelin+human
Q90L obestatin (ghr+hobQ90L), 30 nmol each (NeoMPS Strasbourg, France). Experiments were repeated in a crossover
designed manner so that each mouse received all treatments
randomly separated by two days of washout. For the immunohistochemical experiments, separate groups of mice received an i.p
injection of either saline, rat acyl-ghrelin, ghr+rat or human
obestatin (r/hOb), or ghr+hobQ90L (30 nmol each). 90 minutes
later the animals were anesthetized and perfusion-fixed (see
below).

Paxinos and Watson’s mouse brain atlas, 1997) and in the NTS
(interaural line: 23.78 to 23.98 mm). GFP positive cell bodies
expressing cFos were visualized using a confocal SP5 microscope
(Leica, Wetzlar, Germany). The number of cells showing colocalization was determined using the Image-J software (http://
rsbweb.nih.gov/ij/) on series of continuous optical sections with
0.5 mm increment along the z-axis of the section under a 406
magnification. Confocal images presented were obtained from
individual optical slices.

Electrophysiological Experiments
Food intake monitoring and meal patterns analysis

Electrophysiological experiments were conducted as described
previously [13]. Briefly, recordings were performed at room
temperature on 200 mm thick hypothalamic coronal slices from 8–
13 week-old male GHRH-eGFP transgenic CB57Bl/6J placed in a
bath solution containing 124 mM NaCl, 3 mM KCl, 1.25 mM
NaH2PO4, 1 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3,
10 mM Glucose, 10 mM CNQX (6-cyano-7nitroquinoxaline-2,3dione, AMPA-R antagonist) and 50 mM D-AP-5 (2-amino-5phosphonovalerate, NMDA-R antagonist), pH 7.3, 300–
310 mOsm/L, and perfused at a rate of 2 ml/minutes. GHRHeGFP ARC neurons were visually identified by fluorescent
microscopy. To record electrically induced synaptic responses,
patch recording pipettes were filled with 131 mM CH3O3SCs,
6 mM CsCl (intracellular Cs was used to block potassium
channels), 2 mM Mg Cl2, 10 mM HEPES, 1.1 EGTA, 5 mM
Lidocaine N-ethyl bromide (QX-314, to block sodium channels),
4 mM ATP-Mg, pH 7.3 (adjusted with 1 M CsOH) and 290–
300 mOsm/L. Neurons were voltage-clamped at 220 mV.
GABA synaptic responses were recorded using an Axopatch 1D
amplifier (Axon Instruments, Union City, CA, USA), digitized
using a Digidata 1200 interface (Axon Instruments) and stored on
a computer. On-line analysis and storage of current data into data
files performed using the pClamp 6.0.4 software from Axon
Instruments. In all experiments, stimuli (0.2 msec duration, 0.3–
1 mA intensity, 0.25 Hz) were applied to determine the postsynaptic response amplitudes and to measure the time-dependent
effects of drugs. Drugs were diluted in the external medium to the
desired concentration and applied by bath perfusion (ghrelin:
300 nM, hOb/hObQ90L: 10, 30, 100 and 300 nM). After
acquisition of a 10 minutes baseline of current amplitudes, hOb
and hObQ90L were applied for 5–6 minutes, followed by
10 minutes washing periods. Amplitudes of induced synaptic
currents were normalized relative to the baseline prior to the
application of drugs.

Mice were habituated to single housing and to the automated
drinking/feeding station (TSE systems, GmbH, Germany) for 1
week before the beginning of the experiment. On each experimental day, mice received an i.p injection of the peptides. Feeding
behavior was recorded continuously for 24 hours after the
injection by means of high precision sensors, attached to the top
of the cage.
Meal patterns were analyzed using the following definition: a
meal consists of the consumption of 0.03 g of food separated from
the next feeding episode by at least 10 minutes (intermeal interval,
[42–44]). For each mouse, the meal number, the total meal size (g)
and the total meal duration (minutes) were measured for 4 hours
following the injection of the peptides.

Repeated blood samplings for GH assay
Mice were habituated to single housing before the beginning of
the experiment and handled in order to minimize stress. 4 ml of the
whole venous blood was obtained from the tail vein every ten
minutes [45], for one hour after the i.p injection of the peptides.
Blood samples were collected in 116 ml of the Enzyme ImmunoAssay (EIA) GH buffer (PBS-0.05% tween) and kept on ice until
the end of experiment and then transferred to 220uC for storage
before further analysis.
Whole blood GH concentrations were evaluated by EIA as
previously described [45].

Immunohistochemistry for cFos and co-localization
studies
GHRH and NPY neurons were visualized using GFP fluorescence. Specific co-localization experiments between GHRH or
NPY and cFos were performed as follows. Ninety minutes after i.p
injection of the peptides, the mice were anaesthetized (5.47 mg/
30 g BW of sodium pentobarbital) and perfused transcardially
with 0.9% saline followed by fixative containing 4% paraformaldehyde (PFA) in PB (0,1 M). The brains were removed, post-fixed
in 4% PFA in PB for 2 hours at room temperature and
cryoprotected in 30% sucrose for 2 days at 4uC before freezing
in 2-methyl-butane (at 235uC). Serial coronal sections, 25 mm
thick, were cut using a freezing microtome (Frigomobile, Leica,
Wetzlar, Germany). Immunofluorescence was performed on freefloating sections, separated by 100 mm for the entire rostro-caudal
extent of the hypothalamic arcuate nucleus (ARC) and the nucleus
solitary tract (NTS) of the brainstem. The sections were first
incubated with primary antibody: anti-cFos raised in rabbit
(1:20000, Ab-5, Jackson Laboratories, West Grove, PA, USA)
and then with Cy3 conjugated donkey anti-rabbit antiserum
(1:800, Jackson Laboratories, West Grove, PA, USA). Sections
were examined using a Zeiss Axioplan microscope (Carl Zeiss, Le
Pecq, France). The number of cFos positive cell nuclei and GFP
positive cell bodies were counted bilaterally under a 406
magnification, in ARC (interaural line: 2.2 to 1.6 mm from
PLOS ONE | www.plosone.org

Statistical analysis
Values are given as mean6SEM, and statistical analysis were
performed using ANOVA, repeated measure ANOVA followed
by a Fisher post-hoc test when the p value of the ANOVA was
significant (P,0.05) using statview software (SAS institute Inc.,
Cary, NC, USA).
Areas Under the Curve (AUC) were calculated by the
trapezoidal method.
The effects of the drugs in electrophysiological experiments
were determined by comparing the best-fit values of two doseresponse curves using Student T-test in the GraphPad PRISM 5
software (GraphPad Software, San Diego, CA, USA). The effect
were different if P,0.05.

Supporting Information
Figure S1 (A) Mean cumulative 4 h food intake after the
different treatments in low responders. (B–D) Meal number, size
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and duration within 4 h following treatment in low responders.
Data represent mean6SEM. *P,0.05 vs saline, **P,0.01 vs
saline, #P,0.05 vs ghr.
(EPS)
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