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Abstract

Ghrelin stimulates both GH secretion and food intake. The orexigenic action of ghrelin
is mainly mediated by neurons that coexpress agouti-related protein (AgRP) and neuro-
peptide Y (NPY) in the arcuate nucleus of the hypothalamus (ARH). GH also stimulates
food intake and, importantly, ARHAS""NPY neurons express GH receptor (GHR). Thus,
ghrelin-induced GH secretion may contribute to the orexigenic effect of ghrelin. Here,
we investigated the response to ghrelin in male mice carrying GHR ablation specifically
in neurons (brain GHR knockout [KO] mice) or exclusively in ARHAR"NPY neurons (AgRP
GHR KO mice). Although brain GHR KO mice showed normal ghrelin-induced increase
in plasma GH levels, these mutants lacked the expected orexigenic response to ghrelin.
Additionally, brain GHR KO mice displayed reduced hypothalamic levels of Npy and Ghsr
mRNA and did not elicit ghrelin-induced c-Fos expression in the ARH. Furthermore, brain
GHR KO mice exhibited a prominent reduction in AgRP fiber density in the ARH and para-
ventricular nucleus of the hypothalamus (PVH). In contrast, AQRP GHR KO mice showed
no changes in the hypothalamic Npy and Ghsr mRNAs and conserved ghrelin-induced
food intake and c-Fos expression in the ARH. AgRP GHR KO mice displayed a reduced
AgRP fiber density (~16%) in the PVH, but this reduction was less than that observed
in brain GHR KO mice (~61%). Our findings indicate that GHR signaling in the brain is
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required for the orexigenic effect of ghrelin, independently of GH action on AR

neurons.

HAGRP/NPY

Key Words: cytokines, energy balance, growth hormone receptor, hypothalamus

Ghrelin is produced by enteroendocrine cells of the gastro-
intestinal tract and was recognized as the endogenous
agonist of the GH secretagogue receptor (GHSR) in 1999
(1). Ghrelin plays a variety of well-established metabolic,
neuroendocrine, autonomic, and behavioral effects (2).
Among a plethora of actions, the most evident effects of
ghrelin treatment include its capability to increase plasma
GH levels and food intake (2). Regarding to the former,
bolus injections or continuous infusions of ghrelin acutely
increase plasma GH levels or the pulsatile GH secretion, re-
spectively, in healthy human volunteers (3-6). In mice, sys-
temically injected ghrelin induces a rapid ~15-fold increase
of plasma GH levels, which peak at 10 minutes postinjection
and return to basal levels around 40 minutes after treat-
ment (7). Studies in rodents revealed that ghrelin-induced
GH secretion involves the activation of the hypothalamic
GHRH neurons, as well as ghrelin’s action on somatotropic
pituitary cells (8-12). In terms of food intake regulation,
ghrelin is recognized as the most potent orexigenic pep-
tide hormone. Most studies in lean individuals have found
that either bolus or continuous ghrelin infusions increase
hunger sensation and food intake (6, 13, 14). Similarly, sys-
temically injected ghrelin induces a rapid and transient in-
crease of food intake, which is observed ~10 minutes after
injection and disappears ~45 minutes after treatment, in
satiated fed mice (15-17). Ghrelin-induced food intake in
mice mainly involves a subset of neurons located in the
hypothalamic arcuate nucleus (ARH) that produce the
orexigenic neuropeptides agouti-related protein (AgRP)
and neuropeptide Y (NPY), hereafter named ARHA8RPNPY
neurons, which highly express GHSR and rapidly sense ele-
vations in plasma ghrelin levels (15, 18-22). Indeed, ghrelin
increases food intake in mice with GHSR expression limited
to ARHA$®"NPY peyrons (23, 24), and AgRP-specific GHSR
knockout (KO) mice fail to increase food intake in response
to ghrelin (25). Thus, ghrelin treatment induces a rapid and
simultaneous increase of plasma GH levels and food in-
take, and these effects have been extensively documented
and studied in the past 20 years.

Although less reported, GH also displays orexigenic ef-
fects. In particular, GH treatment was shown to increase
food intake in children and in GH-deficient patients (26,
27). GH treatment increases food intake in rats (28), mice
(29) and fish (30, 31). Furthermore, central overexpression
of bovine GH induces hyperphagia and obesity in mice (32).
In line with the notion that GH increases food intake, GH

receptor (GHR) is amply expressed in brain targets that
control appetite, including the ARH (33-35). In particular,
Ghr mRNA is expressed in ~95% of ARH*$*"N"Y neyrons
(36, 37) that, in turn, are directly depolarized by GH (29).
Additionally, GH injection induces c-Fos expression, a
marker of neuronal activation, or leads to phosphoryl-
ation of the signal transducer and activator of transcrip-
tion-5 (pSTATS), the main intracellular signaling pathway
recruited after GHR activation, in ARH***"™"Y neurons of
rodents (29, 38-41). Although these observations raise the
possibility that the orexigenic effects of ghrelin could de-
pend on the central action of GH, some evidence argues
against such notion. For instance, bolus GH injections in-
duce a slower increase of food intake, as compared with
ghrelin, that is detected several hours after treatment (29).
In addition, ghrelin treatment rapidly stimulates food in-
take in GH-deficient rats (42), and endogenous pulses of
plasma ghrelin directly correlate to food intake but not to
plasma GH levels in rats (43). Strikingly, however, it has
been found that ghrelin fails to increase food intake and in-
duce Agrp gene expression in whole-body GHR KO mice,
suggesting that the orexigenic effects of ghrelin do require
GHR signaling in this species (44). Also, a blunted ghrelin-
induced increase in hypothalamic Agrp and Npy mRNA
levels was observed in GHRH KO mice, another model of
decreased GH secretion (45). These observations must be
interpreted with caution because they may be secondary
to some metabolic and neuroendocrine disturbances caused
by the long-term deficiency of GH or GHR (46). In par-
ticular, whole-body GHR KO mice display hyperphagia,
dwarfism, increased body adiposity, and changes in insulin
sensitivity, as compared with wild-type littermates. In add-
ition, GHR KO mice show higher plasma levels of leptin,
corticosterone, triglycerides, and cholesterol, as well as
lower glycemia and insulinemia (46). Thus, it is currently
uncertain if ghrelin-induced food intake requires central
GHR signaling itself.

The goal of the current study was to gain insights re-
garding the requirements of the central GHR signaling for
the orexigenic effects of ghrelin. For this purpose, we in-
vestigated the effects of ghrelin treatment in mice lacking
GHR specifically in the cells of the nervous system or in
ARHARNPY heurons. As we have shown in the past (29,
38, 39, 47), these genetically modified mice show minor
metabolic and neuroendocrine disturbances in ad libitum—
fed conditions and emerge as a more accurate animal model
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to investigated the putative requirement of GHR signaling
for ghrelin-induced food intake.

Materials and Methods
Mice

Genetic inactivation of GHR was obtained by initially
breeding mice carrying loxP-flanked Ghr alleles (48) with
Nestin-Cre mice (The Jackson Laboratory, Bar Harbor,
ME; RRID: IMSR_JAX:006660) or AgRP-Cre mice (The
Jackson Laboratory; RRID: IMSR_JAX: 012899). After
successive matings to establish a mouse colony homozy-
gous for the loxP-flanked Ghr alleles, we generated the
Cre-expressing conditional KO mice that were used in the
experiments (brain GHR KO or AgRP GHR KO mice) and
their respectively littermate controls that did not carry the
Cre transgenes. The visualization of AgRP neurons was
achieved by incorporating a Cre-dependent reporter pro-
tein (tdTomato; The Jackson Laboratory; RRID: IMSR_
JAX:007909) in the experimental animals. Mice were in
the C57BL/6 background, they were weaned at 3 weeks of
life and their mutations were confirmed by PCR using the
DNA that had been previously extracted from the tail tip
(REDExtract-N-Amp Tissue PCR Kit, Sigma-Aldrich, St.
Louis, MO). In all experiments, we used male mice with ad
libitum access to a regular rodent chow and filtered water.
The experiments were approved by the Ethics Committee
on the Use of Animals of the Institute of Biomedical Sciences
at the University of Sdo Paulo, and were performed ac-
cording to the ethical guidelines adopted by the Brazilian
College of Animal Experimentation.

Detection of GH-responsive neurons

Adult mice received an IP injection of 20 pg/g body weight
of porcine pituitary GH (from Dr. A.E. Parlow, National
Hormone and Pituitary Program, Torrance, CA) and were
perfused 60 to 90 minutes later. Saline-injected mice were
used as negative controls to demonstrate the very low basal
pSTATS expression observed in mice without GH stimulus
(29, 33, 47). Mice were anesthetized with isoflurane and
then perfused with saline followed by 10% buffered for-
malin. Brains were cryoprotected overnight in 20% sucrose
and cut in 30-pm thick sections using a freezing microtome.
To detect pSTATS immunoreactive cells, brain slices were
rinsed in 0.02 M potassium PBS (KPBS), pH 7.4, followed
by pretreatment in water solution containing 1% hydrogen
peroxide and 1% sodium hydroxide for 20 minutes. After
rinsing in KPBS, sections were incubated in 0.3% glycine
and 0.03% lauryl sulfate for 10 minutes each. Next, slices
were blocked in 3% normal serum for 1 hour, followed

by incubation in an anti-pSTATS™®** primary antibody

made in rabbit (Cell Signaling, Beverly, MA, catalog #9351;
RRID: AB_2315225; 1:1000). After 2 days, sections were
rinsed in KPBS and incubated for 90 minutes in AlexaFluor-
conjugated anti-rabbit IgG secondary antibody (1:500,
Jackson ImmunoResearch Laboratories, Cambridge, MA).
Then, sections were rinsed in KPBS, mounted onto gelatin-
coated slides, and covered with Fluoromount G mounting
medium (Electron Microscopic Sciences, Hatfield, PA).

Evaluation of body weight and food intake

Adult male mice were housed in individual cages for 1
week for acclimation. Subsequently, body weight and food
intake were manually measured for approximately 5 con-
secutive days. Food intake results shown for each animal
were the average of the analyzed days. Circadian food in-
take was determined by measuring the food intake specif-
ically during the light and dark cycles (12 hours each) for
2 consecutive days. Fasting-induced hyperphagia was as-
sessed in adult mice that were fasted for 24 hours. Then,
the amount of ingested food was determined 2, 24, and 48
hours during the refeeding period. The food intake was also
determined after 5 consecutive days of 60% food restric-
tion, using a protocol previously described (29, 49).

Gene expression analysis

The entire hypothalamus or a liver sample was col-
lected to determine the gene expression by quanti-
tative PCR. Initially, total RNA was extracted with
TRIzol (Invitrogen, Carlsbad, CA), followed by incu-
bation in DNase I RNase-free (Roche Applied Science)
and then reverse transcription using 2 ng of total RNA,
SuperScript II Reverse Transcriptase (Invitrogen), and
random primers p(dN)6 (Roche Applied Science). Real-
time PCR was performed using the 7500TM Real-
Time PCR System (Applied Biosystems, Warrington,
UK), Power SYBR Green Gene Expression PCR Master
Mix (Applied Biosystems), and specific primers for
target genes: Actb (forward: gctccggeatgtgcaaag; re-
verse: catcacaccctggtgecta), Agrp (forward: ctttggegg-
aggtgctagat; reverse: aggactcgtgcagecttacac), Cartpt
(forward: cagtcacacagcttccegat; reverse: cagatcgaa-
gegttgecaaga), Gapdh (forward: gggtceccagettaggtteat;
reverse: tacggccaaatccgttcaca), Ghr (forward:
atcaatccaagectggggac; reverse: acagctgaatagatcetgggg),
Ghsr  (forward:
agccagcagaggatgaaage), Igfl gtacttcctt-
tccttetectttge;  reverse:  ccacactgacatgeccaaga),  Npy
(forward: ccgeccgecatgatgetaggta; reverse: ccctcagecag-

ctcagggaccagaaccacaa;  reverse:

(forward:

aatgcccaa), and Pomc (forward: atagacgtgtggagetggtgc;
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reverse: gcaagccagcaggttget). Data were normalized to
the geometric average of Actb and Gapdh. The expres-
sion of the reference genes was not different between the
groups. Relative quantification of mRNA was calculated
by 2AAACt.

Evaluation of ghrelin-induced food intake and GH
secretion

Ghrelin-induced food intake was analyzed in adult (2-
to 3-month-old) male mice that received an IP injec-
tion of ghrelin (0.2 pg/g body weight, Global Peptide,
catalog #C-et-004) or saline. The amount of food in-
gested was determined in several time points after the
injections. Injections were performed in ad libitum-fed
mice, approximately 3 hours after lights on (lights on
at 8 am; 12-hour light/dark cycle). To evaluate ghrelin-
induced GH secretion, mice were initially habituated to
handling to minimize stress interference during blood
collection. Immediately before the injection of saline or
ghrelin (0.2 pg/g body weight), a small portion of the
tail tip (approximately 1 mm) was cut with a surgical
blade to allow the collection of small drops of blood.
Using a 10-uL pipette, a 5-uL sample of whole blood was
collected and transferred to 105 pL of PBS with 0.05%
tween-20. The same blood collection procedure was re-
peated 10, 20, 30, and 40 minutes after the injections.
GH levels in the blood were determined using a mouse
GH-sensitive sandwich ELISA, as detailed described in a
previous publication (47). The lower limit of detection
was 0.04 ng/mL, and the intra-assay and inter-assay co-
efficients of variation were 2.6% and 9.7%, respectively.
The area under the curve of GH secretion was calculated
for each animal using the GraphPad Prism software (San
Diego, CA).

Assessment of ghrelin-induced c-Fos expression

Adult male mice were perfused 90 minutes after an IP
injection of ghrelin (0.2 pg/g body weight) and saline-
injected mice were used as negative controls. The
brains were processed as described for the detection of
GH-responsive neurons. To label c-Fos, brain sections
were rinsed in KPBS, pretreated in 0.3% hydrogen per-
oxide for 30 minutes and, after rinsing in KPBS, sections
were incubated in 3% normal donkey serum for 1 hour.
Then, brain sections were incubated in anti-c-Fos anti-
body (1:20 000, AbS, Millipore, RRID: AB_2314043)
for 2 days. Subsequently, sections were incubated for 1
hour in biotin-conjugated secondary antibody (1:1000,
Jackson ImmunoResearch Laboratories) and next for 1
hour with an avidin-biotin complex (1:500, Vector Labs,

Burlingame, CA). The peroxidase reaction was performed
using 0.05% 3,3’-diaminobenzidine (Sigma), 0.25%
nickel sulfate (Sigma), and 0.03% hydrogen peroxide.
The slides were covered with DPX mounting medium
(Sigma).

Evaluation of axonal projections of ARH neurons

Brain sections of adult male mice were rinsed in KPBS, fol-
lowed by incubation in 3% normal serum for 1 hour. Next,
sections were incubated overnight in anti-AgRP (1:4000,
Phoenix Pharmaceuticals, Inc.; catalog # H-003-53) or
anti-POMC antisera (1:2000; Phoenix Pharmaceuticals;
Burlingame, CA;catalog#H-022-33).Subsequently,sections
were incubated for 90 minutes in Alexa Fluor-conjugated
secondary antibody (1:500; Jackson ImmunoResearch
Laboratories). After rinses in KPBS, sections were mounted
onto gelatin-coated slides and covered with Fluoromount
G mounting medium.

Image analysis

Photomicrographs were acquired using a Zeiss Axioimager
A1 microscope (Zeiss, Munich, Germany). Two or 3 rep-
resentative levels of the tuberal ARH (Bregma -1.25 to
-1.75 mm) or midrostral-caudal paraventricular nucleus of
the hypothalamus (PVH; Bregma -0.65 to -0.95 mm) were
analyzed in each mouse. The Image] Cell Counter software
(http://rsb.info.nih.gov/ij/) was used to manually count the
number of single- or double-labeled cells, and the Allen
Brain Atlas (http://mouse.brain-map.org/) was used as a
neuroanatomical reference. To evaluate the axonal projec-
tions of AgRP and POMC neurons, we selected the area
corresponding to each brain structure (PVH or ARH) using
Image] software. Then, we used the Measure tool to ob-
tain the integrated optical density (IOD), which represents
the average staining intensity in the selected area. The IOD
obtained in the PVH and ARH was subtracted from the
IOD determined in adjacent nuclei with low staining (back-
ground) in each photomicrograph. The values obtained at
different rostral-caudal levels were averaged, representing
the data for each animal.

Statistical analysis

Data were analyzed using GraphPad Prism software and
expressed as mean = SEM. Comparisons between the
groups were performed using unpaired 2-tailed Student
t test. Two-way ANOVA was used to analyze the ef-
fects of ghrelin/saline injections in control and condi-
tional KO mice. Differences were considered significant
if P<0.05.
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Results
Characterization of brain GHR KO mice

To assess whether the main effects of ghrelin treat-
ment require the central expression of GHR, we gen-
erated mice carrying a brain-specific GHR ablation by
crossing GHR™ mjce and Nestin-Cre mice (nestin
promotor drives Cre recombinase expression in the cen-
tral and peripheral nervous system, including neuronal
and some glial cell precursors) (50). Brain GHR KO
mice displayed a significant reduction in the number of
GH-induced pSTATS cells in the ARH (F(2, 9) = 61.88,
P < 0.0001; Fig. 1A-E) and other brain areas (data
not shown), compared with GH-injected control mice.
Confirming the efficacy of central GHR ablation, brain
GHR KO mice also showed a drastic reduction of Ghr
mRNA levels in the hypothalamus, compared with con-
trol mice (#(12) = 13.38, P < 0.0001; Fig. 1F). In con-
trast, Ghr mRNA levels remained intact in the liver of
brain GHR KO mice (Fig. 1G). Of note, hepatic Igf]
mRNA levels were increased in brain GHR KO mice
(¢(9) = 2.661, P = 0.026; Fig. 1G), which is in accordance

CON - Saline C Brain KO - Saline D

with the increased serum IGF-1 concentration previously
observed in this mouse model (39). Before evaluating
ghrelin’s effects, we provided a gross metabolic charac-
terization of the consequences of GHR ablation in the
nervous system. As we have shown in the past (29, 39,
47), brain GHR KO mice showed increased body weight
(¢(20) = 4.976, P < 0.0001; Fig. 1H), compared with con-
trol mice. Furthermore, Brain GHR KO mice showed in-
creased food intake (#(20) = 2.856, P = 0.0098; Fig. 1I),
which did not differ from food intake of control mice
when normalized by body weight (Fig. 1]). To determine
possible circadian eating alterations, food intake was de-
termined in the dark and light cycles. As expected, ap-
proximately two-thirds of the daily food intake occurred
at the dark cycle, without differences between the groups
(Fig. 1K). Subsequently, fasting-induced hyperphagia was
determined. Remarkably, brain GHR KO mice showed
reduced food intake 2 hours (¢(7) =2.53, P = 0.0393) and
24 hours (£(7) = 3.206, P = 0.0149) after a 24-hour fasting
period compared with control mice (Fig. 1L). Likewise,
a different cohort of brain GHR KO mice exhibited a re-
duced refeeding response 24 hours after 5 days of 60%
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Figure 1. Characterization of Brain GHR KO male mice. (A-E) STAT5 phosphorylation (pSTAT5) in the arcuate nucleus of the hypothalamus (ARH) of
saline-injected control mice (B), saline-injected brain GHR KO mice (C), GH-injected control mice (D), and GH-injected brain GHR KO mice (E; n = 3-4/
group). Abbreviation: 3V, third ventricle. Scale bar = 50 pm. (F) Ghr mRNA levels in the hypothalamus (n = 7/group). (G) Ghr and IgfT mRNA levels
in the liver (n = 5-6/group). (H) Body weight in 3-month-old male mice (n = 11/group). (I-J) Absolute and relative to body weight food intake (n = 11/
group). (K) Percentage of food intake relative to 24 hours in the light and dark cycles (n = 4-5/group). (L) Food intake after a 24-hour fasting period
(n = 4-5/group). (M) Refeeding response after 5 days of 60% food restriction (n = 13-15/group). *Significantly different compared with control mice

(P<0.05).
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food restriction (#(26) = 2.883, P = 0.0078; Fig. 1M).
Overall, this new cohort of brain GHR KO mice con-
firmed our previous observations and provides new evi-
dence indicating that the lack of GHR exclusively in the
brain induced some metabolic alterations that are less se-
vere than those reported for whole-body GHR KO mice
(46). Additionally, Brain GHR KO mice displayed an at-
tenuated hyperphagia after 2 different protocols of food

restriction.

Brain GHR KO mice are unresponsive to ghrelin-
induced food intake

Next, we assessed the effects of systemically administered
ghrelin. Brain GHR KO mice displayed no differences
in ghrelin-induced increase of plasma GH levels when
compared with control mice (main effect of ghrelin [F(1,
22)=25.66,P <0.0001]; Fig. 2A). In contrast, brain GHR
KO mice did not increase food intake in response to ghrelin
(main effect of time [F(2, 78) = 117.8, P < 0.0001], main
effect of GHR ablation [F(1,33) = 19.56, P < 0.0001], and
6.198) = 15.02, P < 0.0001]; Fig. 2B). Because
the orexigenic effect of systemically injected ghrelin

interaction [F

mainly involves its action at the ARH level (23-25), we
assessed ghrelin-induced c-Fos expression in this hypothal-
amic nucleus. In accordance with the lack of orexigenic
response to ghrelin, brain GHR KO mice did not display
ghrelin-induced increase of the number of c-Fos positive
cells in the ARH, as observed in control mice (main effect
of ghrelin [F(1, 23) = 23.61, P < 0.0001], main effect of
GHR ablation [F(1, 23) = 5.746, P = 0.025], and inter-
action [F(1, 23) = 6.318, P = 0.0194]; Fig. 2C-G). Thus,
brain GHR KO mice were unresponsive to the orexigenic
effects of systemically injected ghrelin and failed to show
ghrelin-induced c-Fos expression in the ARH, although
ghrelin-induced raise in circulating GH levels remained
unaltered.

Reduced expression of NPY and ghrelin receptor
in the hypothalamus of brain GHR KO mice

To gain insights of the putative mechanisms that abrogate
the capability of brain GHR KO mice to increase food in-
take in response to ghrelin, we investigated the mRNA levels
of different genes expressed by ARH neurons that regulate
food intake. Brain GHR KO mice showed significantly
less hypothalamic mRNA levels of Npy (#(13) = 3.851,
P = 0.002), as compared with control mice, whereas the
mRNA levels of Agrp and Pomc remained unaffected (Fig.
3). On the other hand, brain GHR KO mice showed higher
Cartpt mRNA levels in the hypothalamus (¢(13) = 2.291,
P = 0.0393; Fig. 3). Interestingly, brain GHR KO mice

showed reduced mRNA levels of Ghsr in the hypothal-
amus, as compared with control mice (¢(13) = 2.682,
P =0.0188; Fig. 3).

Reduced AgRP innervation in brain-specific GHR
KO mice

Orexigenic effects of systemically injected ghrelin mainly
recruit ARH*$®™"Y neurons (23-25), which send axonal
projections to the PVH to regulate feeding and metabolic
responses (51-54). Because AgRP is exclusively produced
in the ARH, whereas NPY is also produced in other brain
areas (55), we used fluorescent immunostaining against
AgRP to estimate the levels of this orexigenic ARH"¢RPNFPY
neuron-derived peptide in the hypothalamus of brain GHR
KO mice (Fig. 4A-F). Brain GHR KO mice displayed a sig-
nificant reduction in the density of the AgRP fluorescent
signal in both the ARH (#(6) = 3.747, P = 0.0095; Fig. 4A-C)
and PVH (#(6) = 6.489, P = 0.0006; Fig. 4D-F). In con-
trast, levels of POMC fluorescent signal in the PVH were
not different between groups (Fig. 4G-I). Thus, the lack
of GHR in the brain specifically affects the ARHASRYNPY
neurons that, in turn, may explain the abrogated capability
of brain GHR KO mice to increase food intake in response
to ghrelin treatment.

AgRP GHR KO mice display normal orexigenic
response to ghrelin treatment

To determine whether the orexigenic effect of ghrelin treat-
ment requires GHR expression in the ARH*$*"NP peurons,
we generated mice lacking GHR specifically in this neur-
onal population by crossing mice carrying loxP-flanked
Ghr alleles and AgRP-Cre mice. Confirming the cell-specific
deletion, GH-induced pSTATS was virtually absent in the
ARHAS®NPY heurons of AgRP GHR KO mice, whereas
94.7 + 1.1% of NPY/AgRP neurons were responsive to GH
in control animals (¢(4) = 44.79, P < 0.0001; Fig. 5A, B, D).
Importantly, GH-induced increase of pSTATS was intact in
other parts of the brain of AgRP GHR KO mice (e.g., in the
PVH; Fig. 5C). Additionally, body weight and food intake
of AgRP GHR KO mice were not different to control mice
(Fig. SE, F). Furthermore, AgRP GHR KO mice showed a
refeeding response to 24-hour fasting or 5 days of 60%
food restriction that was not different from the response of
control mice, calculated as either absolute values (Fig. 5G,
H) or relative to body weight (data not shown).

In contrast to brain GHR KO mice, AgRP GHR
KO mice showed mRNA levels of Npy, Agrp, Pomec,
Cartpt, and Ghsr in the hypothalamus that were not
different than those measured in control mice (Fig. 6A).
Additionally, no difference between the groups was
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observed in the AgRP fluorescent signal in the ARH (Fig.
6B-D). However, AgRP GHR KO mice displayed a sig-
nificant reduction in the density of AgRP fluorescent
signal in the PVH (¢(5) = 2.74, P = 0.0408; Fig. 6E-G), as
also seen in brain GHR KO mice.

In response to systemically administered ghrelin,
food intake of AgRP GHR KO and control mice was not
different (Fig. 7A). In addition, the ghrelin-induced in-
crease in the number of c-Fos positive cells in the ARH
of AgRP GHR KO mice and control mice was not dif-
ferent (Fig. 7B-D). Thus, the orexigenic effect of ghrelin
treatment and its capability to induce c-Fos activation

in the ARH do not require GHR expression in ARH"¢*"/

NPY neurons.

Discussion

The current study provides functional and neuroanatom-
ical data supporting 2 major findings. First, ghrelin treat-
ment is unable to increase food intake or induce c-Fos
expression in the ARH of mice lacking GHR in the per-
ipheral and central nervous systems, despite these mice are
fully responsive to ghrelin-induced GH secretion. Second,
ghrelin treatment increases food intake and induces c-Fos

220z 1oqwiavaq 1| uo 1sanb Aq 99€€/29/2600eba/2/Z9 1 /a101HE/OpUS WO dNO"dlWapEedE//:SdnYy Wolj papeojumoq



Endocrinology, 2021, Vol. 162, No. 7

o Control
e AgRP GHR KO
1Y i o E
nw I 4 o
cO o
2075%' e
S - <
2o =
ﬂ..ﬂ-'.i 50%' g
¥y c
o O e
<%25cy0. * =]
Rg : e
0% T .
L ¥ i
G%-‘é . _ﬁ_ . o &

>
g8 i
€2 4
3L 2]
O m
o & ]
£8
&-:r 0

o

2hours 24 hours 48 hours

301 o L -
> 32 2s
‘f EI' g K004 e
m3' e
20+ .
= 24
c
10+ '_;1
o
e
0 T L 0 T Ll
H..-¢
=]
233 ] 2
- O = ee
Ee & 5 s Q3 .
v 93 o
o NG oge
& Fe 4
2e s
S5 21
59
=0
24 hours 48 hours
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the PVH. Scale bar = 50 pm. (E) Body weight in control (n = 11) and AgRP GHR KO (n = 8) male mice. (F) Food intake in control (n = 12) and AgRP GHR
KO (n = 11) mice. (G) Food intake after a 24-hour fasting period (n = 3-4/group). (H) Refeeding response after 5 days of 60% food restriction (n = 15/
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expression in the ARH of mice lacking GHR exclusively in
ARHAS®NPY peyrons. Thus, the orexigenic effect of ghrelin
seems to require GHR signaling in a subset of cells of the

. AgRP/NPY
nervous system, which are not ARH"®

neurons.

In 2006, Egecioglu and colleagues reported the
intriguing observation that ghrelin treatment fails to in-
crease food intake and induce changes in the gene expres-
sion of orexigenic neuropeptides in male whole-body GHR
KO mice (44). However, the fact that GHR KO mice display
a number of severe abnormalities, such as hyperphagia and
dwarfism (46), raised some concerns regarding the direct
implications of GHR signaling for the orexigenic effect of
ghrelin. To clarify the requirement of the GHR signaling
for the orexigenic effect of ghrelin, we studied the effects

of systemically injected ghrelin on the food intake of male
mice lacking GHR specifically in neurons or exclusively
in the ARHA®"™PY neyrons. As a strategy to simulate the
route by which the stomach-derived hormone reaches the
brain, we used a single bolus intraperitoneal injection of
ghrelin, which induces a transient supraphysiological in-
crease in the plasma ghrelin levels that return to basal
levels at ~45 minutes after treatment and mainly acts at
brain areas nearby fenestrated capillaries (56, 57). The as-
sessment of ghrelin-induced c-Fos expression as well as
the analysis of the accessibility of fluorescent variants of
ghrelin into the brain have revealed that systemically in-
jected ghrelin mainly acts at the ARH (20, 58, 59). Indeed,
systemically injected ghrelin does not increase food intake
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*Significantly different compared with control mice (P < 0.05).

in ARH-ablated mice whereas centrally injected ghrelin
does so (15). Importantly, most studies have reported that
the systemic treatment with similar doses of ghrelin does
not affect food seeking or locomotor activity, unlike what
is observed when ghrelin is centrally administered or sys-
temically administered at higher doses (as reviewed else-
where (60)). Thus, the current study was performed using
carefully chosen experimental conditions in which in-
jected ghrelin reaches the brain, in a similar fashion as en-
dogenous ghrelin, and mainly regulates food intake.

First, we studied the effects of systemically injected
ghrelin in brain GHR KO mice, which were generated
crossing GHR™**d mice and Nestin-Cre mice and had

already been characterized in our laboratory (29, 47).
Of note, Nestin-cre mice present hypopituitarism and re-
duced body weight because a copy of the GH minigene
was inserted downstream the Cre sequence leading to the
central production of GH that, in turn, induces local GHR
activation and suppresses pituitary GH secretion (61). In
contrast, young brain GHR KO mice are ~20% heavier
than control mice. Such increased body weight has been
attributed to the lack of hypothalamic GHR signaling,
which not only prevents the action of transgene-derived
GH, but also abrogates the GH negative feedback leading
to increased GH secretion and serum IGF-1 levels that,
consequently, increase body length and lean body mass

220z 1oqwiavaq 1| uo 1sanb Aq 99€€/29/2600eba/2/Z9 1 /a101HE/OpUS WO dNO"dlWapEedE//:SdnYy Wolj papeojumoq



Endocrinology, 2021, Vol. 162, No. 7

"

) >
co
S

o *
E
£ 600
s
=
§ 400
L=
:‘é R -0 Control + Saline
3 2001 ,.-'E'" - Control + Ghrelin
5 -o- AgRP GHR KO + Saline
= - AgRP GHR KO + Ghrelin
0"\' ) L 1
0 30 60 120
Time (min)
- g
B Control AgRP GHR KO 22 s
Ghrelin Ghrelin @2
e - a @ 601
‘ w © .
L . 3 40| o
X s e i 3V [ ] % = - ¥ '6 H
eagl : " v ARH . L8 20
ﬂ_&;_._ARI;I t',} ,-’-‘ ik 'EE
S L Nk I S R So o
& 0N : &4&"3“7 ~Hdie =2 S O
2 - s T A il - 00 *"
‘-....‘.';s v J QS’
B v $
3 — v.
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ferent compared with saline-injected mice (P < 0.05).

(29, 39, 47). Brain GHR KO mice display unaltered ad
libitum food intake, adiposity, plasma leptin levels and
leptin responsiveness, glycemia, glucose tolerance, and
insulin sensitivity (29, 39). Here, we show that brain
GHR KO mice also display unaltered ghrelin-induced GH
secretion.

To release GH, ghrelin could act in somatotropic pitu-
itary cells as well as in hypothalamic neurons that, in turn,
produce GH-releasing neuropeptides that act at the pitu-
itary (as reviewed previously (11, 62)). GHSR is highly ex-
pressed in somatotropic cells, and ghrelin potently releases
GH in primary cultures of pituitary cells (63). In the pitu-
itary, ghrelin also enhances GHRH-stimulated release of
GH and antagonizes the inhibitory effect of somatostatin.
In hypothalamic explants, ghrelin releases GHRH and
inhibits the secretion of somatostatin (64, 65). Ghrelin-
mediated activation of GHRH neurons involves direct
and indirect mechanisms. In particular, ghrelin directly in-
creases the firing rate of ~25% of GHRH neurons, and
also decreases the inhibitory gamma-aminobutyric acid
neurotransmission on GHRH neurons, whereas it does not
affect the excitatory glutamatergic neurotransmission (10,

66, 67). The observation that ghrelin induces similar in-
crease of GH secretion in control and brain GHR KO mice
strongly indicates that the action of ghrelin on the pituitary
is sufficient to evoke its potent GH secretagogue effect.
Here, we found that ghrelin fails to increase food intake
in male brain GHR KO mice indicating that the orexigenic
effects of ghrelin requires GHR signaling in the nervous
system. Current observations help to narrow the putative
mechanisms mediating this phenomenon. For instance,
the blunted feeding response to ghrelin of whole-body
GHR KO mice had been linked to the basal hyperphagia,
which could unmask a ghrelin-induced increase of food
intake (44), or the high plasma leptin levels, which acts
on GHSR expressing neurons of the ARH and impairs
the orexigenic effects of ghrelin (68, 69). However, cur-
rent results suggest that the inability of ghrelin treatment
to increase food intake in brain GHR KO mice is inde-
pendent of these 2 parameters. Notably, we also found
that brain GHR KO mice exposed to fasting-refeeding
or food restriction-refeeding protocols show a reduced
hyperphagic response. In addition, we found that cen-
tral GHR deficiency in male brain GHR KO mice results
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in a dysfunction of the orexigenic ARH"8*/NPY

neurons.
In particular, brain GHR KO mice display reduced: (1)
hypothalamic Npy gene expression; (2) hypothalamic
Ghsr gene expression, which is enriched in ARHARPNPY
neurons (18); (3) ghrelin-induced c-Fos in the ARH, which
involves ARHAS®"™NPY neurons (70, 71); (4) AgRP peptide
levels in the ARH; and (5) ARHA"NPY projections to the
PVH, whose selective activation induces feeding, whereas
its pharmacological blockade reduces feeding induced by
activation of ARHR"NPY neurons (53, 72-74). In con-
trast, Pomc gene expression in the ARH and the biosyn-
thesis of POMC peptides were unaltered in brain GHR KO
mice, suggesting that the lack of GHR signaling mainly
affects the ARH*$®N" neurons. Because ARHA8®'NPY
neurons are required for ghrelin-induced food intake
(23-25), it can be hypothesized that brain GHR KO mice
fails to increase food intake in response to ghrelin treat-
ment because the lack of GHR signaling in the mouse brain
causes a major disruption in the biology of the ARHA8RNPY
neurons. It also likely that the reduced hyperphagic re-
sponse after energy-deficit conditions in brain GHR KO
mice is partially due to their inability to respond to the
orexigenic effects of ghrelin, whose plasma levels increase
under energy-deficit conditions and contribute to enhance
the compensatory hyperphagic response of refed mice (75).
Thus, current results strongly highlight the requirement
of the GHR signaling in the brain not only for ghrelin-
induced food intake but also for other orexigenic responses
that involve the ghrelin system.

To test the impact of GHR signaling exclusively in
ARHARNPY neyrons and its consequences on ghrelin-
induced food intake, we studied AgRP GHR KO mice.
These mice did not show any evident alteration of food in-
take or body weight in ad libitum—fed conditions. We have
recently shown that GH directly activates ARHAs®PNPY
neurons, and induces Agrp and Npy gene expression (29);
however, AgRP GHR KO mice did not show significant al-
terations of Agrp and Npy gene expression in the hypothal-
amus, in contrast to brain GHR KO mice. Thus, current
results suggest that endogenous GH in ad libitum—fed mice
is insufficient to activate the ARH*$® " neurons and that
the indirect action of GH is responsible for the alterations
found in the ARH*$*"~" neyrons of brain GHR KO mice.
Still, AgRP GHR KO mice did show a reduction of the
ARHASRYNPY 1 oiections to the PVH suggesting that GHR
signaling directly affect, in some extent, the biology of these
neurons. AgRP GHR KO mice display Ghsr mRNA levels
in the hypothalamus similar to control mice, in line with
the fact that the Ghsr promoter lacks pSTATS responsive
elements (76). However, specific changes of Ghsr gene ex-

HAgRP/NPY

pression in AR neurons may have been masked

in our analysis of the whole hypothalamus. Of relevance

for the current study, AgRP GHR KO mice show unaltered
compensatory hyperphagia in response to fasting or cal-
orie restriction as well as conserved ghrelin-induced food
intake and c-Fos in the ARH. Thus, GHR signaling in the
ARHAS®NPY peurons does affect some cell features that
end up disturbing their neuronal projections. Nevertheless,
these changes are not sufficient to impair food intake re-
sponses to energy deficit conditions or to ghrelin-induced
food intake. Thus, ghrelin-induced activation of ARH
neurons and ghrelin-induced food intake require GHR

HASRPNPY heurons, whose

signaling in a subset of non-AR
identity still needs to be uncovered.

The neuroanatomical basis for the abrogated capability
of brain GHR KO mice to increase food intake in response
to ghrelin remain uncertain. Brain GHR KO mice failed to
show ghrelin-induced increase of c-Fos expression in the
ARH, suggesting that GHR signaling is required for the
intrinsic capability of ARH neurons to respond to the hor-
mone. Also, the observation that brain GHR KO mice dis-
play a more severe reduction of ARH*8®"N"Y projections
to the PVH, compared with AgRP GHR KO mice (~61%
vs ~16%), may impair their response to the orexigenic
effect of ghrelin because experiments using optogenetic
activation of ARH"®NPY projections to the PVH have
shown that the magnitude of the evoked food intake dir-
ectly depends on its degree of stimulation (73). Notably,
whole-body GHR KO mice exhibit a ~60% reduction in
the AgRP fiber density in the ARH and PVH (77), as ob-
served in brain GHR KO mice. GH-deficient mice also dis-
play a severe reduction of the ARH*$*NPY projections to
the PVH, as well as in other hypothalamic nuclei, and such
reduction is reversed by the treatment with GH, starting at
2 weeks of age (77). In contrast, male mice lacking GHR
specifically in liver, which show low plasma IGF-1 levels
but retain the capability to respond to GH at central level,
have no alterations of the ARH*R"™Y projections to the
PVH (77). Thus, GH itself seems to play an important
neurodevelopmental role regulating the connectivity of the
hypothalamic circuits that control food intake, and alter-
ations of such connectivity could affect the capability of
brain GHR KO mice to respond to the orexigenic effects
of ghrelin. Also, the more drastic reduction of ARHA8RPNPY
projections to the PVH in brain GHR KO mice may be
related to the reduced hypothalamic Ghsr gene expression
because GHSR signaling in ARH*$*"NY heurons increases
the density of these projections (78). Future studies will be
required to investigate the specific roles of the GH signaling
and its neuronal targets affecting the capability of ghrelin
to increase food intake.

In summary, our findings revealed that brain GHR
signaling in male mice is required for the stimulatory effect
of ghrelin on food intake. Although the central disruption
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of GHR signaling significantly affected the biology of
ARHA$RNPY heurons, a direct GH action on this neuronal
population is not sufficient to explain the blunted response
to ghrelin observed in brain GHR KO mice. A functional
role of the ghrelin-GH axis has already been described for
the regulation of glycemia during starvation (49, 79, 80)
and for fear learning associated with posttraumatic stress
disorder (81, 82), but the extent to which GHR signaling
is involved in other actions of ghrelin (e.g., learning or
memory formation) remains to be investigated. Finally, it
is important to stress that the current study was performed
in male mice because seminal research indicating that the
orexigenic effect of ghrelin requires the GHR signaling
had been conducted in male rodents. Such male bias in the
study of the orexigenic effects of ghrelin is likely because
ghrelin induces a more pronounced increment of food in-
take in males than females (83). Still, it is well established
that ghrelin/GHSR and GH/GHR systems display sexually
dimorphic responses; thus, specific studies will be required
to clarify the extent to which brain GHR signaling affects
the orexigenic effect of ghrelin in females.
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