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ABSTRACT

The hormone ghrelin displays several well-characterized functions, including some with
pharmaceutical interest. The receptor for ghrelin, the growth hormone secretagogue receptor
(GHSR), is expressed in the hypothalamic paraventricular nucleus (PVH), a critical hub for the
integration of metabolic, neuroendocrine, autonomic and behavioral functions. Here, we performed
a neuroanatomical and functional characterization of the neuronal types mediating ghrelin actions
in the PVH of male mice. We found that fluorescent-ghrelin mainly labels PVH neurons
immunoreactive for nitric oxide synthase 1 (NOS1, which catalyze the production of nitric oxide -
NO). Centrally-injected ghrelin increases c-Fos in NOS1 PVH neurons and NOS1 phosphorylation
in the PVH. We also found that a high dose of systemically-injected ghrelin increases ghrelin level
in the cerebrospinal fluid and in the periventricular PVH, and induces c-Fos in NOS1 PVH neurons.
Such high dose of systemically-injected ghrelin activates a subset of NOS1 PVH neurons, which
does not express oxytocin, via an arcuate nucleus-independent mechanism. Finally, we found that
pharmacological inhibition of NO production fully abrogates ghrelin-induced increase of calcium
concentration in corticotropin-releasing hormone neurons of the PVH whereas it partially impairs
ghrelin-induced increase of plasma glucocorticoid levels. Thus, plasma ghrelin can directly target
a subset of NO-producing neurons of the PVH that is involved in ghrelin-induced activation of the

hypothalamic-pituitary-adrenal neuroendocrine axis.
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INTRODUCTION

Ghrelin is a stomach-derived peptide hormone that acts via the growth-hormone
secretagogue receptor (GHSR) 2. Due to its ability to release growth hormone (GH), ghrelin (or
ghrelin mimetics) rapidly emerged as promising candidates to enhance GH secretion and
consequently treat a variety of conditions, such as preventing the deleterious effects of aging on
the GH axis 3. Moreover, the finding that ghrelin is the most potent known orexigenic hormone has
expanded the potential pharmacological implications for ghrelin mimetics as viable therapeutic
options in the management of anorexia and cancer-induced cachexia 4. However, ghrelin treatment
also displays a variety of undesirable effects, including increments of glycemia, glucocorticoid
levels and fat mass as well as a reduction in insulin sensitivity 2. The neurobiological substrates
that mediate some effects of ghrelin are only partially known, and consequently, it is uncertain if
such actions can be independently manipulated. For instance, GHSR is expressed in the
hypothalamic paraventricular nucleus (PVH), a critical brain center that integrates diverse
physiological functions. Surprisingly, however, little is known about the neurobiological basis

mediating ghrelin's actions in the PVH.

The PVH contains a variety of molecularly defined neuronal populations that display
different metabolic, neuroendocrine, autonomic and behavioral functions . PVH neurons are
classified into magnocellular, which mainly project to the posterior pituitary, and parvocellular that
project to the median eminence or autonomic control centers 7. Furthermore, PVH neurons can
synthesize different neuropeptides, including vasopressin (AVP), oxytocin (OXT), corticotropin-
releasing hormone (CRH), thyrotropin-releasing hormone (TRH) or neurotensin (NT), hereafter
named PVHAYP PVHOXT PVHCRH PVHTRH or PVHNT neurons, respectively. PVH neurons also
synthesize neurotransmitters such as nitric oxide (NO), norepinephrine or gamma-aminobutyric
acid (GABA); these neurons can be recognized by the expression of specific enzymes such as
nitric oxide synthase 1 (NOS1), tyrosine hydroxylase (TH) or glutamate decarboxylase 2 (GAD2),
hereafter named PVHNOS!, PVH™ or PVHC®AP? neurons, respectively. Some PVH neurons show a
dual phenotype. For instance, PVH®*T neurons may also be PVHNOS! neurons and, consequently,
are referred to as PVHOXTNOSL neyrons 811, The PVH neurons are targeted by ghrelin in mice,
which are an instrumental animal model to delineate the neurobiological basis mediating ghrelin's
actions in mammals 2. Studies using in situ hybridization 13-'5, binding of fluorescently-labeled
ghrelin 6 or a reporter mouse 7 have shown that the mouse PVH contains GHSR-expressing
neurons (hereafter named PVHC®HSR neurons). In mice, systemically-injected ghrelin activates PVH

neurons, as indicated by the assessment of the expression of the marker for transcriptional activity
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c-Fos, magnetic resonance or positron emission tomography 8?1, To the best of our knowledge,

however, the neurochemical identity of the PVH®HSR neurons is unknown.

The local action of ghrelin in the mouse PVH displays selective effects 2. For instance,
intra-PVH-injected ghrelin does not induce food intake in mice, but activates the hypothalamic-
pituitary-adrenal axis (HPA) in a similar extent as seen in response to systemically or centrally-
injected ghrelin 22. Ghrelin does not directly act on PVHCR" neurons, as they do not express GHSR
22 but rather reduces the inhibitory post-synaptic currents in PVHCR" neurons by acting at
presynaptic GABA terminals 2324, Conversely, ghrelin was shown to inhibit unidentified mouse PVH
neurons by decreasing the excitatory inputs in an endocannabinoid-dependent manner 2°. Thus,
ghrelin's action in the mouse PVH seems to involve complex local neuronal circuits and molecular

mechanisms, whose intricacies have been poorly elucidated.

Ghrelin's actions in the mouse hypothalamus are restricted due to the limited accessibility
of this hormone into the brain 2627, In particular, plasma ghrelin does not cross the blood-brain
barrier 28, and rather only diffuses through fenestrated capillaries of the median eminence in order
to reach the neighboring hypothalamic arcuate nucleus (ARH) 242%, In the ARH, ghrelin activates
the agouti-related peptide (AgRP) neurons (hereafter named ARHAP neurons) that, in turn,
strongly innervate the PVH 30-33 Ghrelin can also act in the PVH via ARH-independent
mechanisms since systemically-injected ghrelin induces c-Fos expression in the PVH of ARH-
ablated mice 24. It is currently unknown if plasma ghrelin can directly target the PVH. The PVH
contains the highest density of capillaries in the hypothalamus 34; thus, plasma ghrelin may locally
diffuse into the PVH in a physiologically significant extent. Since ghrelin crosses the blood-
cerebrospinal fluid (CSF)-barrier 3, plasma ghrelin could also target the PVH from the CSF. Here,
we first mapped the localization of PVHCHSR neurons in the mouse brain and established its identity.
Since we found that a significant fraction of mouse PVHCHSR neurons are PVHOXTNOSL g p\VHNOS1
neurons, we investigated if plasma ghrelin can reach and activate them in an ARH-independent
manner. Finally, we tested the hypothesis that ghrelin-induced indirect activation of the PVHCRH

neurons involves NO signaling.
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METHODS

Mice. Studies were performed using wild-type (WT) C57BL/6 mice as well as ARH-intact or
ARH-ablated mice, which were generated using subcutaneous (SC) injections of saline alone or
containing monosodium glutamate (Sigma-Aldrich, cat# G1626, 2.5 mg/g body weight (BW)),
respectively, in 4-day-old WT mice. The ARH was analyzed at the end of the experiments using
thionin staining and AgRP immunostaining, and was confirmed to be similarly lesioned in all
monosodium glutamate-treated mice, as previously described 203236, Also, we used Gad2tdTomato
mice, which express tdTomato in Gad2-expressing GABA cells, and were generated by crossing
Ail4 reporter mice (Allen Institute, 129S6-Gt(ROSA)26Sormi4(CAc-dTomato)Hze/J. Stock# 007908, 27)
and Gad2-CreER mice (Jackson Laboratory, Gad2imi(ce/ERT2)zih/J: Stock# 010702, 8) that express
a tamoxifen-inducible Cre recombinase under the endogenous promoter of Gad2 gene. Adult
Gad2wTomate mice received daily injections of tamoxifen (Sigma-Aldrich, cat# T5648; 70 mg/kg BW,
intraperitoneal, IP) for 4 consecutive days to induce Cre recombination, and used 3 weeks later.
Also, we used 4 Crh-IRES-Cre mice, which express Cre recombinase under the promoter of Crh
gene (Jackson Laboratories, B6(Cg)-Crhtmi(re)zin/j  Stock# 012704, ). All mice were backcrossed
for more than 10 generations onto a C57BL/6 genetic background. Experimental mice were 10-14-
week-old males that were maintained under controlled temperature (22+1°C) and photoperiod (12-
h light cycle from 7:00 am to 7:00 pm). Five days before the experimental day, mice were
individually housed and ad libitum fed with regular chow diet, which was available until the time of
anesthesia/treatment and then taken away. The protocols received approval from the Institutional
Animal Care and Use Committee of the IMBICE, UNIFESP and the FOEDRC, where the mouse

studies were performed.

Labeling with fluorescent ghrelin. PVH cells directly responsive to ghrelin were labeled with

far red-ghrelin (Fr-ghrelin), which is a variant of ghrelin conjugated to DY-647P fluorophore at its
C-terminal end . We have shown that centrally-administered fluorescent ghrelin in mice
selectively labels GHSR-expressing neurons present in periventricular hypothalamic nuclei,
including not only the PVH but also the ARH, the ventromedial nucleus and the dorsomedial
nucleus 16 %9, Anesthetized mice were stereotaxically implanted with a single indwelling guide
cannula (4-mm long, 22-gauge, PlasticsOne) into the lateral ventricle (coordinates: 0.34 mm
anterior; £1 mm lateral and 2.3 mm ventral) and intracerebroventricularly (ICV) injected with 2 uL
of Fr-ghrelin (60 pmol/mouse, which is minimum amount of tracer that can be directly visualized).
Central injections were made over 2 min through a 30-gauge needle. Mice were perfused with

formalin after 30 min. Brains were removed, post-fixed, immersed in 20% sucrose, and coronally

6



157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

cut into four equal 40-um series on a cryostat. Correct location of cannulas was confirmed by
histological observation at the end of experiments. Here, we used (a) naive WT mice (n=12), (b)
WT mice that were ICV-injected with colchicine (16 pg/mouse) 2-day before the experiment (n=3),

and (c) Gad2iT™omac mjice (n=3).

Immunolabeling of the subsets of PVH neurons. In order to reveal the identity of PVH cells

labeled by Fr-ghrelin, one series of brain sections containing the PVH of mice ICV-injected with Fr-
ghrelin were treated with blocking solution (2% normal donkey serum and 0.25% Triton X-100 in
PBS). Brain sections of WT mice were incubated with the following antibodies: rabbit anti-TH
(Santa Cruz Biotechnology, Cat# sc-14007, 1:5000, RRID: AB_671397), rabbit anti-NOS1 (Thermo
Fisher Scientific, Cat# 61-7000, 1:3000, RRID: AB_2313734), mouse anti-neurophysin | (marker
of PVHOXT neurons, National Institute of Neurological Disorders and Stroke (NINDS), Cat# PS38,
1:1000, RRID: AB_2315026), or mouse anti-neurophysin Il (marker of PVHAYP neurons, NINDS,
Cat# PS41, 1:1000, RRID: AB_2313960). Brain sections of colchicine-treated mice were incubated
with the following antibodies: goat anti-CRH (recognizes CRH 4%, Santa Cruz Biotechnology, Cat#
sc-1759, 1:500, RRID: AB_631300), rabbit anti-TRH (recognizes proTRH 4!, 1:500, RRID:
AB_2315485) or rabbit anti-NT (ImmunoStar, Cat# 20072, 1:1000, RRID: AB_572254). In order to
label PVHOXTNOST neyrons, subsets of sections were simultaneously incubated with antibodies
against neurophysin | and NOS1. After 48 h at 4°C, sections were incubated with donkey anti-
rabbit AlexaFluor594 (Thermo Fisher Scientific, Cat# A-21207, 1:1000, RRID: AB_141637),
donkey anti-mouse AlexaFluor594 (Thermo Fisher Scientific, Cat# A-21203, 1:1000, RRID:
AB_141633) or donkey anti-goat AlexaFluor594 (Thermo Fisher Scientific, Cat# A-11058, 1:1000,
RRID: AB_2534105) secondary antibodies, depending on the primary antibody used in each case,
for 2 h at room temperature. Finally, slices were mounted on glass slides and coverslipped with

mounting media.

scRNA-seqg data analysis. Raw and processed scRNA-Seq datasets of fluorescent GFP+

PVH neurons isolated from mice generated by crossing an Oxt-FIp recombinase driver line to a
Flp-dependent GFP reporter line 4> were analyzed to identify Ghsr expressing neurons. Quality
control (QC) assessment and cell clustering were preserved from the original analysis. Starting
with 146 QC-accepted neurons, cells were classified as Ghsr+, Oxt+ and/or Nos1+ based on their
respective transcript counts being greater than zero. Subsequently, they were grouped and
counted according to the resulting joint positivity, along with their original magnocellular or
parvocellular classification. Analysis was performed in RStudio 2023.06.0, R version 4.3.0. Original

datasets are publicly available at https://github.com/gofflab/OT neuron_study 2020.
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Central injection of ghrelin. WT mice were implanted with a single indwelling ICV guide

cannula into the lateral ventricle using stereotaxic surgeries, as described above. Here, the guide
cannulas were permanently attached to the skull with dental cement and plugged with a 28-gauge
dummy cannula. After surgery, mice were allowed to recover for at least 5 days. During these days,
mice were accustomed to handling and removal of the dummy cannula. At around 9:30-10:00 am
of the experimental day, mice were ICV-injected with 2 uL of artificial CSF alone or containing
ghrelin (Global Peptide, cat# PI-G-03, 60 pmol/mouse). Mice were anesthetized and perfused at
120 min after treatment for c-Fos immunostaining (n=4 and 4 for vehicle or ghrelin, respectively)
or at 15, 30 and 120 min after treatment for phospho-NOS1 immunostaining (n=3 for vehicle, and
n=4, 3 and 3 for ghrelin, respectively). Brains of perfused mice were obtained and used to generate
coronal sections for immunostainings, as described above. An independent set of cannulated WT
mice were ICV-injected with 2 uL of artificial CSF alone (n=6) or containing 60 pmol/mouse of
ghrelin (n=6) and euthanized 30-min post-treatment. Here, brains were obtained and cut in coronal
sections in order to obtain PVH punches, which were, in turn, used to isolate total RNA (see below).
In all cases, the correct location of ICV injections was verified at the end of the experiment by

histological analysis.

Systemic injection of ghrelin. For dose-response studies, WT mice were SC-injected with

saline alone or containing ghrelin (60 or 600 pmol/g BW). Mice were perfused, as described above,
at 120-min post-treatment for c-Fos immunostaining (n= 5, 8 and 3 per group, respectively) or
anesthetized at 10-min post-treatment for CSF extraction. In the latter case, anesthetized mice
were placed in a stereotaxic frame and used to collect CSF from the cisterna magna at 30-min
post-treatment, as recently reported 3°. CSF samples were collected on EDTA (1 mg/mL final) and
p-hydroxy-mercuribenzoic acid (0.4 mM final) and acidified with HCI (0.1 M final). Ghrelin was
assessed in pools of 30 pL of CSF (n=4 per group). An independent set of WT mice were SC-
injected with vehicle alone (n=4) or containing 600 pmol/g BW of fluorescein-ghrelin (F-ghrelin,
n=4). F-ghrelin is a 19-residue analog of ghrelin conjugated to fluorescein isothiocyanate at its C-
terminal end 1643, These mice were anesthetized and perfused at 20-min post-treatment, and their
brains were processed for immunostainings against fluorescein (see below).

Two additional experiments were performed to further study the action of the high dose of
ghrelin in the PVH. A set of ARH-intact and ARH-ablated mice were SC-injected with vehicle (n=4
per group) or ghrelin (600 pmol/g BW, n=4 per group), anesthetized and perfused 120-min post-
treatment. These brains were processed for c-Fos, NOS1 and neurophysin | immunostainings (see

below). Another cohort of WT mice was SC-treated with vehicle alone or containing either ghrelin

8
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(600 pmol/g BW), N-nitro-L-Arginine methyl ester (L-NAME, 10 pg/g BW), or a combination of both.
Mice were euthanized at 120-min post-treatment for c-Fos immunostainings (n=3, 4, 3 and 8 per
group, respectively) or at 30-min post-treatment to obtain both PVH punches for mRNA
guantification and blood samples for corticosterone assessment (n= 9, 8, 9 and 7 per group,

respectively).

Chromogenic immunostaining. For c-Fos, phospho-NOS1 or fluorescein immunostaining,

one series of sections were pretreated with 0.5% H»0O,, next treated with blocking solution and then
incubated with the following antibodies: rabbit anti-c-Fos antibody (Millipore, Cat# PC38, 1:20.000,
RRID: AB_2106755), rabbit anti-phospho-NOS1 (Abcam, Cat# ab5583, 1:1500, RRID:
AB_304964) or goat anti-fluorescein (Molecular Probes, Cat# A-11096, 1:1500, RRID:
AB_221558) for 48 h at 4°C. Then, sections were incubated with biotinylated donkey anti-rabbit
(Jackson ImmunoResearch Labs, Cat# 711-065-152, 1:3000, RRID: AB_2340593) or biotinylated
rabbit anti-goat (Vector Laboratories, Cat# BA-5000, 1:1500, RRID: AB_2336126) secondary
antibodies depending on the primary antibody used in each case, for 1 h at room temperature and
then treated with avidin-peroxidase complex (Vectastain Elite ABC kit, Vector Laboratories, Cat#
PK-6200) for 1 h, according to manufacturer's protocols. Finally, sections were incubated with 3-
3'-diaminobenzidine (Sigma-Aldrich, Cat# D8001)/Nickel solution in order to generate a
black/purple precipitate in immunoreactive cells. Afterward, sections were sequentially mounted
on glass slides and coverslipped with mounting media. For triple immunostaining against c-Fos,
neurophysin | and NOS1, brain sections were first subjected to chromogenic immunostaining
against c-Fos and then to fluorescent immunostaining against neurophysin | and NOS1, as

described above.

Imaging and quantitative analysis. Images were acquired with 20x/0.80 and 40x/0.95

objectives using a Zeiss AxioObserver D1 equipped with an Apotome.2 structured illumination
module and an AxioCam 506 monochrome camera. For samples subjected to chromogenic
immunostaining alone, bright-field images were acquired using a Nikon Eclipse 50i and a DS-Ril
Nikon digital camera with a 0.45X adapter using 10X/0.3 and 60X/0.80 objectives. Images were
taken in comparable areas and under the same optical and light conditions. Image processing and
analysis were performed in the ImageJ-based open-source image-processing package Fiji 44.
Quantitative analyses were performed in sections containing the PVH (between bregma -0.58 and
-1.22 mm) or ARH (between bregma -1.58 and -2.06 mm) that were identified using the mouse
brain atlas %°. Quantifications were bilaterally performed and corrected by double counting. The

total number of labeled cells in each area was determined by multiplying the number of cells

9
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counted by four to correct for uncounted sections of the nucleus. Additionally, data were corrected
using the Abercrombie method “8, which takes into account the thickness of the sections and the
mean diameter of the neuron along the z-axis. The mean diameter of the neurons was determined
using Fiji.

The number of cells labeled with Fr-ghrelin (hereafter Fr-ghrelin+ cells) within the PVH was
expressed as total Fr-ghrelin+ cells per PVH. For the phenotypical characterization of Fr-ghrelin+
PVH cells, the fraction of Fr-ghrelin+ cells positive for each marker or set of markers were
expressed as a percentage, which represents the fraction of Fr-ghrelin+ cells and a given marker
(or markers) as compared to the total number of either Fr-ghrelin+ cells or cells positive for a given
marker (or markers). The number of phospho-NOS1+ cells was expressed per PVH section per
side. The total number of c-Fos+ in the ARH or the PVH was expressed per PVH section per side,
whereas the fraction of c-Fos+ cells of a given cell type are shown as a percentage versus the total
number of the given cell type in the PVH, or in a subregion of the PVH (e.g., periventricular vs.
lateral regions of the PVH). The diffusion of F-ghrelin within the PVH was measured as described
in detail in the past %. Briefly, bright-field images were converted into 16-bit images. Images
underwent flat-field correction, and the pixel intensity values were transformed into optical density
data by taking the negative decimal logarithm of the original value divided by the flat-field value.
Optical density profiles were acquired perpendicular to the 3V along the length of a 300-um box at
the PVH level. The average optical density of a 25-um region farthest from the 3V was subtracted
from each profile, and the resulting curve was aligned using the first zero-crossing point nearest to

the 3V. The software Fiji was employed for all image processing and analysis steps.

gPCR for RNA quantification in PVH punches. After euthanasia, brains were rapidly

removed, frozen on dry ice and stored at —80°C. Brains were sliced into 60-um coronal sections
using a cryostat. The PVH was identified, according to the mouse brain atlas 4%, and collected using
a 500-uym micropunch needle. The punch location was confirmed by toluidine blue (0.1%) staining
of the sections. PVH punches were collected in TRIzol® reagent, and total RNA was extracted
following the manufacturer's instructions. RNA concentration was measured using a NanoDrop™
One spectrophotometer. Samples were diluted to the same concentration and treated with the
DNase | Amp Grade kit (Life Technologies) to eliminate genomic DNA. RNA integrity was
confirmed by the detection of 18S and 28S bands after agarose-formaldehyde gel electrophoresis
(not shown), and RNA quality was verified by optical density absorption ratio 260 nm/280 nm. The
cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen) using 300 ng of
total RNA. The optimization and validation of primers were performed using a qPCR standard
curve. Primers used were: sense: 5-AGCATGGGCTCTCCTGTCA-3', antisense: 5'-

10
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GAGACCAGAGTGGGCTGCA-3'" for c-Fos; sense:5-TCAAAGCCATCCAGCGCATA-3/,
antisense: 5-GGTACCGGTTGTCATCCCTC-3' for Nos1; sense: 5-TGCCCCAGTCTTGCTTGCT-
3 antisense: 5-TCCAGGTCTAGCGCAGCCC-3' for Oxt; and sense: 5'-
GAAGGTCAAAGGGAATGTGTTCA-3', antisense: 5-CCTTGTCTGCCTTCAGCTTGT-3' for
Rpl19. Samples were 1:5 diluted and gPCRs were performed in triplicate using SYBR green
(Applied Biosystems) in a QuantStudio™ 5 Real-Time PCR System, with 384-well following the
manufacturer's instructions. The ribosomal protein L19 mRNA (Rpl19) did not show statistical
differences among groups and was used as an internal control gene for the assays. For relative

quantification of gene expression, the 2-AACT method was employed.

ELISA: CSF ghrelin concentration was assayed using a specific ghrelin ELISA kit (Bertin
Pharma, cat# A05117, RRID: AB_2619624, intra-assay variation 8.1%), whose detection limit was
6.7 pg/mL. For corticosterone assessment, blood samples were collected in EDTA-coated tubes,
and plasma was obtained after centrifugation and stored at —20°C. Plasma corticosterone
concentration was determined using a competitive ELISA (Arbor Assays, cat# K014-H1, RRID:
AB_ 2877626, intra-assay variation 5.2%).

In vivo calcium imaging. Here, anesthetized Crh-IRES-cre mice were stereotaxically-
injected with 300 to 500 nL of AAV-CAG-FLEX-GCaMP8m (Addgene, #162381) virus in both PVH

(coordinates: 0.8 mm anterior, £0.2 mm bilateral, 5.6 mm ventral) using a pulled glass pipette

controlled by a micromanipulator. Next, a metal ferrule-capped optical fiber (400 um core diameter,
NA=0.48, Thorlabs) was implanted ~100 um above the viral injection site in the midline and ferrules
were fixed with dental cement. After 5-6-week recovery, Crh-IRES-cre mice were single-housed in
custom plexiglass cages. After 1-2 days of habituation, mice were tethered to the optical fiber (400
pMm core, 0.48 NA, bundled fibers, Doric Lenses) and allowed to acclimatize for a few hours before
the starting experiments. Signals from 405 nm and 465 nm excitation (at 30-50 pW) were acquired
at a 3 Hz sampling rate with Doric FP Bundle Imager (Doric Lenses). Recordings were performed
in the absence of food in otherwise ad libitum fed animals. After 30 min baseline recording, mice
were systemically injected with vehicle, different doses of ghrelin (60 or 600 pmol/g BW) and a high
dose of ghrelin (600 pmol/g BW) plus L-NAME (10 pg/g BW) under brief (5 sec) anesthesia with
isoflurane. For the analysis of the fiber photometry data, the isosbestic signal (405 nm) was fit to
the calcium-dependent (465 nm) signal using the linear least squares fit in a custom MATLAB
script. AF/F was calculated as (465 nm-fitted 405 nm)/(fitted 405 nm), and from these values, z-
scores were calculated for the baseline period to account for the inter-animal differences in signal

intensities (F-u)/® where F is the calculated AF/F value, y and & are the mean and standard
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deviation for the baseline period, respectively. After the post hoc analysis, mice were eliminated

from the analyses if the fiber tip location and/or sensor expression were off-target.

Statistical _analyses. Normality and homogeneity of variances were tested using the
D'Agostino & Pearson omnibus test or Bartlett's test, respectively. Data were expressed as the
mean * standard error of the mean (SEM), and the experimental groups were compared with
Student's unpaired t-test, One-sample t-test or One-way ANOVA, depending on the number of
groups or experimental design. Tests used for each comparison and statistical outputs are
indicated in the figure legends or the text depending if data summaries are shown as text or graphs,
respectively. Differences were considered significant when p<0.05. All statistical analyses were
conducted with the software GraphPad Prism, version 9.0.
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RESULTS

1) Ghrelin directly targets OXT/NOS1+ cells of the PVH. We first performed a systematic

analysis of the number and the localization of PVH cells that were labeled in mice ICV-injected with
Fr-ghrelin. Fr-ghrelin labels 789+20 cell bodies in the mouse PVH that were located between
bregma -0.58 and -1.22 mm of the Paxinos brain atlas (Figure 1A-B). Fr-ghrelin+ cells were
present in all sub-regions of the PVH, and the majority of them (718+£19) were enriched in the
anteromedial part of the nucleus, between bregma -0.58 and -0.94 mm (Figure 1B). Fr-ghrelin+
cells were relatively homogeneous in shape, with 15.8+0.3 um of diameter (Figure 1C). Strikingly,
Fr-ghrelin+ signal was also observed in fiber-like structures that were enriched in the periventricular
region of the PVH, and laterally-oriented (Figure 1D-E). In terms of the neurochemical phenotype
of the Fr-ghrelin+ cells (Figure 1F), Fr-ghrelin did not label PVHCRH PVHTRH or PVHNT neurons in
brain sections of colchicine-treated mice. In Gad2Tomato mice, PVHCAP? cells represented 1.0+0.6%
of all Fr-ghrelin+ cells. In naive mice, PVHNOS1 PVHOXT PVHAYP and PVH™ neurons represented
42.2+4.5, 37.1+4.0, 7.0£2.7 and 1.4+0.8 % of all Fr-ghrelin+ cells.

Since PVHOCXTNOSL neyrons exist in the mouse hypothalamus 81, we assessed if they were
labeled by Fr-ghrelin (Figure 2A). We found that PVHOXTNOSL neyrons were enriched in the
anteromedial part of the nucleus and represented 74.2+4.8% of all PVHN®S! neurons and
83.4+7.3% of all PVH®XT neurons, in agreement with previous reports 8. Fr-ghrelin labeled
258+17, 107+17 and 70+7 PVHOXTNOSL pyHNOSL gnd PVHOXT neurons, respectively. Thus, Fr-
ghrelin labeled 22.2+7.0, 11.9+6.1 and 29.3+10.4 % of all PVHOXTNOS1 ' pyHNOSL gnd PVHOXT
neurons, respectively, which represented 32.6+6.1, 9.8+5.2 and 7.6£2.8 % of all Fr-ghrelin+ cells
(~50% all Fr-ghrelin+ cells, Figure 2B). In order to clarify the nature of the PVHOXT/NOS1 gnd PVHOXT
neurons targeted by ghrelin, we analyzed a dataset of the transcriptional profile of OXT-producing
neurons that was obtained by scRNA-seq analysis of the cells expressing green fluorescent protein
(hereafter named GFP+ cells) collected from PVH samples of OXT-reporter mice systemically
injected with fluorogold to label magnocellular neurons #2. The analysis of the transcriptional profile
of 146 GFP+ cells reported in the mentioned study revealed that Ghsr was expressed in 9 GFP+
cells, all of which were magnocellular PVH cells (Figure 2C-D), as indicated by the transcriptional
profile and the presence of fluorogold. Six of the 9 GFP+ cells expressing Ghsr also express Nos1
(Figure 2E). Thus, Ghsr was expressed in ~7.1 and ~9.4 % of all PVHOXTNOS1 and PVHOXT neurons,

respectively (Figure 2F).
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2) Centrally-injected ghrelin acts on PVHOXTNOS1 PVYHNOST gnd PVHOXT neurons. Since
centrally injected ghrelin induces c-Fos in the PVH 2?2, we tested if centrally-injected ghrelin
activates PVHOXT/NOS1 ' pyyHNOSL gnd PVHOXT neurons. We found that ICV-injected ghrelin increased
the fraction of PVHOXTNOSL (35 5+]1 .4 vs. 0.240.1 % of all PVHOXT/NOST) = p\/HNOSL (24 .4+7.0 vs.
0.0+0.0 % of all PVHNOS1) and PVHOXT (13.6+4.9 vs. 0.0+0.0 % of all PVH®XT) neurons positive for

c-Fos, as compared to vehicle treatment (p<0.05 for all cases, Student’s t-test, Figure 3A). Since

the phosphorylation of NOS1 at Ser1417 increases its activity and, consequently, the production
of NO 4748 we performed immunostaining against phospho-NOSL1 in brain sections of mice ICV-
injected with ghrelin (Figure 3B). We found that ICV-injected ghrelin transiently increased the
number of phospho-NOS1 positive cells in the PVH, reaching the peak 15 min after treatment
(Figure 3C). Conversely, ICV-injected ghrelin increased the mRNA levels of c-Fos in the PVH at
30-min post-treatment (1.00+0.16- vs. 1.99+0.22-fold, p<0.05, Student’s t-test) but it did not affect
MRNA levels of Nos1 and Oxt (1.00£0.18- vs. 1.05+0.21-fold and 1.00£0.15- vs. 0.86+0.22-fold,

respectively), as compared to vehicle treatment.

3) A high dose of systemically-injected ghrelin is required to activate the PVH. In order to

test the extent to which plasma ghrelin can act in the PVH, we systemically-injected WT mice with
60 and 600 pmol/g BW of ghrelin, which induce a ~2.3- and ~16.8-fold transient increase of plasma
ghrelin levels at 30-min post-treatment, respectively 2°. At 2-h post-treatment, we confirmed that
both doses of ghrelin increase the number of c-Fos+ cells in the ARH (912, 44+10 and 129+11 for
vehicle, 60 pmol/g of ghrelin and 600 pmol/g of ghrelin, respectively. One way ANOVA, [Fuea(2,13)
= 26.11, p<0.0001)), as previously shown 2°. Conversely, only the high dose of ghrelin increased
the number of c-Fos+ cells in the PVH (72, 8+1 and 153%23 cells/side for vehicle, 60 pmol/g of
ghrelin and 600 pmol/g of ghrelin, respectively. One way ANOVA, [Feat(2,13) = 102.2, p<0.0001],
Figure 4A). Next, we tested if systemically-injected ghrelin reaches the CSF in our experimental
conditions. At 30-min post-treatment, ghrelin was undetectable in the CSF of vehicle-injected mice,
as we reported in the past 3%, as well as in the CSF of mice injected with 60 pmol/g BW of ghrelin,
whereas we detected 29.9+12.3 pg/mL of ghrelin in the CSF of mice injected with 600 pmol/g BW
of ghrelin. To assess if the elevation of ghrelin in the CSF could impact the PVH, we systemically-
injected 600 pmol/g BW of F-ghrelin in mice and estimated the presence of tracer in this
hypothalamic area using immunostaining (Figure 4B). As previously reported, fluorescein signal
was mainly detected at the ARH of F-ghrelin injected mice (not shown, 2°). In the PVH, quantitative
analysis of optical intensity in the medial-lateral axis at the level of the PVH showed that the F-
ghrelin signal was higher at all distances from 0 to ~70 um from the ventricle wall as well as at

some, but not all, distances comprised between the ~70 and 130 um range, as compared to
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vehicle-treated mice (Figure 4C). F-ghrelin signal beyond ~130 um away from the ventricle wall
showed no significant difference between mice injected with vehicle or F-ghrelin. Thus, a high dose
of systemically-injected ghrelin is required to investigate the direct effects of the hormone on the
PVH.

4) Systemically-injected ghrelin acts on PVHOXTNOS1 gnd PVHNOST neurons. Next, we tested

if the high dose of systemically-injected ghrelin activates PVHOXT/NOS1 ' pyyHNOSL gnd PVHOXT

neurons. We found that ghrelin induced a significant increase in the fraction of PVHOXT/NOS1
(26.745.2 vs. 1.0+0.6% of all PVHOXT/NOSL) gnd PVHNOS! (25.1+8.3 vs. 0.0£0.0% of all PVHNOST)
neurons positive for c-Fos, as compared to vehicle treatment (p<0.05 for all cases, Student’s t-test)
but did not affect the fraction in PVH®XT neurons positive for c-Fos (6.2+2.1 vs. 0.2+0.2% of all
PVHO®XT), The high dose of ghrelin increased the mRNA levels of c-Fos in the PVH at 30-min post-
treatment (1.00+0.26 vs. 2.71+0.86, p<0.05, Student’s t-test), but it did not affect mMRNA levels of
Nosl and Oxt (1.00£0.19- vs. 1.11+0.17-fold and 1.00+0.10- vs. 0.931£0.09-fold, respectively) as

compared to vehicle treatment.

In order to test if the ARH is required for the ghrelin-induced increase of c-Fos in
PVHOXTNOSL gnd PVHNOST neurons, we assessed c-Fos induction in the hypothalamus of ARH-
intact and ARH-ablated mice systemically-injected with 600 pmol/g BW of ghrelin (Figure 5A).
Here, we separately estimated the fraction of PVHOXT, PVHOXTNOSI gnd PVHNOSI neurons positive
for c-Fos in the periventricular and lateral regions of the PVH, since these regions were differentially
reached by systemically-injected F-ghrelin. Here, quantitative analysis indicated that all quantified
PVHOXTINOSL  p\/HNOS1 gnd PVHOXT neurons of vehicle-treated ARH-intact and ARH-ablated mice
lacked c-Fos. We found that ghrelin treatment increased the fraction of c-Fos+ PVHOXT/NOS1
neurons in both regions of PVH of ARH-intact mice, as compared to basal levels, but not in ARH-
ablated mice, in which the fractions of c-Fos+ PVHOXTNOSL neyrons were not different than zero
(Figure 5B-C). Conversely, the high dose of ghrelin induced a similar increase in the fraction of c-
Fos+ PVHNOSI neurons in each region of PVH of ARH-intact and ARH-ablated mice (Figure 5D-
E). Ghrelin did not affect the fraction of PVH®XT neurons positive for c-Fos in any region of the PVH
of ARH-intact and ARH-ablated mice (Figure 5F-G). Thus, a high dose of systemically-injected
ghrelin activates PVHN°S! via ARH-independent mechanisms and the PVHOXTNOSL neyrons via

ARH-dependent mechanisms.

5) Ghrelin-induced activation of hypophysiotropic PVH®R" neurons involves NO signaling.

Centrally and systemically-injected ghrelin activates PVHCRH neurons in mice, in an ARH-
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independent manner 2224, Since NO activates PVHCRH neurons 4%%0, we hypothesized that ghrelin-
induced activation of PVHN®S! and PVHOXT/NOST neurons could contribute to mediate the stimulatory
action of systemically-injected ghrelin on the PVHCR" neurons. Thus, we tested if ghrelin affects
calcium levels in PVHCRH neurons using fiber photometry-based calcium assessment in a reporter
mouse model that expresses GCaMP8m selectively in such neuron type. We found that 60 pmol/g
BW of ghrelin does not affect the calcium signal in PVHCR" neurons, whereas 600 pmol/g BW of
ghrelin increased it at the 10- to 20 min post-treatment time period (Figure 6A-C). Notably,
simultaneous injection of ghrelin and the NOS inhibitor L-NAME fully abrogated the ghrelin-induced
increase of calcium signal in PVHCR" neurons. Additionally, systemically-injected ghrelin did not
affect Crh mRNA levels in the PVH at 30 min post-treatment (not shown), and we found no
evidence that L-NAME affects such ghrelin-induced increase of c-Fos in the PVH (Figure 6D).
However, the high dose of ghrelin increased plasma corticosterone concentration in mice treated
or not with L-NAME, as compared with their control groups; but the increment was smaller in mice
treated with ghrelin and L-NAME (Figure 6E) suggesting that L-NAME-mediated impairment of the

ghrelin-induced activation of PVHCRH neurons affects the overall activation of the HPA axis.
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DISCUSSION

Here, we provide a neuroanatomical and functional characterization of PVHC"SR neurons in
male mice. First, we describe that mouse PVHCHSR neurons include PVHOXTNOSL gnd PVHNOS!
neurons. Then, we show that centrally-injected ghrelin activates PVHOXTNOSL gnd PVHNOS1
neurons. Conversely, a high, but not a low, dose of systemically-injected ghrelin is required to
reach the CSF and further act into the PVH. Such high dose of systemically-injected ghrelin
activates PVHOXTNOSL gnd PVHNOS! neurons, and ghrelin-induced activation of PVHNOS neurons
occurs in an ARH-independent manner. Thus, only PVHNOS! neurons may be able to directly
respond to plasma ghrelin. Finally, we found that pharmacological inhibition of NO production
impairs ghrelin-induced activation of PVH®RH neurons suggesting that PVHN®S! neurons play a role
mediating the central stimulatory effects of ghrelin on the HPA axis.

We found that PVHC®HSR neurons are mainly PVHOXTNOSI neurons (~33%) or PVHNOSL
neurons (~10%) whereas smaller subsets of them are PVHOXT neurons (~8%), PVHAYP neurons
(~7%), PVHC®AP2 neurons (~1%) or PVH™ neurons (~1%). Thus, we revealed the phenotype of
~60% of PVHC"SR neurons. The phenotype of the remaining PVHCG"SR neurons remains unknown
but may include glutamatergic neurons, which are enriched in the PVH 5154, We estimated that the
mouse PVH contains ~2000 PVHNOS! pneurons and ~1500 PVHOXT neurons, slightly above what
was reported in previous reports 61155 Among these neurons, we found that PVHOXTNOS1 neurons
represent ~84% of all PVH®XT neurons and ~63% of all PVHNOS!, estimations that agree with
previous reports in mice ! and in rats, in which the majority of the magnocellular PVH®XT are
PVHOXTNOSL neyrons that, in turn, constitute the main PVHNOS! cell type 856-58, Here, we found Fr-
ghrelin labels ~370 NOS1+ neurons (including PVHOXTNOS1 gnd PVHNOS! neurons) and presumably
activates them since centrally-injected ghrelin induces c-Fos expression in both neuron types as
well as NOS1 phosphorylation that enhances its enzymatic activity 4748, Thus, it seems reasonable
to hypothesize that ghrelin induces local PVH NO production, although this parameter was not
assessed. We could not identify if Fr-ghrelin labels magnocellular or parvocellular PVH neurons,
as these cell types are intermingled in the mouse PVH and are hard to discriminate without
additional assessments 6. However, the analysis of a scRNAseq dataset revealed that Ghsr
expression is enriched in magnocellular PVHOXT neurons that, in turn, are mainly PVHOXT/NOS1
neurons “2. Thus, current neuroanatomical and transcriptomic analyses indicate that ghrelin can
directly target subsets of PVHOXT/NOSL gnd PVHNOSL neurons. Of note, neuroanatomical analyses
indicated that ghrelin targets larger fractions of each neuronal subset as compared to the

estimations based on the transcriptomic analyses. Neuroanatomical analyses are presumably
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more reliable as they are based on a larger sample size (~1800 cells/mouse in 5 mice vs. 146 total
cells). Transcriptomic analyses, in turn, have likely underestimated the number of Ghsr-expressing
cells due to low gene expression/copy number of Ghsr compared to a typical single-cell sequencing
depth. Indeed, low recovery rates of Ghsr-expressing cells in other available scRNAseq datasets
that included hypothalamic cells 535° prevented us from performing additional analysis of the

subsets of PVH neurons directly responsive to ghrelin.

Our results indicate that high plasma ghrelin concentrations, as those detected under
calorie restricted mice 203, are required to activate NO-producing neurons of the PVH. In particular,
we found that only high (~16.8-fold at 30-min post-treatment), but not low transient elevations in
plasma ghrelin concentration increase c-Fos expression in the entire PVH and specifically in
PVHOXTINOSL neurons and PVHNOS! neurons. The observations that only the administration of the
higher dose of systemically-injected ghrelin (or F-ghrelin) induces detectable levels of ghrelin in
the CSF, and leads to the presence of the tracer in the periventricular region of the PVH, with a
medial-to-lateral diffusion pattern, suggest that ghrelin needs to cross the blood-CSF-barrier and
reach the CSF in order to act in the PVH, as we have shown for other brain targets 2. Notably, we
also found here that centrally-injected fluorescent ghrelin labels fibers in the periventricular region
of the PVH. Although the identity of these fibers was not revealed, a previous study showed that
magnocellular PVYHOXTNOSI neyrons of rats send processes that break through the ependymal layer
of the third ventricle and contact the CSF €. Thus, ghrelin-induced activation of the PVH may also
involve some direct sensing of ghrelin present in the CSF. At the functional level, we found that
systemically-injected ghrelin increases c-Fos in PVHNOS! neurons, which are not OXT+ cells, via
ARH-independent mechanisms, whereas it increases c-Fos in PVHOXTNOSL neurons via ARH-
dependent mechanisms, despite centrally-injected Fr-ghrelin labels a subset of both types of NO-
producing neurons. The ARH-dependent ghrelin-induced activation of PVHOXTNOS1 neyrons may
involve ARHASRPINPY neyrons, which are enriched in GHSR, sense plasma ghrelin and densely
innervate the PVH 30-33, ARHAIRPINPY neyrons target a subset of NOS1-expressing PVH neurons
that expresses receptors for AQRP and NPY 6162, Also, ARHASRPINPY neyrons innervate and inhibit
a subset of PVH®XT neurons, which mediate the orexigenic effects of ARHASRPNPY neyronal
activation 20, The low dose of systemically-injected ghrelin also induces c-Fos in the ARHAIRP/NPY
neurons and feeding 3¢ but such effect does not seem to be sufficient to induce c-Fos in the PVH,
an observation that is in line with the concept that selective activation of ARHAIRPNPY neyrons
results in inhibition of food intake regulating PVH neurons 2°. These observations, together with
previous studies 24, support the notion that high doses of systemically-injected ghrelin targets a

subset of PVH neurons to activate HPA axis that is different than the subset of PVH neurons
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recruited by ARHAIRPNPY neyrons to induce food intake. Thus, ghrelin-mediated recruitment of
PVHOXTINOS1 gnd PVHNOS! neurons seems to involve not only the local action of the hormone but

also additional indirect mechanisms that remain to be studied.

It is well documented that ghrelin infusion increases plasma cortisol concentration in
humans -6, In mice, centrally- and systemically-injected ghrelin increases c-Fos in PVHCRH
neurons and plasma corticosterone levels 2. Such ghrelin-induced activation of the PVHCRH
neurons in mice is indirect, since PVHCR" neurons lack GHSR 1722 (as confirmed here), and does
not require the ARH integrity, as it is observed in ARH-ablated mice 24. Even so, the molecular
bases mediating ghrelin-induced activation of mouse PVHCR" neurons remain uncertain. Previous
studies in mice showed that ICV infusion of ghrelin increases NOS activity in the hypothalamus
and that L-NAME reduces ghrelin-induced food intake 6667, Also, NOS1 knockout (KO) mice do not
increase food intake in response to ghrelin ¢, and NOS1 inhibition blocks ghrelin’s ability to induce
reward-related behaviors in rats °. Besides, several evidences indicate that NO activates PVHCRH
neurons. For instance, NO depolarizes rat type 1l PVH neurons that include the hypophysiotropic
PVHCRH neurons 7071, In rat PVH cultures, NO induces CRH release and NOS inhibitors reduce
CRH release induced by noradrenaline, IL-1beta, IL-2 and cholinergic agonists 507273, HPA axis
activation in rats induced by adrenergic receptor agonists is reduced by L-NAME or 7-nitroindazole,
a specific NOS1 inhibitor 4. The observations that systemically-injected ghrelin can reach the PVH
and activate NOS1+ neurons led us to hypothesize that NO could mediate ghrelin-induced
activation of the PVHCRH neurons. Here, we found that L-NAME fully abrogates ghrelin-induced
increase of calcium levels in PVHCR" neurons and partially reduces ghrelin-induced increase of
plasma corticosterone levels suggesting that indeed ghrelin-induced activation of the HPA axis
involves NO signaling. Ghrelin may increase corticosterone levels, in part, via the PVHAP neurons,
a fraction of which is labeled by Fr-ghrelin and control the adrenocorticotrophic hormone release
from the pituitary 7. Also, it is possible that different experimental conditions could have made
more evident the role of NO signaling on the HPA axis activation at systemic level (e.g., use of
selective NOS1 inhibitors, higher doses, chronic treatment, etc.). Strikingly, the lack of endogenous
ghrelin signaling in genetically-modified mice was found to either impair or enhance the activation
of the PVHCRH neurons 177677, Thus, future studies are required to further investigate the extent to
which current observations in non-stressed mice treated with ghrelin also take place when

endogenous ghrelin levels fluctuate under physiological or stress conditions.

Ghrelin targets different PVH neurons and affects a variety of neurobiological mechanisms

within this hypothalamic area 278, Here, we propose that ghrelin action in the mouse PVH results
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in production of NO that has important functional implications at a local level. The NO rapidly
diffuses through the brain tissue and affects neighboring cells in a radius of ~150 um 7°, Indeed,
selective activation of NOS1-expressing neurons of the PVH using pharmacogenetics results in c-
Fos induction not only in NOS-expressing cells but also in neighboring PVH neurons 1. Thus, it is
likely that the release of NO by ~800 NOS1+ cells within the PVH in response to systemically-
injected ghrelin (as estimated based on c-Fos induction) is sufficient to impact on a significant
number of neurons and terminals within the nucleus. Here, we systemically-injected L-NAME, but
the short half-life of NO (~1-seg 7°) makes very unlikely that extra-PVH NO could impact on our
observations. It remains to be established if the putative release of NO affects the PVHCR" neurons
directly or indirectly, via regulation of GABA inputs innervating them that are known to integrate
multiple signals and shape PVHCRH neurons activity 8182, PVH GABA inputs are susceptible to NO
since the intra-PVH injections of a GABAA receptor antagonist prevent the sympathetic effects of
intra-PVH injected NO donors . Of note, we found that systemically-injected ghrelin does not
affect Nos1 mRNA levels in the PVH, but rather increases NOS1 protein phosphorylation. Also,
systemically-injected ghrelin increased intracellular calcium in PVHCRH neurons but not affect Crh
MRNA levels in the PVH, unlike our previous study showing that ICV-injected ghrelin increases
Crh mRNA levels in the PVH 22, Conversely, systemically-injected ghrelin increases c-Fos mRNA
levels in the PVH. Thus, it seems that systemic ghrelin treatment primarily induces rapid regulatory
effects in the signaling pathways of the PVH but not gene expression, which was restricted to c-

Fos, a transcription factor that likely modulates later transcriptional effects in PVH neurons.

In summary, current studies help to gain insights regarding the neurobiological basis by
which ghrelin acts in the PVH and activates the HPA axis in male mice. It is important to highlight
that the current study was performed on exclusively males because ghrelin is known to display
stronger orexigenic effects in males than in females, in both rats and mice 848, However, the HPA
axis usually mediates more rapid and greater responses in females . Thus, future studies should
be performed to investigate if the reported observations regarding to the action of ghrelin in the

PVH involve any type of sex dependent differences.
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Figure 1. A. Schematic diagrams from the Mouse Brain Atlas 4°> showing coronal brain sections
containing different rostro-caudal levels of the PVH (between bregma -0.58 mm and -1.22 mm). B.
Representative images of coronal brain sections containing the PVH of WT mice ICV-injected with
Fr-ghrelin (pseudo-colored to cyan). Subdivisions of the PVH are overlayed following the
delineation described in the Mouse Brain Atlas #°. fx: fornix, PaAP: PVH anterior parvicellular part,
PaDC: PVH dorsal cap, PaLM: PVH lateral magnocellular part, PaMM: PVH medial magnocellular
part, PaMP: PVH medial parvicellular part, PaPo: PVH posterior part, PaV: PVH ventral part, pe:
periventricular hypothalamic nucleus, V: third ventricle. C-E. Representative high magnification
images of Fr-ghrelin+ cells in the PVH (C) and fiber-like structures in the periventricular region of
the PVH of WT mice ICV-injected with Fr-ghrelin (D-E). Arrows point to Fr-ghrelin+ cells and arrow-
heads point to Fr-ghrelin+ fiber-like structures. F. Representative images of brain coronal sections
containing the PVH of Gad29Toma (red) or WT mice ICV-injected with Fr-ghrelin subjected to a
fluorescent immunostaining against diverse neuropeptides including CRH, TRH, AVP, NT, TH,
OXT or NOS1 (red), respectively. Insets depict high magnification of areas marked in low
magnification images. Arrows point dual-labelled cells (Fr-ghrelin/OXT+ or Fr-ghrelin/NOS1+) and
arrow-heads point single-labelled cells (OXT+ or NOS1+). Scale bars: 100 um (low magnification)

and 20 um (high magnification). Cell nuclei labelled with Hoechst (blue).

Figure 2. A. Representative images of coronal brain sections containing the PVH of WT
mice ICV-injected with Fr-ghrelin (pseudo-colored to cyan) and subjected to a double-fluorescent
immunostaining against OXT (red) and NOS1 (green). Inset depict a high magnification of the area
marked in low magnification image. Arrows point to triple-labelled cells (Fr-ghrelinfOXT/NOS1+).
Scale bars: 50 um (low magnification) and 20 um (high magnification). Cell nuclei labelled with
Hoechst (blue). B. Venn diagram of Fr-ghrelin+, OXT+ and NOS1+ cells in the PVH of mice. C-E.
Plots of relative gene expression of Ghsr (C), Oxt (D) and Nosl (E) in neurons classified as
magnocellular or parvocellular, taken from the dataset of Lewis et al. 2. Cyan circles represent
neurons with non-zero relative expression (at least one read) for Ghsr. F. Venn diagram of
magnocellular neurons from the same dataset, classified as Ghsr+, Oxt+ and/or Nosl1+ when

presenting a relative expression greater than zero for each respective gene. Venn diagrams were

generated using eulerr (https://cran.r-project.org/package=eulerr) & in order to have the areas of

circles and their intersections proportional to the number of neurons in each subgroup.

Figure 3. A. Representative images of brain coronal sections containing the PVH of WT

mice ICV-injected with vehicle or ghrelin, respectively, subjected to a triple-immunostaining against
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c-Fos (white), OXT (red) or NOSL1 (green). Insets depict a high magnification image of the areas
marked in low magnification images. Arrows point to triple-labelled cells (c-Fos/OXT/NOS1+ cells)
and arrow-heads point c-Fos+ cells. Scale bars: 50 um (low magnification) and 20 um (high
magnification). Cell nuclei labelled with Hoechst (blue). B. Representative greyscale images of
coronal brain sections containing the PVH of WT mice ICV-injected with vehicle or ghrelin,
respectively, perfused 15 min later and subjected to a chromogenic immunostaining against
phospho-NOSL. Insets depict a high magnification image of the areas marked in low magnification
images. Arrows point to phospho-NOS1+ cells. Scale bars: 50 um (low magnification) and 20 pum
(high magnification). C. Bar graph displaying the quantitative analysis of the number of phospho-
NOS1+ cells in the PVH of WT mice ICV-injected with vehicle or ghrelin, respectively, and perfused
15, 30 or 120 min later. Data represent the mean+SEM and were compared by One-way ANOVA
[Frreat(3,9) = 59.06, p<0.0001] followed by Tukey's multiple comparisons tests. *** p<0.001 vs

vehicle-treated group.

Figure 4. A. Representative images of coronal brain sections containing the PVH of WT
mice SC-injected with vehicle, 60 pmol/g BW or 600 pmol/g BW of ghrelin, respectively, and
subjected to a chromogenic immunostaining against c-Fos (black/purple). Scale bars: 100 um. B.
Pseudo-colored images of coronal brain sections containing the PVH of WT mice SC-injected with
vehicle or F-ghrelin 600 pmol/g BW, respectively, and subjected to a chromogenic immunostaining
against fluorescein. Scale bars: 100 um. C. Line graph displaying the quantitative analysis of the
optical density signal in a 300 ym box length placed over the PVH as shown in panel B. Data
represent the mean+SEM and were compared by unpaired Student's t-test with Welch correction.

*, p<0.05 vs vehicle-treated group.

Figure 5. A. Representative images of coronal brain sections containing the PVH of ARH-
intact or ARH-ablated mice SC-injected with vehicle or 600 pmol/g BW of ghrelin, respectively,
subjected to a triple-immunostaining against c-Fos (white), OXT (red) or NOS1 (green). Insets
depict a high magnification image of the areas marked in low magnification images. Arrows point
to triple-labelled cells (c-Fos/OXT/NOS1+ cells) and arrow-heads point to c-Fos+ cells. Scale bars:
50 um (low magnification) and 20 um (high magnification). Cell nuclei labelled with Hoechst (blue).
B-G. Bar graphs displaying the quantitative analysis of the percentage of PVHOXT/NOSL  p\/HNOS1
and PVHOXT neurons positive for c-Fos in the periventricular (B, D and F) or lateral region (C, E
and G) of the PVH, respectively, of ARH-intact or ARH-ablated mice SC-treated with 600 pmol/g
BW of ghrelin. Data represent as mean+SEM. Data of each neuronal set and in each PVH region

were compared using both one-sample t-test vs. 0 %. to test if groups responded to ghrelin
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(comparisons labeled in red **, p<0.01 and *, p<0.05), and unpaired Student's t-test to test if the

magnitude of responses were different (comparison labeled in blue #, p<0.05).

Figure 6. A. Schematic view of the fiber photometry system used for recording GCaMP8m-
expressing CRH neurons signal in the mouse PVH. B. Line graph displaying the quantitative
analysis of the relative changes in fluorescence in the PVH of Crh-cre mice intra-PVH injected with
a AAV.DIO-GCaMP8m virus and IP-treated with vehicle, ghrelin 60 pmol/g BW, ghrelin 600 pmol/g
BW or ghrelin 600 pmol/g BW + L-NAME. The arrow indicates the time at which IP injections were
performed and the dotted line indicates the time period in which fluorescence was analyzed and
compared (shown in C). C. Bar graph showing the quantitative analysis of the relative changes in
fluorescence from 10 to 20 min after IP-treatment in B. Data represent the mean+SEM and were
compared by One-way ANOVA [Fyea(3,16) = 2.494, p=0.0971] followed by Fisher's LSD test (*,
p<0.05). D-E. Bar graphs displaying the quantitative analysis of the total number of c-Fos+ cells in
the PVH (D) and plasma corticosterone levels (E) of WT mice SC-treated with vehicle, L-NAME
(10 ug/g BW), ghrelin (600 pmol/g BW), or ghrelin (600 pmol/g BW) + L-NAME (10 ug/g BW). Data
represent the meantSEM and were compared by One-way ANOVA (in D [Feat(3,14) = 13.42,
p=0.0002]); in E [Freat(3,25) = 64.53, p<0.0001] followed by Tukey's multiple comparisons tests.
*** p<0.001 and **, p<0.01, vs vehicle- and L-NAME-treated group; #, p<0.05, vs ghrelin-treated

group.
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