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Abstract
The ability of the gut hormone ghrelin to promote positive energy balance is mediated by the growth
hormone secretagogue receptor (GHSR). GHSR is a G protein-coupled receptor (GPCR) that is found
centrally and peripherally and that can signal in a ligand-independent manner basally or when
heterodimerized with other GPCRs. However, current Ghsr knockout models cannot dissect ghrelindependent and –independent signaling, precluding assessment of the physiological importance of these
signaling pathways. An animal model carrying a Ghsr mutation that preserves GHSR cell surface
abundance, but selectively alters GHSR signaling, would be a useful tool to decipher GHSR signaling in
vivo. We used rats with the GhsrQ343X mutation (GhsrM/M), which is predicted to delete the distal part of
the GHSR C-terminus tail, a domain critical for the signal termination processes of receptor
internalization and -arrestin recruitment. In cells, the Q343X GHSR mutant showed enhanced ligandinduced G protein-dependent signaling and blunted activity of processes involved in GPCR signal
termination. GhsrM/M rats displayed enhanced responses to submaximal doses of ghrelin or GHSR
agonist. Moreover, GhsrM/M rats had a more stable body weight under caloric restriction, a condition that
increases endogenous ghrelin tone, whereas under standard housing conditions, GhsrM/M rats showed
increased body weight, adiposity and reduced glucose tolerance. Overall, our data stresses the
physiological role of the distal domain of GHSR C-terminus as a suppressor of ghrelin sensitivity and we
propose using the GhsrM/M rat as a physiological model of gain-of-function in Ghsr to identify treatments
for obesity-related conditions.
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Introduction

Ghrelin is a pleiotropic hormone secreted by the stomach (1) that promotes food-seeking behaviors and a
positive energy balance by means of several central mechanisms involving hedonic (2-4) and energy
homeostasis circuits (5-8). To date, the growth hormone secretagogue receptor (GHSR), a G protein
(heterotrimeric guanine nucleotide-binding protein)-coupled receptor (GPCR) found peripherally and in
several brain regions, is the sole receptor that mediates the biological effects of ghrelin (9-11). In cellular
systems, GHSR can signal in response to ghrelin through Gαq/11-dependent (1, 12, 13) or Gαi-dependent
pathways (14). In addition, GHSR can signal in the absence of ligand because of high constitutive activity
(12, 15) and can selectively modulate dopamine signaling through heterodimerization with dopamine
receptors DRD1 and DRD2 (16, 17). Although GHSR is internalized constitutively and in response to
ghrelin, ligand binding is necessary to trigger β-arrestin2 recruitment. Both processes require the receptor
C-terminal tail, a domain comprising several putative phosphorylation sites (18, 19). Thus far, however,
the lack of understanding of the physiological importance of these ghrelin-dependent and ghrelinindependent GHSR signaling features precludes efficient drug targeting (20).

The hormone ghrelin and its receptor induce potent biological responses such as food intake,
adipogenesis, and growth hormone secretion, but the physiological roles of both the hormone and receptor
still remain incompletely defined by currently available genetic studies (21). GHSR promotes somatic
growth in humans, presumably through growth hormone secretagogue properties, but its association with
obesity risk is inconsistent (22-26) although dysregulated amounts of the orexigenic acyl ghrelin correlate
with obesity features associated with a common single-nucleotide polymorphism at the FTO locus (27).
Although Ghsr-/- mice consistently demonstrate a decreased motivation for hedonic eating (28, 29) these
animals do not clearly show altered body weight or energy intake (10, 30-32) suggesting that GHSR is
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not a key regulator of food intake or body weight or alternatively, that GHSR knockdown induces a
compensatory response to maintain normal phagic drive and body weight.

To assess the physiological significance of GHSR signaling and possibly circumvent the caveats related
to Ghsr knockout, we hypothesized that a rodent model carrying a Ghsr mutation that maintains GHSR
cell surface abundance but alters its signaling properties would provide insight into the role of GHSR.
Accordingly, we studied a rat line bearing a Ghsr mutant (GhsrQ343X) that has a premature termination
codon that is predicted to delete most of the putative phosphorylation sites in the distal half of the C
terminus domain of this GPCR (GHSR-Q343X) (33), a domain involved in signal termination. Using in
vitro and in vivo approaches, we revealed that the GhsrQ343X allele resulted in a gain of function that
altered body weight and glucose homeostasis in Ghsr mutant rats. Our observations suggest that the key
physiological role of the distal part of GHSR C terminus is to suppress ghrelin sensitivity and that Ghsr
mutant rats can be used to explore the importance of GHSR signaling in vivo and identify treatments for
obesity-related conditions.
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Results

The Q343X mutation in GHSR impairs ligand-induced internalization and β-arrestin2 recruitment
in HEK cells
Because altering the C-terminal tail of GHSR modifies receptor trafficking patterns (18), we hypothesized
that the C-terminal truncation predicted by the Q343X mutation (Fig. 1A) would impair GHSR
internalization. To investigate the consequences of this mutation on receptor trafficking, we determined
the cell surface abundance of hemagglutinin (HA)-tagged wild-type or mutant rat GHSR isoforms. As
expected, ghrelin triggered an acute decrease of cell surface abundance of the wild-type isoform (40%
internalization at 20 min) followed by a progressive replenishment after 180 min (Fig. 1B). In contrast,
the cell surface abundance of the mutant isoform did not differ over time compared to unstimulated
conditions and was significantly greater than the wild-type isoform, supporting an impairment of ghrelininduced internalization of this truncated GPCR.
β-arrestin2 recruitment by GHSR requires the C-terminal tail, and presumably the phosphorylation
patterns of Ser and Thr residues in this domain (18, 19). Because most putative S/T phosphorylation sites
in the C terminus are missing in the Q343X mutant, it seemed likely that -arrestin recruitment to the
mutant receptor would be impaired. Confocal imaging showed that in response to a maximum dose of
ghrelin, β-arrestin2-enhanced yellow fluorescent protein (eYFP) translocated to the cell surface in cells
expressing wild-type GHSR but not in those expressing the mutant GHSR (Fig. 1C). Bioluminescence
resonance energy transfer (BRET) analysis showed that β-arrestin2 was recruited to a much lesser extent
to the Q343X mutant than to wild-type GHSR (Fig. 1D). These results indicate that the distal C-terminal
residues are not required for proper cell surface presentation, but that they play a key role in ghrelininduced GHSR internalization and β-arrestin2 recruitment.
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The Q343X mutation in GHSR enhances ligand-induced responses in HEK cells
GHSR signals through Gαq/11, which activates a phospholipase C (PLC)-Ca2+-dependent signaling
pathway (1, 12, 13). Therefore, to explore the functional consequences of the GHSR mutation on agonist
responses, we performed calcium flux experiments. The concentration-response curve in response to
ghrelin was shifted to the left in cells expressing the GHSR-Q343X mutant (Fig. 2A), which indicates
increased potency for ghrelin. In addition, the maximum effect of ghrelin was increased in cells
expressing the Q343X mutant, suggesting improved ghrelin efficacy. Cell pretreatment with the PLC
inhibitor U73122 inhibited the calcium response to ghrelin to a similar extent in wild-type GHSR- and
GHSR-Q343X mutant-expressing cells (Fig. 2B). In cells expressing either the wild-type or Q343X
mutant receptor, the Gi/o inhibitor pertussis toxin did not inhibit ghrelin-induced Ca2+ mobilization, which
is characteristic of a Gαq/11-PLC-mediated response. Similar to ghrelin, calcium flux experiments revealed
an enhanced response of cells expressing the mutant GHSR compared to those expressing wild-type
GHSR to the GHSR agonist hexarelin (Fig. 2C). Thus, the enhanced activity of the GHSR-Q343X mutant
was not ligand-specific. These observations support the notion that the Q343X mutation in rat GHSR is a
ghrelin-dependent gain-of-function mutation associated with increased activation of Gαq/11 signaling.

Second, we used the serum response element (SRE) reporter gene assay (34) to explore the functional
consequences of the Q343X mutation in GHSR on distinct signaling pathways involving both ligandindependent and ligand-dependent signaling. Compared to cells expressing wild-type GHSR, those
expressing the GHSR-Q343X mutant produced a similar basal signal but a greater maximal ghrelin
response (Fig. 2D). However, EC50s were not significantly different. In the same assay, the mitogenactivated protein kinase (MAPK) inhibitor SL327 or the Ras homolog gene family, member A (RhoA)Rho-associated protein kinase (ROCK) pathway inhibitor GSK269962 blocked ghrelin-induced SRE
responses in GHSR-Q343X or wild-type GHSR cells to similar extents (Fig. 2E), suggesting that the
Q343X mutation in rat GHSR increases ghrelin-dependent MAPK and RhoA-ROCK signaling.
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GhsrM/M rats are hypersensitive to exogenous ghrelin or agonist
The hypothalamus is a key target of ghrelin (21). To pharmacologically probe in vivo GHSR
responsiveness, we selected two key ghrelin-induced responses, growth hormone secretion and food
intake, that are mediated by GHSR signaling in hypothalamic neurons (7, 35). We used a two ghrelin
injection protocol to explore GHSR responsiveness and desensitization in freely moving Ghsr mutant
(GhsrM/M) or wild-type (GhsrWT/WT) littermates (Fig. 3A to D). GhsrM/M rats released growth hormone in
response to a lower intravenous ghrelin dose (Fig. 3E), although the genotypes did not differ at the dose
commonly used to trigger a maximum release of growth hormone (10 μg). To explore the pattern of
desensitization of GHSR in vivo, growth hormone release was examined after a second intravenous
ghrelin injection (10 μg) at 60 min (t60) as previously documented (36). Regardless of genotypes, as
expected, growth hormone peak intensity in response to the second ghrelin injection was inversely
proportional to the peak intensity after the first injection (Fig. 3A to D). However, decreased growth
hormone release occurred at a lower ghrelin dose in GhsrM/M rats compared to GhsrWT/WT rats (Fig. 3F),
supporting a lower threshold of desensitization.
We monitored food intake in rats injected with a maximum dose of the GHSR agonist hexarelin (Fig.
3G). Hexarelin stimulated food intake similarly in GhsrM/M and GhsrWT/WT rats, therefore showing that
GhsrM/M rats had a normal agonist-induced food intake response. To further explore GHSR
responsiveness in these mutant rats, we performed a dose-response analysis of the orexigenic effects of
hexarelin in a different cohort of male rats. In GhsrM/M rats, the dose-response curve was shifted leftward
compared to GhsrWT/WT rats (Fig. 3H), indicating that hexarelin had enhanced potency. This observation
supports that GhsrM/M rats have enhanced GHSR sensitivity.

GhsrM/M rats show increased sensitivity to endogenous acyl ghrelin
To test whether GhsrM/M rats were more responsive to endogenous ghrelin, we monitored body weight and
glycemia in GhsrM/M and GhsrWT/WT rats subjected to caloric restriction, which increases ghrelin tone.
GhsrM/M rats lost significantly less weight compared to wild-type littermates proportionally to their initial
7

body weight (Fig. 4A, top panel). Glucose concentrations were decreased for most time points during
caloric restriction and were restored to initial values upon refeeding for both genotypes (Fig. 4A middle
panel). Concentrations of growth hormone, which participates in ghrelin- and GHSR-mediated glycemic
control during severe caloric restriction, did not differ between genotypes (Fig. 4A lower panel).
Circulating concentrations of acyl and des-acyl ghrelin isoforms increased between ad libitum [day 0 (d0)]
and caloric restriction conditions (d1 and d16), although to a lesser extent in GhsrM/M compared to
GhsrWT/WT rats. These concentrations returned to initial values at refeeding (d17) (Fig. 4B, upper and
middle panels). However, the acyl ghrelin/total ghrelin ratio was not significantly different between
genotypes across the experiment (Fig. 4B, lower panel). Collectively, these results suggest that the mutant
GHSR encoded by the GhsrQ343X allele helps maintain body weight during an episode of chronic caloric
restriction, which is consistent with the role of ghrelin in promoting a positive energy balance. Because
acyl ghrelin concentrations were not increased in GhsrM/M rats, we presume that this protective effect was
related to the increased sensitivity to acyl ghrelin.

GhsrM/M rats show increased body weight and adiposity and decreased glucose tolerance
To decipher the phenotypic consequences associated with chronically enhanced sensitivity to endogenous
ghrelin in GhsrM/M rats, we monitored body weight, body composition, and energy intake in GhsrM/M and
wild-type ad libitum fed rats on standard chow. Although weight was comparable at 4 weeks of age (after
weaning), at 3 months GhsrM/M rats gained more body weight than GhsrWT/WT rats (Figs. 5A and B).
Iterative body weight measurements on a subgroup of animals revealed that the genotype effect was
stable at adulthood in standard housing conditions (Fig. 5C) although nose-to-anus measurements were
not different between genotypes (Fig. 5D). Body composition, as assessed by quantitative nuclear
magnetic resonance, revealed greater fat mass in GhsrM/M rats than in wild-type littermates but no changes
in lean mass (Fig. 5E and F). Plasma leptin concentrations were increased in male GhsrM/M rats in
agreement with increased fat mass (Fig. 5G). The increased body weight and adiposity were consistent
with the increased food intake of GhsrM/M rats (Fig. 5H). However, chow intake did not differ when
8

normalized to body weight, suggesting that GhsrM/M rats were eating proportionally to their body weight
(Fig. 5I). Finally, since genetic deletion of the components in the ghrelin-GHSR pathway is believed to
improve glucose tolerance (37), we measured glucose and insulin concentrations before and after a
dextrose load. The insulin resistance index HOMA-IR (homeostasis model assessment insulin resistance)
was increased in mutant rats compared to wild-type littermates (Fig. 5J), an observation that was
consistent with the higher basal glycemia in fasted GhsrM/M rats compared to GhsrWT/WT rats (Fig. 5K).
After an oral glucose load, GhsrM/M rats had increased glucose concentrations compared to GhsrWT/WT rats
(Fig. 5K). Insulin responses were similar among genotypes (Fig. 5L). Hence, these observations
illustrating a decreased glucose tolerance in GhsrM/M rats likely reflect decreased insulin sensitivity in
these animals. These observations support that increased ghrelin sensitivity in GhsrM/M rats increases body
weight and adiposity and decreases glucose tolerance without affecting daily food intake.
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Discussion

Our in vitro and in vivo results support the hypothesis that mutant rats carrying the GhsrQ343X allele are a
model of gain of function for Ghsr due to enhanced sensitivity to endogenous ghrelin. In support of this
hypothesis, HEK cells expressing the GHSR-Q343X isoform that lacks the distal part of its C-terminal
tail, a domain critical for receptor internalization and β-arrestin recruitment, displayed greater ligandinduced G protein-dependent signaling and blunted GPCR signal termination relative to wild-type GHSRexpressing HEK cells. Furthermore, GhsrM/M rats, which bear the mutant allele, displayed enhanced
responses to submaximal doses of ghrelin or agonist and maintained body weight in a state of increased
endogenous ghrelin tone (namely, caloric restriction). In standard housing conditions GhsrM/M rats
showed increased body weight and adiposity and reduced glucose tolerance. As proposed in the schematic
model (Fig. 6), our observations suggest that the C-terminal distal domain of the GHSR acts as a negative
regulator of ghrelin receptor sensitivity in vivo through β-arrestin recruitment and receptor internalization,
and stress the key physiological role of GHSR sensitivity in body weight, adiposity, and glucose
homeostasis control independently of a role in food intake.

Previous work in cellular systems supported a critical role for the GHSR C-terminal domain in receptor
trafficking (18, 19). Here, several lines of evidence support the notion that the distal part of the C-terminal
tail of GHSR inhibits GHSR function. The GHSR-Q343X mutant lacks most of the putative Ser/Thr
phosphorylation sites that are located in the distal C terminus and displayed impaired β-arrestin2
recruitment and internalization in response to ghrelin stimulation in HEK cells. These observations are
consistent with previous studies showing that both of these cellular processes require the C-terminal tail.
The C terminus determines trafficking patterns and interaction with β-arrestin2 presumably in a
phosphorylation-dependent manner (18, 19). The Q343X mutation also increased agonist-induced Ca2+
mobilization through the Gαq/11-PLC pathway and SRE responses through the MAPK and RhoA
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pathways. Because β-arrestin plays an important role in G protein signal termination (38), the enhanced
ghrelin responsiveness of the Q343X mutant could be explained by its defective β-arrestin recruitment.
This hypothesis is supported by another mutant GHSR (GHSR-P148A), which cannot interact with βarrestin2 but is still internalized in response to agonist stimulation, and shows increased agonist-induced G
protein-dependent signaling (19). In the absence of ligand, however, the wild-type GHSR and GHSRQ343X isoforms showed similar basal MAPK- and RhoA-dependent signaling, indicating that the Q343X
mutation does not modify constitutive signaling.

Second, we observed enhanced sensitivity of the mutant GHSR in vivo to submaximal ghrelin or agonist
doses peripherally injected in GhsrM/M rats (as assessed by growth hormone secretion and food intake).
Thus, the orexigenic and growth hormone secretagogue properties of ghrelin are mediated by G protein
signaling. In addition, on the basis of our cellular results, one might speculate that these biological
responses may not require β-arrestin-dependent signaling pathways. The C terminus of various GPCRs
influence functional responses through differential patterns of phosphorylation (39). On the other hand, in
vivo, GHSR˗β-arrestin interaction in target cells may not be solely determined by phosphorylation of
GHSR C-terminal tail, and we cannot exclude that other GHSR domains may participate to β-arrestin
recruitment and stabilization. In particular, a study by Evron et al. (19) has implicated the intracellular
loop 2 of GHSR as a critical domain that regulates the stability of the GHSR˗β-arrestin complex.
Regardless, the GHSR-Q343X mutant, in addition to affecting G protein signaling, is likely to affect
ghrelin responses involving G protein-independent signaling (including β-arrestin), the extent of which
will need to be deciphered in future studies.

Third, the physiological enhancement of endogenous ghrelin tone during caloric restriction was
associated with improved body weight maintenance in GhsrM/M rats compared to wild-type littermates.
This further establishes the role of ghrelin in promoting a positive energy balance. Of note, circulating
acyl ghrelin was not increased in GhsrM/M rats compared to GhsrWT/WT rats, therefore supporting enhanced
11

sensitivity to endogenous ghrelin in GhsrM/M rats. Overall, these observations underscore that the gain-offunction mechanism established in cellular systems is relevant in vivo to several key hypothalamic actions
of ghrelin-GHSR and validate Ghsr mutant rats as a model showing hypersensitivity to endogenous
ghrelin. Also, more broadly, these observations are in accordance with other examples disclosing the role
of C-terminal phosphorylation motifs in regulating negatively GPCRs in vivo (40, 41).

The present GhsrM/M rat model differs from current models developed to explore the physiological
significance of ghrelin-GHSR function (42). First, circulating acyl and des-acyl ghrelin concentrations are
apparently unaltered in GhsrM/M rats as opposed to models targeting Ghrl or Goat genes. Second, in
contrast to Ghsr knockout animals, the GhsrQ343X allele encodes a mutant GHSR with proper functional
responses in vitro and in vivo. Moreover, GhsrM/M rats may lack compensatory responses that may occur
in Ghsr-/- mice. We therefore suggest that this ‘physiological’ gain of function in Ghsr model could serve
as a more appropriate model to explore the consequences of enhanced GHSR signaling in response to
endogenous ghrelin fluctuations that result from physiological or pathological conditions. The elucidation
of the physiological role of Ghsr using genetic invalidation strategies has been hampered by the modest
and inconsistent effects on body weight or food intake modifications (10, 30-32). Although young Ghsr-/mice do not have a phenotype, aged Ghsr-/- mice show decreased body weight and decreased insulin
resistance relative to wild-type mice (37). Here, adult GhsrM/M rats showed increased body weight and
adiposity and decreased glucose tolerance, a phenotype opposite of aged Ghsr-/- mice (37). Rats with
enhanced ghrelin signaling therefore recapitulate a pre-obesity state.

The GHSR mediates the potent orexigenic and growth hormone secretagogue effects of ghrelin (10), but
the physiological importance of these properties has been challenged by most studies using mice with
genetic ablations of various components of the ghrelin system (21). GhsrM/M rats, which have enhanced
ghrelin sensitivity and normal plasma ghrelin concentrations, should therefore be a useful model to assess
the physiological relevance of these properties. Although GhsrM/M rats showed enhanced growth hormone
12

secretion and food intake to submaximal doses of agonist, these animals are neither giants nor
hyperphagic. The present data, which overcome the argument of compensatory mechanisms associated
with knockout mice (42), are consistent with a study that documented no appetite loss in mice whose
ghrelin-producing cells were ablated at adulthood (43). Moreover, in both control and ghrelin cell-ablated
mice, only supraphysiological doses of ghrelin could stimulate food intake. Collectively, these
observations support that ghrelin is not a regulator of food intake in rodents in standard housing
conditions. In contrast, our results emphasized the role of ghrelin in fat storage, which is in agreement
with previous observations supporting that both adipogenic and orexigenic roles of ghrelin are
independently regulated (8, 44). On the other hand, our observations are consistent with those in Ghsr-/mice supporting that ghrelin-GHSR signal is not a key contributor to somatic growth in rodents (10). In
contrast, several genetic studies support the role of GHSR as a physiological contributor in humans both
to the adult height variance among individuals (23-25) and to the nosology of somatic growth disorders
(22, 45, 46).

As opposed to the present study, previous studies using GhsrM/M rats did not detect body weight
differences, which could be explained by the small numbers of rats used (33, 47). Furthermore, the
heterogeneous observations emerging from these studies focusing on the role of GHSR in reward,
learning and memory, gastrointestinal motility, or feeding behavior are apparently opposed to the present
mechanism (33, 47, 48). As for the observation on feeding behavior, Bülbul et al. (33) used 24-hourfasted rats compared to ad libitum fed animals in the present study. Because their particular experimental
setting explored the ghrelin response in a more stressful condition compared to ad libitum fed animals and
disadvantages its orexigenic effects due to spontaneous refeeding, we assume that the conclusions drawn
from this experiment should therefore be taken cautiously. In contrast, the observations related to extrahypothalamic actions of GHSR are somewhat unexpected because of the gain-of-function nature of the
GhsrQ343X mutant. To reconcile such apparently contradictory observations, we speculate that the altered
signaling or trafficking features associated with the GHSR-Q343X isoform might impair ghrelin
13

responses through non-G protein signaling pathways of so far unknown biological importance or
alternatively impair responses of other GPCRs in the context of heterodimers as has been disclosed for
GHSR (16, 17). Overall, we propose that GhsrQ343X rats are a promising tool to specifically decode GHSR
signaling in biological functions.
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Materials and Methods

Cell culture, plasmids and transfections
Human embryonic kidney cells (HEK293) were cultured in high glucose DMEM supplemented with 10%
heat-inactivated foetal bovine serum and 100 mg/ml of penicillin-streptomycin (PS) in a humidified
atmosphere of 95% air and 5% CO2 at 37°C. Cells were transfected with Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s recommendations. A cDNA sequence of wild-type rat
GHSR1a served as a PCR template to generate the following plasmids: 3xHA-rGHSR-WT and 3xHArGHSR-WT-rLuc in the vector pcDNA3.1. Plasmids containing the GHSR-Q343X mutation were
generated from the corresponding wild-type plasmids using the Quickchange site directed mutagenesis kit
(Agilent). HEK293 clones stably expressing 3xHA-rGHSR-WT or 3xHA-rGHSR-Q343X were obtained
after 2 weeks of geneticin selection (700 ng/ml). Two individual clones were selected for future
experiments on the basis of a similar cell surface abundance of HA-GHSR as determined by ELISA.

Assessment of HA-GHSR cell surface abundance
HEK293 cells expressing HA-tagged rat GHSR or native HEK293 cells as control were seeded at 4 x104
cells/well in clear 96-well poly-L-lysine coated plates and cultured overnight. Cells treated by vehicle or
ghrelin were washed with PBS and then fixed in 4% paraformaldehyde for 15 minutes and incubated in
blocking solution with 5% goat serum and 1% BSA in PBS for 1h at room temperature. Cells were
incubated for 1 h at 37°C with anti-HA rabbit antibody (Life Technologies) at a 1:500 dilution in 1%
BSA/PBS. After three PBS washes, cells were incubated 1h at room temperature with anti-rabbit
horseradish peroxidase-conjugated goat antibody (Dako) at a 1:4000 dilution in 1% BSA/PBS. After three
PBS washes, the immunoreactivity was revealed after a 25-min incubation with o-phenylenediamine
(Invitrogen) diluted in citrate-phosphate buffer, pH 5.0, containing 0.03% hydrogen peroxide; the reaction
was stopped by addition of 3M sulfuric acid. Absorbance was read at 492 nm with a background
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subtraction at 620 nm in a microplate spectrophotometer (Multiskan EX, Thermo Scientific). Net signal
was defined as the signal of HA-GHSR-expressing cells minus the signal of control cells.

Calcium mobilization assays
Intracellular free calcium fluctuations were measured using the calcium-sensitive fluorescent dye Fluo-4
AM (Life Technologies). HEK293 cells stably expressing wild-type rat GHSR or the Q343X mutant were
seeded the day before experiments were performed at 3.5 x 104 cells/well in black 96-well plates with
clear poly-L-lysine coated bottoms. For inhibition assays, cells were incubated overnight in medium with
U73122 (10µM ; Sigma Aldrich), pertussis toxin (PTX ; 200ng/mL ; Tocris Bioscience) or DMSO (0.2%)
control. After a HBSS wash, cells were incubated 1 h at 37°C, 5% CO2 with 3 µM Fluo-4 AM diluted in
0.02% Pluronic (Life Technologies) in loading buffer, HBSS with 20 mM HEPES and 2.5 mM
probenecid (Sigma). Cells were then washed with HBSS and incubated in loading buffer ± inhibitors. The
fluorescent signal recording was performed at 37°C in a Mithras LB 940 microplate fluorometer
(Berthold Technologies) with excitation/emission wavelengths of 485/525 nm. After removing the
nonspecific signal (vehicle), the calcium response was defined as ligand-induced fluorescent peak
expressed as percentage of the maximum response after cell lysis.

SRE reporter gene assays
To study the ligand-induced transcriptional activity of rat GHSR isoforms, HEK293 cells expressing a
SRE consensus sequence coupled to a luciferase reporter gene (pSRE, Agilent) with WT- or Q343XrGHSR were cultured in the presence or the absence of ligand. Cells were seeded at 2 x 104 cells/well in
white 96-well plates with poly-L-lysine coated bottoms. The next day, cells were transiently transfected
with rGHSR (WT or Q343X; 2.5 ng/well) and pSRE (100 ng/well) plasmids for 6h at 37°C. Cells were
serum-starved overnight in DMEM/PS (1%) supplemented with HEPES buffer (10 mM) and serum
replacement medium (Sigma Aldrich). The following day, rat ghrelin or vehicle was added, and cells
were incubated at 37°C for 5 h. For concentration-response assays, cells were incubated with increasing
16

concentrations of ghrelin (1 x 10-11 to 3 x 10-7 M). For inhibition assays, cells were pre-incubated with
PTX (200 ng/mL) overnight, or with DMSO (0.1%), SL327 (10 µM; Tocris Bioscience), or GSK269962
(5 µM; Tocris Bioscience) for 30 min before ghrelin addition (3 x 10-7 M). After a PBS wash, cell lysates
obtained with cell culture lysis reagent (Promega) were assayed for luminometric measurements using the
luciferase assay reagent (Promega) in a Mithras LB 940 microplate reader (Berthold Technologies). To
rule out any differences in cell number, total protein concentration was determined using Micro BCA
Protein Assay Kit (Thermo Scientific).

Bioluminescence Resonance Energy Transfer (BRET) assay
To assess the ghrelin-induced interaction between β-arrestin and wild-type GHSR or the Q343X mutant,
BRET was measured in HEK293 cells that were transiently transfected in 6-well plate with BRET pairs
(rGHSR-WT-rLuc or rGHSR-Q343X-rLuc and β-arrestin2-eYFP) or with donor alone (GHSR-rLuc) and
transferred at 3.5 x 104 cells/well in white 96-well plates. 48 h after transfection, the medium was
replaced by HBSS. Coelenterazine H was added at 5 µM, after a 5-min incubation cells were stimulated
with increasing concentrations of ghrelin. Readings was performed in a Mithras LB 940 microplate reader
which allows sequential integration of the luminescence signal with 485 nm filter for luciferase emission
and 530 nm filter for YFP emission. Net BRET values were calculated by subtraction of BRET ratios
obtained in cells transfected with rLuc donor alone and multiplied by 1000 as milli BRET units (mBU).

Confocal Microscopy
HEK293 cells transiently expressing β-arrestin2-eYFP and either wild-type or Q343X-rGHSR were plated
on 35-mm poly-L-lysine-coated glass-bottom culture dishes and cultured overnight. Images of β-arrestin2eYFP translocation were acquired from live cells in real time at 37°C and 5% CO2 before and after rat
ghrelin treatment (300 nM) using a 488 nm excitation and a 505–530 nm band pass emission. Confocal
microscopy was performed on a Leica SP5 confocal microscope.
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Animals
The mutant line of FHH-Ghsrm1Mcwi rats carrying the GhsrQ343X allele was obtained from the Medical
College of Wisconsin (Milwaukee, WI, USA). It was developed as part of the PhysGen Program
(http://pga.mcw.edu) on the inbred fawn hooded hypertensive (FHH) rat genetic background. To remove
any residual background mutations due to the ENU treatment elsewhere in the genome, the Ghsr
heterozygous rats were crossed against parental animals of the same FHH strain for at least four
generations. The homozygous FHH-Ghsrm1Mcwi rats and wild-type littermates are referred to as GhsrM/M
and GhsrWT/WT rats, respectively. Animals used in this study were group housed (4 per cage) unless
otherwise specified, in a room with controlled temperature (22-24°C) and illumination (12 h light/dark
schedule with lights on at 7:00 a.m.). Animals had free access to water and chow diet (A04, SAFE). The
genotype of the rats at the Ghsr locus was performed according to a PCR RFLP procedure as previously
describe (33).

Food intake experiments
Rats were habituated to single housing for at least 1week before the beginning of the experiment. Basal
food consumption was determined by averaging daily food consumption during 6 days. In agonistinduced food intake experiment, individually housed animals were habituated to subcutaneous saline
injections for two days to minimize stress. Experiments were repeated in a crossover-designed manner so
that animals were randomly assigned to receive saline or hexarelin injection (0.04 to 722 nmol/kg, Sigma)
every two days. Food intake was monitored for 4h after the injection at 10:00 a.m.

Growth hormone secretion assay
Two days before blood sampling, an indwelling cannula (Solomon Instech, Plymouth Meeting, PA USA)
was inserted into the right atrium in 10 month-old male rats under isoflurane anesthesia. The other end of
the cannula was connected to a vascular access harness (Solomon Instech, Plymouth Meeting, PA USA)
and filled with a glycerol/heparin catheter lock solution (500 IU/ml). One hour before the sampling
18

period, the distal end of the cannula was connected to a polyethylene catheter filled with 25 IU/ml
heparinized saline. After sampling, red blood cells were resuspended in a 25 IU/ml heparinized saline
solution and re-injected at the end of the blood sampling period to attenuate hemodynamic modifications.
Ghrelin (0.5 to 10.0 μg/rat) was administered i.v. at 10:00 a.m. (t0) and blood samples withdrawn before
injection (t-20 and t0 min) and after injection (t5, t10, t20, t30, t40, t50 and t60 min) for GH determination.

Glucose tolerance test
Cannulated male rats that had been fasted for 16 hours received a glucose load by oral gavage (2.5 g/kg).
Iterative blood samples were collected before (t0) and after the glucose load at time points t10, t20, t40, t60
and t120 min for blood glucose and plasma insulin determinations.

Caloric restriction
Ad libitum-fed male rats in grouped cages were subjected to a 16-day caloric restriction before refeeding
at day 17. Rats underwent daily body weight, blood glucose measurements and blood sampling for
growth hormone and ghrelin measurements by tail bleeding. Blood sampling occurred 30 min before rats
were given free access to chow diet for one hour (at 4:30 p.m.), to achieve on average a 70% caloric
restriction.

Blood glucose and hormone measurements
Blood sampling in living animals was performed through an indwelling cannula or from the tail. Blood
samples for GH or insulin were collected on EDTA (20 mg/ml), centrifuged and plasma were stored at
−20°C until measurements. As for ghrelin measurements, blood samples pre-treated with the protease
inhibitor p-hydroxymercuribenzoate (PHMB, 0.4 mM final). After centrifugation, plasma was acidified
with HCl (0.1 M final) and stored at −80°C. Plasma GH concentrations were determined by a double
antibody EIA assay using materials supplied by the National Hormone and Peptide Program (NHPP) as
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previously described (49). Insulin concentrations were determined by ELISA (Mercodia) and rat acyl
ghrelin and des-acyl ghrelin concentrations were measured with ELISA kits (Bertin Pharma).

Statistics
Results are presented as mean ± SEM. Sample size (n) and P values are given in the figure legends.
Statistical analyses and curve fitting were performed using R software and GraphPad Prism® 5.01,
respectively. Differences between 2 groups were determined using Mann-Whitney test. Comparisons of
multiple groups were performed using two-way ANOVA, repeated measures ANOVA or ANOVA on
aligned rank transformed data (ARTool package). For all statistical analyses, a P value of less than 0.05
was considered as significant.

Study approval
The procedures involving rats were approved by the ethics committee on animal experimentation of the
Université Paris Descartes (agreement no. CEEA34.JP.055.12).
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Figures

Fig. 1. The Q343X GHSR mutant has impaired ghrelin-induced internalization and β-arrestin2
recruitment. (A) Amino acid alignment of the C-terminal domain in mutant and WT rat GHSR. Ser and
Thr amino acids are shaded. (B) Ghrelin-induced internalization of HA-tagged GHSR isoforms across
time in HEK293 stable clones expressing similar amounts of WT or mutant GHSR isoforms at the cell
surface. This experiment was performed at the indicated times before and after a 5-min ghrelin activation
challenge at time 0. GHSR immunoreactivity was normalized to that for vehicle-treated cells for each
GHSR isoform. * P < 0.05 Q343X compared to WT (Mann-Whitney test). Bar=10m. (C) Ghrelininduced translocation of β-arrestin2-eYFP in HEK293 cells. Confocal microscopy was performed on live,
ghrelin-stimulated HEK cells transiently co-expressing β-arrestin2-eYFP and GHSR-WT or GHSRQ343X. Scale bar=10m. (D) Ghrelin-induced β-arrestin2-eYFP recruitment by GHSR-WT-rLuc or
GHSR-Q343-rLuc in a BRET assay. The net BRET signal (mBU) obtained in response to increasing
concentrations of rat ghrelin in HEK cells transiently expressing β-arrestin2-eYFP as acceptor with
GHSR-WT-rLuc or GHSR-Q343-rLuc constructs as the donor is shown. The eYFP/rLuc ratio (inset) is
used as an expression control of eYFP and Rluc plasmids. Data in (B) and (D) are mean ± SEM of four
independent experiments performed in technical quadruplicate. Confocal images in (C) are representative
of three independent experiments.

Fig. 2. Functional characterization of the Q343X mutation in rat GHSR. (A-C) Calcium flux
experiments were performed in stable HEK cell lines that expressed similar amounts of WT or mutant
GHSR isoforms at the cell surface. Concentration-response curves of ghrelin (A). Maximum ghrelin
response in cells treated with DMSO control, the PLC inhibitor U73122 or the Gi/o inhibitor PTX.
Statistical analysis indicates a significant effect of inhibitors (P < 0.001, ANOVA on aligned rank
transformed data) (B). Concentration-response curves for the GHSR agonist hexarelin (C). (D, E)
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Transcriptional activity in serum-starved cells transiently expressing a SRE reporter gene and HA-GHSRWT or HA-GHSR-Q343X. Concentration-response curve of ghrelin (D). Maximum ghrelin response in
cells treated with DMSO control, the MAPK inhibitor SL237 or the ROCK inhibitor GSK269962.
Statistical analysis indicates a significant effect of the inhibitors (P < 0.001, ANOVA on aligned rank
transformed data) (E). Data in (A) to (E) are mean ± SEM of at least three independent experiments, each
performed in at least four technical replicates. Nonlinear regression curve fitting was used in (A), (C) and
(D) to compare mutant to WT concentration response curves and revealed significant differences in the
EC50s in (A) and (C) (P < 0.01, F-test) or in the Emax in (A), (C) and (D) (P < 0.01, F-test). ** P < 0.01,
*** P < 0.001 DMSO compared to inhibitor, Tukey’s post-hoc test.

Fig. 3. GhsrM/M rats are more sensitive to exogenous ghrelin or agonist. (A-D) Mean profile of growth
hormone secretion in 10 month-old GhsrWT/WT or GhsrM/M male rats before and after stimulation. Iterative
blood sampling over a 140-min period: 20-min baseline (t-20) before the first intravenous ghrelin injection
at the indicated dose (t0) separated from the second intravenous ghrelin injection by 60 min (t60). (E, F)
The 60-min area under the curve (AUC) of growth hormone secretion after the first (E) or the second
ghrelin injection (F). Statistical analysis using ANOVA on aligned rank transformed data indicates a
significant effect of dose (P < 0.001), genotype (P < 0.001) and trend for interaction dose x genotype (P =
0.054) (E) and a significant effect of dose (P < 0.01), genotype (P < 0.001) and interaction dose x
genotype (P < 0.01) (F). (G) Cumulative chow intake in 4 month-old female and male rats in response to
a maximum dose of the GHSR agonist hexarelin or saline. Analysis by repeated measures ANOVA
indicates main effects of treatment (P < 0.001) and gender (P < 0.001). (H) Dose-response curve for the
orexigenic effects of hexarelin in 6 month-old GhsrM/M or GhsrWT/WT male rats. Analysis by repeated
measures ANOVA shows significant main effect of dose (P < 0.001) and dose x genotype interaction (P
< 0.01). Sample sizes are included in the figure (n indicates the number of rats). Data are mean ± SEM.
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Fig. 4. Body weight and blood glucose concentrations in GhsrM/M rats during chronic caloric
restriction and refeeding. (A) 10 month-old male ad libitum fed GhsrM/M or GhsrWT/WT rats were
assessed daily for changes in body weight (upper panel), blood glucose concentrations (middle panel) and
plasma growth hormone concentrations (lower panel). Statistical analysis using ANOVA on aligned rank
transformed data indicates a significant effect of time (P < 0.001), of genotype (P < 0.01) and an
interaction time x genotype (P < 0.05) (top panel). Repeated measures ANOVA indicate a lack of
genotype effect (middle and lower panels). (B) Plasma concentrations of acyl ghrelin (upper panel), desacyl ghrelin (middle panel) and acyl ghrelin ratio (lower panel) at d0 (pre-fasting), d1 (24h fasting), d16 (16
days of caloric restriction), and d17 (refeeding). Analysis by two-way ANOVA shows significant main
effect of time (P < 0.001) and of genotype (P < 0.01) (upper panel), and main effect of time (P < 0.001)
(middle panel). Statistical analysis using ANOVA on aligned rank transformed data indicates only a
significant effect of time (P < 0.001) (lower panel). Data are mean ± SEM. * P < 0.05 GhsrM/M compared
to GhsrWT/WT rats; Bonferroni’s post-hoc test.

Fig. 5. Energy and glucose homeostasis of ad libitum-fed adult GhsrM/M rats. (A, B) Body weight in
female and male GhsrM/M and GhsrWT/WT rats at the indicated ages. Statistical analysis using two-way
ANOVA indicates a significant effect of genotype (P < 0.001), gender (P < 0.001) and an interaction (P <
0.05) only at 3 months. (C) Body weight assessed over time. Repeated measures ANOVA indicates a
significant effect of genotype (P < 0.001), age (P < 0.001) and gender (P < 0.001). (D) Nose-to-anus
measurements. Two-way ANOVA shows a lack of genotype effect. (E, F) Body composition using
quantitative nuclear magnetic resonance at 6 months of age. Statistical analysis using ANOVA on aligned
rank transformed data shows a significant effect of genotype (P < 0.05) for fat mass only. (G) Plasma
leptin concentrations in 9-month old male rats. ** P < 0.01 GhsrM/M compared to GhsrWT/WT, MannWhitney test. (H, I) Daily chow intake in adult GhsrM/M or GhsrWT/WT 4 month-old female and male rats.
Statistical analysis indicates genotype effect only without adjusting to body weight (P < 0.05, two-way
ANOVA). (J) Homeostasis model assessment of insulin resistance (HOMA-IR). * P < 0.05 GhsrM/M
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compared to GhsrWT/WT, Mann-Whitney test. (K, L) Glucose and insulin responses following dextrose
loading in fasted 10-month old male rats. Repeated measures ANOVA indicates a significant genotype
effect in blood glucose response only (P < 0.05). Sample sizes are included in the figure (n indicates the
number of rats). Data are mean ± SEM.

Fig. 6. The physiological role of GHSR signaling pathways according to the GhsrQ343X rat model.
Because of the selective blockade of ligand-mediated GHSR internalization and β-arrestin recruitment,
ghrelin binding to the Q343X mutant GHSR enhances G protein signaling. The rats with this mutant
receptor show improved GHSR sensitivity to endogenous ghrelin tone, enhanced body weight and
adiposity, and decreased glucose tolerance independently of an effect on food intake.
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