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ABSTRACT 

 

Objective: Ghrelin is a potently orexigenic hormone, and a putative target mediating 

ghrelin’s effects on food intake is the lateral hypothalamic area (LHA). Since the 

neurobiological basis of ghrelin’s actions in the hypothalamic area have been poorly studied, 

we aimed to investigate the presence of neurons expressing ghrelin receptor (a.k.a. growth 

hormone secretagogue receptor, GHSR) in the mouse LHA (LHAGHSR neurons), its 

physiological implications and the neuronal circuit recruited by local ghrelin action. 

Methods: We investigated the distribution of LHAGHSR neurons using different 

histologic strategies, including reporter mice expressing enhanced green fluorescent protein 

under the control of the GHSR promoter. Also, we investigated the physiological implications 

of local action of ghrelin within the LHA, and the extent to which the orexigenic effect of intra-

LHA injected ghrelin involves the arcuate nucleus (ARH) and orexin neurons of the LHA 

(LHAorexin neurons) 

Results: We found that: 1) LHAGHSR neurons are homogeneously distributed 

throughout the entire LHA; 2) intra-LHA injections of ghrelin transiently increase food intake 

and locomotor activity; 3) ghrelin’s orexigenic effect in the LHA involves the indirect 

recruitment of LHAorexin neurons and the activation of ARH neurons; and 4) LHAGHSR 

neurons are not targeted by plasma ghrelin.  

Conclusions: We provide a compelling neuroanatomical and functional 

characterization of LHAGHSR neurons in male mice that indicates that LHAGHSR cells are part 

of a hypothalamic neuronal circuit that potently induces food intake. 
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INTRODUCTION 

 

The stomach-derived acylated peptide ghrelin is recognized as the most potently 

known orexigenic hormone [1]. A ghrelin bolus in satiated humans has consistently been 

shown to increase appetite sensations and food intake [2]. Also, a single systemic injection 

of ghrelin induces a rapid and robust increase of food intake in ad libitum fed mice and other 

rodent species [3]. Such a potent orexigenic effect has made ghrelin an attractive candidate 

for therapeutics aimed to treat conditions in which increasing caloric intake is important, 

such as anorexia nervosa or cancer-induced cachexia [4]. However, taking advantage of 

ghrelin’s orexigenic effects has been challenging as ghrelin also affects a plethora of other 

physiological processes including the neuroendocrine axis, glucose homeostasis, and 

complex cognitive functions, such as reward-related behaviors [1, 5, 6]. Thus, understanding 

the precise neurobiological basis mediating ghrelin’s orexigenic effects is crucial for the 

development of selective ghrelin mimetics displaying minimal unwanted effects. 

 

 The neuronal circuits and the molecular mechanisms mediating ghrelin’s orexigenic 

effects have been extensively studied in the past decades [3, 7–9]. Ghrelin acts via the 

growth hormone secretagogue receptor (GHSR), which is highly expressed in most brain 

areas known to regulate food intake [10]. For instance, it is well established that ghrelin-

induced food intake involves hypothalamic arcuate nucleus (ARH) neurons producing the 

orexigenic neuropeptides neuropeptide Y (NPY) and agouti-related protein (AgRP), 

hereafter named ARHNPY/AgRP neurons, which highly express GHSR and sense plasma 

ghrelin levels [3, 7, 8, 11]. Also, ghrelin regulates food intake by recruiting neuronal sets of 

the mesolimbic pathway, including the dopamine neurons of the ventral tegmental area 

(VTA) [12, 13], and affecting food reward-related behaviors [5, 14]. On top of these more 

systematically investigated targets mediating ghrelin’s orexigenic effects, ghrelin has been 

shown to be able to locally act in some specific brain regions of rodents to induce feeding 

[15, 16]. In this regard, some studies showed that local injection of ghrelin in the lateral 

hypothalamic area (LHA) induces feeding [17, 18]. A putative role for the LHA mediating 

ghrelin’s orexigenic effects is not surprising as this hypothalamic area has been classically 

recognized as a “feeding center” based on the seminal studies published in the 50s showing 

that bilateral LHA lesion in rats induces aphagia [19, 20]. However, the neuronal circuit 

mediating the orexigenic effect of ghrelin in the LHA and its implications as a target of ghrelin 

have been investigated in very few studies. 
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The LHA is a large hypothalamic region comprised of multiple and partially 

segregated cell types that, in turn, are interconnected with numerous intra- and extra-

hypothalamic centers [21–23]. GHSR mRNA was found in the LHA of rats using either in 

situ hybridization histochemistry (ISHH) [24, 25] or qPCR [17]. The study of the presence of 

GHSR in the mouse LHA, however, have resulted in controversial observations. Our initial 

analysis of the distribution of GHSR mRNA throughout the entire mouse brain using ISHH 

did not reveal labeling in the LHA [26]. Conversely, we did observe fluorescent neurons in 

the LHA of reporter mice generated by crossing a GHSR-Cre mouse line, which express 

Cre recombinase under the control of GHSR promoter, with different reporter mice [27]. It 

seems evident that confirming the presence of the GHSR-expressing neurons in the mouse 

LHA, hereafter named LHAGHSR neurons, is important as mouse models have been 

instrumental to decipher the neuronal circuits that control food intake in mammals. In order 

to precisely establish the presence and neuroanatomical distribution of the LHAGHSR 

neurons in mice, the current study takes advantage of a reporter mouse line that expresses 

enhanced green fluorescent protein (eGFP) in GHSR-expressing cells (GHSReGFP mice), 

which have been validated by us in the past, but not used to explicitly analyze the LHA [28]. 

 

In rats, intra-LHA infusion of ghrelin increases food intake [18, 29], and centrally-

injected ghrelin increases the expression of the marker of cellular activation c-Fos in the 

LHA [18, 30, 31]. In mice, centrally-injected ghrelin also induces c-Fos in the LHA [32]. To 

our knowledge, however, the ability of ghrelin to directly act in the mouse LHA and its 

functional implications have not been reported. Importantly, studies in mice have 

systematically shown that some of ghrelin’s actions involve the orexin neurons of the LHA, 

hereafter named LHAorexin neurons and a.k.a. hypocretin neurons. For instance, centrally-

injected ghrelin induces c-Fos in LHAorexin neurons [30, 33] and the orexigenic effect of 

centrally-injected ghrelin is reduced in wild-type mice treated with anti-orexin antibodies and 

in orexin-knock out mice [30]. In addition, ghrelin actions enhancing either the motivation for 

high-fat diet or it´s rewarding value are impaired in mice with pharmacological or genetic 

blockage of the LHAorexin signaling [34]. Thus, the current study was aimed to investigate 

the role of the LHA as a target of ghrelin in mice and to specifically assess the extent to 

which LHAorexin neurons are involved in such actions.  



5 
 

MATERIALS AND METHODS  

 

1. Animals. Adult male (8-10-week-old) Mus musculus mice produced at the IMBICE 

or UT Southwestern Medical Center animal facilities were used for the study. Housing 

temperature (21±1°C) and photoperiod (12-hour light/dark cycle from 7:00 to 19:00 h) were 

controlled and regular chow and water were available ad libitum, except when indicated. 

Experimental mice included: 1) Wild-type (WT) C57BL/6 mice; 2) GHSReGFP mice (Mutant 

Mouse Resource & Research Center, Tg(Ghsr)-EGFP KZ65Gsat; Stock 030942), which 

express eGFP under the control of GHSR promoter [28], 3) NPY-humanized Renilla 

reniformis GFP (NPYhrGFP) mice (Jackson Laboratory, Stock 006417), which express the 

hrGFP under the control of NPY promoter [35] and 4) GHSReGFP/Gad2tdTomato mice, which 

express eGFP in GHSR-expressing cells and tdTomato fluorescent protein in glutamate 

decarboxylase 2 (Gad2)-expressing gamma-aminobutyric acid (GABA) cells. 

GHSReGFP/Gad2tdTomato mice were generated by crossing Gad2tdTomato mice and GHSReGFP 

mice. Gad2tdTomato mice were, in turn, generated from crosses between the Ai14 reporter 

mice (Allen Institute, 129S6-Gt(ROSA)26Sortm14(CAGtdTomato)Hze/J; Stock 007908) mice [36, 

37] and Gad2-CreER mice (Jackson Laboratory, Gad2tm1(cre/ERT2)Zjh/J; Stock 010702), which 

express a tamoxifen-inducible Cre recombinase under the control of Gad2 promoter [38]. 

Adult GHSReGFP/Gad2tdTomato mice received daily injections of tamoxifen (Sigma-Aldrich, 

cat. T5648; 70 mg/kg body weight (BW), intraperitoneal (IP)) for 3 consecutive days to 

induce the Cre recombination, and used 3 weeks later. All genetically modified mice were 

backcrossed for more than 10 generations onto a C57BL/6 genetic background. In order to 

generate ARH-ablated mice, 4-day-old WT pups were subcutaneously injected with 

monosodium glutamate (2 mg/g BW, Sigma-Aldrich, Cat. G1626) or saline (ARH-intact 

mice). The ablation of the ARH was histologically confirmed, as previously described [32] 

All protocols received approval from the Institutional Animal Care and Use Committee of the 

IMBICE and UT Southwestern Medical Center. 

 

2. Perfusion and processing of brain samples. Mice were anesthetized and perfused 

using formalin, as previously described [39]. Then, brains were removed, post-fixed in 

formalin for 2 h at 4°C and immersed in 20% sucrose in phosphate-buffered saline (PBS, 

pH 7.4), at 4°C overnight. Next day, brains were frozen and serially cut on a cryostat into 
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four interleaving equivalent series of 40 μm coronal sections. Brain sections were stored in 

cryopreservant solution at −20°C until further histological processing. 

 

3. In situ hybridization histochemistry (ISHH) for GHSR. Brain sections were 

subjected ISHH using procedures reported previously [28]. Briefly, sections were pretreated 

with 0.1% sodium borohydride for 15 minutes at room temperature. After washing, sections 

were rinsed in 0.1 M triethanolamine (TEA, pH 8.0), incubated in 0.25% acetic anhydride in 

0.1 M TEA for 10 min, then washed again in 2X saline-sodium citrate buffer (SSC). Sections 

were then incubated at 50°C for 16 h with 33P-labeled mouse GHSR riboprobe diluted to 

106 cpm/mL in hybridization solution [40]. Subsequently, sections were rinsed in 4X SSC 

and incubated in 0.002% RNase A solution for 30 min at 37°C. Sections were then rinsed in 

2X SSC and submitted to sequential stringency washes with 2X SSC and 0.2X SSC for 1 h 

each at 55°C. Next, sections were mounted onto SuperFrost slides, air dried and placed in 

an X-ray cassette with BMR-2 film (Kodak) for 3 days. Following film development and 

confirmation of signals on autoradiographic films, slides were dipped in NTB2 photographic 

emulsion (Kodak) and stored in the dark at 4°C for 2 weeks. The slides were then developed 

with D-19 developer (Kodak) to precipitate the silver granules, stained with thionin label 

nucleus, dehydrated in graded ethanol solution, cleared with xylenes and cover-slipped with 

Permount mounting medium. The presence of cells labeled for GHSR mRNA was 

determined by the visualization of silver granules overlying the thionin-stained nuclei at 3x 

the background density of silver granule deposition. 

 

4. Immunostainings. For fluorescent immunostaining, brain sections were treated 

with blocking solution (2% normal donkey serum and 0.25% Triton X-100 in PBS) and 

incubated with primary antibody (Supplementary Table 1) for 48 h at 4°C. Then, sections 

were incubated with secondary antibody for 2 h at room temperature (Supplementary Table 

2). Finally, sections were mounted on glass slides and coverslipped with mounting media. 

For chromogenic immunostaining, brain sections were pretreated with 0.5% H2O2, treated 

with blocking solution and incubated with a primary antibody (Supplementary Table 1) for 

48 h at 4°C. Then, sections were incubated with a biotinylated secondary antibody 

(Supplementary Table 2) for 1 h at room temperature and with avidin-peroxidase complex 

(Vectastain Elite ABC kit, Vector Laboratories, cat. PK6200) for 1 h, according to 

manufacturer’s protocols. Then, visible signal was developed with 3-3′-diaminobenzidine 

(DAB, Sigma Aldrich, cat. D8001), giving a brown precipitate that was only observed in 
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labeled cells. Afterwards, sections were mounted on glass slides and coverslipped with 

mounting media. For double c-Fos/orexin, c-Fos/tyrosine hydroxylase (TH) or c-Fos/eGFP 

chromogenic immunostaining, brain sections of WT (for c-Fos/orexin or c-Fos/TH) or 

GHSReGFP (for c-Fos/eGFP) mice were immunostained for c-Fos as described above but 

the signal was developed with DAB/nickel in order to have a black nuclear precipitate in c-

Fos+ cells. Next, c-Fos immunostained sections were used for a second chromogenic 

staining using another primary antibody (anti-orexin, anti-TH or anti-eGFP) and developing 

the immunoreactive signal with DAB without nickel in order to produce a brown 

cytoplasmatic precipitate in cells positive for orexin, TH or eGFP. 

 

5. Neuroanatomical analysis of eGFP+ cells in the LHA of GHSReGFP mice. The 

distribution and the number of eGFP+ cells in the LHA were evaluated in a series of brain 

sections of GHSReGFP mice (n=15) subjected to chromogenic immunostaining against 

eGFP. In addition, four series of brain sections of GHSReGFP mice (n=2) were processed for 

chromogenic immunostaining against eGFP. In this case, each series was separately 

mounted, and microphotographed. Imaging was performed at low magnification, to capture 

the neuroanatomical landmarks, and at intermediate magnification to resolve cellular 

distribution within the LHA. Images were flat-field corrected and assembled into low and 

intermediate magnification mosaics using Fiji. For analysis, low magnification mosaics were 

sequentially loaded into trakEM2, following their original rostro-caudal order [41]. Then, 

intermediate magnification mosaics were registered within each section, producing a 

complete 3D volume of a hypothalamic segment containing the entire LHA. Afterwards, the 

LHA was delineated using the Allen Mouse Brain Atlas and the position of each eGFP+ cell 

within the LHA was manually annotated. In order to estimate the total number of LHAeGFP+ 

cells, all cells containing brown cytoplasmic staining were quantified. The spatial distribution 

of LHAeGFP+ cells was inspected for 3D clustering patterns using the DBSCAN algorithm [42] 

implemented in Fiji as a macro. Algorithm parameters used for the clustering were minPts=4 

and Eps=60 µm, based on the analysis of the distribution of n-distances and preliminary 

scans. All delineated structures and cells were exported as 3D models and imported into 

Blender (http://www.blender.org/) for volumetric rendering. In order to compare if the spatial 

distribution of LHAeGFP+ cells was conserved between both GHSReGFP mice, images 

containing the LHAeGFP+ cells each mouse were imported into DeepSlice to aligned the 

slices in the Allen Mouse Brain Common Coordinate Framework [43], which allows to adjust 
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the antero-posterior position, angle, rotation and scale of the images. Next, aligned data sets 

were mapped in Fiji using a brain-surface shape descriptor from Allen Mouse Brain Atlas to 

compare them in the same anatomic coordinate system. 

 

             6. Dual-label ISHH and immunostaining against eGFP or orexin. Brains sections in 

of GHSReGFP mice or WT mice were subjected sequentially to ISHH against GHSR mRNA 

and next immunostaining against eGFP or orexin, respectively, using the procedures 

described above and as previously reported in detail [28]. The criteria used to determine if 

an LHAeGFP+ or LHAorexin+ cell expressed GHSR mRNA was visualization of silver granules 

overlying the brown DAB precipitate at 3x the background density of silver granule 

deposition, which was estimated in a brain region known to lack GHSR expression. 

 

7. Effect of intra-LHA injected ghrelin on mouse behavior. For intra-LHA treatment, 

mice were first stereotaxically implanted with a double indwelling bilateral guide cannula 

(Plastics One) above the LHA. Placement coordinates were: 1) antero-posterior: -1.58 mm, 

which is centered in the antero-posterior axis of the LHA, 2) lateral: ±1.0 mm, and 3) ventral: 

-2.50 mm. The location of the injectors avoids LHA damage and allows the diffusion of 

injected ghrelin into both LHA. After surgery, mice were individually housed (home cages: 

19 x 28 x 13 cm), allowed to recover and accustomed to handling by removal of the dummy 

cannula for 5 days before experiments. On the test day, mice were intra-LHA injected with 

0.2 µL of vehicle (artificial cerebrospinal fluid (aCSF) containing FluoSpheres 0.25% (Red 

Fluorescent, Invitrogen, cat# F8793) with or without 30 pmol/side of ghrelin (Global 

Peptides, cat. PI-G-03). Each mouse was used for a single assessment of either food intake 

or exploratory activity, and for two assessments of oxygen consumption, in a cross over 

fashion (see below). The accuracy of LHA injections was verified post-mortem. Only mice 

with visible bilateral tracts of injectors ~500 µm above the LHA and FluoSpheres observed 

exclusively in the LHA were included in the analysis. All testing was conducted during 

between 10:00 am and 2:00 pm. 

Food intake assessment. Initially, food pellets were removed from the cage hoppers 

and the bedding was confirmed to be free of chow remains. Intra-LHA-injected mice were 

exposed to a pre-weighed chow pellet (~1500 mg) on the floor of the home cage. At 30-, 60- 

and 120-min posttreatment, chow pellets were collected and weighed in a calibrated scale 

with 1 mg precision. Food intake was calculated subtracting the remaining weight to the 

initial weight of pellets, and expressed in mg. Food intake was assessed in three 
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experiments testing: a) WT mice intra-LHA injected with vehicle (n=5) or ghrelin (n=6); b) 

ARH-intact and ARH-ablated mice intra-LHA injected with vehicle (n=4 and 5, respectively) 

or ghrelin (n=4 and 6, respectively); and c) NPYhrGFP mice pretreated with the orexin 1 

receptor antagonist SB-334867 (5 mg/g BW Tocris, cat. 1960, IP) and 30 min later intra-

LHA injected with vehicle or ghrelin (vehicle/vehicle n=4, vehicle/ghrelin n=4, SB-

334867/vehicle n=4, SB-334867/ghrelin n=6). 

           Activity assessment. Here, home cages were placed in a ventilated and acoustically 

isolated monitoring box (55 x 35 x 90 cm) equipped with an overhead camera and dimmable 

LED illumination. WT mice intra-LHA-injected with ghrelin (n=9) or vehicle (n=7) without 

access to food were recorded. Locomotor activity was assessed over 60 min and expressed 

in centimeters (cm). Exploratory behaviors were scored 10 min after intra-LHA injections 

and included rearing (standing on rear limbs), grooming (licking, scratching and nibbling), 

seeking and digging. Exploratory behaviors were expressed as the total time performing 

each behavior. 

Oxygen consumption assessment. Here, WT mice (n=10) implanted with intra-LHA 

guide cannulas were place in the Oxyman/Comprehensive Lab Animal Monitoring System 

(CLAMS, Columbus Instruments, Columbus, OH, USA) for 3 days for acclimation. On the 

second- and third-days, mice were intra-LHA-injected with either vehicle and ghrelin, and 

oxygen consumption was continuously recorded for 60 min in mice that were kept without 

access to food. Oxygen consumption was estimated as the average of the 15-min time 

periods and expressed in ml/Kg/h. 

 

8. Phenotypical characterization of eGFP+ neurons of the LHA of GHSReGFP mice. 

These analyses were performed in: a) naïve GHSReGFP mice (n=6); b) GHSReGFP mice that 

had been intracerebroventricularly (ICV) pretreated with colchicine (16 µg/mouse) 48-h 

before perfusion (n=7) and c) GHSReGFP/Gad2tdTomato mice (n=3). All brain sections were 

used for fluorescent immunostaining against eGFP using a goat anti-eGFP antibody and a 

green secondary antibody, as described above. Next, sections of naïve GHSReGFP mice 

were used for red fluorescent immunostaining using either anti-neuronal nitric oxide 

synthase (anti-nNOS), anti-melanin concentrating hormone (anti-MCH) or anti-parvalbumin 

(see Supplementary Table 1 for details). Sections of colchicine-treated GHSReGFP mice 

were used for red fluorescent immunostaining using either anti-neurotensin, anti-

somatostatin, anti-oxytocin, anti-thyrotropin-releasing hormone (anti-TRH) or anti-galanin 

antibodies (see Supplementary Table 1 for details). Sections of GHSReGFP/Gad2tdTomato 
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mice were immunostained only against eGFP. Brain sections were sequentially mounted on 

glass slides, cover-slipped with mounting media containing Hoechst and used to acquire 

fluorescent images of the LHA. For each LHA, the total number of eGFP+ and/or red 

fluorescent cells were quantified. Results were expressed as a percentage, which 

represents cells positive for both eGFP and a given red signal as compared to the total 

number of eGFP+ cells. 

 

9. Responsiveness of LHA neurons to systemic or central ghrelin treatments. For 

systemic treatment, mice were subcutaneously- (SC) injected with PBS alone (n=3) or 

containing 600 pmol/g BW of ghrelin (n=4), dose that elevates plasma ghrelin levels to 

concentrations reached under calorie restriction and increases food intake [44]. For central 

treatment, a single-indwelling guide cannula (Plastics One) was stereotaxically implanted 

into the lateral ventricle, as described in the past [45], one week before the study. Placement 

coordinates were: antero-posterior: −0.34 mm; lateral: ±1 mm and ventral: −2.3 mm. Here, 

mice were ICV-injected with 2μl of aCSF alone (n=3) or containing 300 pmol/mouse of 

ghrelin (n=6). All mice were perfused 2 h after treatment, and brain sections were obtained 

as described above and used for double c-Fos/eGFP immunostaining. Correct location of 

ICV cannula injectors was verified at the end of the experiment by histological analysis. 

 

10. Labeling with fluorescent ghrelin (Fr-ghrelin). Fr-ghrelin is a variant of ghrelin 

conjugated to DY-647P fluorophore through a C-terminal Cys, which we have reported in 

the past [46]. For systemic administration, WT mice were SC-injected with vehicle alone 

(n=4) or containing 1200 pmol/g BW of Fr-ghrelin (n=3). For central administration, mice 

were ICV-injected with 2 μl of vehicle alone (n=3) or containing 60 pmol/mouse of Fr-ghrelin 

(n=6). The chosen dose of Fr-ghrelin are the minimum amounts of tracer that can be directly 

visualized in the mouse brain [46]. Mice were perfused at 15 min after treatment, and their 

brains were processed to generate coronal brain sections, as described above. 

 

11. Calorie restriction protocol. GHSReGFP mice were kept ad libitum fed (n=4) or 

calorie restricted for 5 days (n=7). For calorie restriction, body weight and overnight food 

intake of a subset of mice were initially daily monitored. Then, mice were fed with 40% of 

their daily food intake for 5 consecutive days at 11:00 h. Between 9:00 h and 11:00 h of the 

sixth day, calorie restricted mice were perfused, and brain sections used for c-Fos/eGFP 

immunostaining as described above. 
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12. Images acquisition and neuroanatomical analysis. Sections used for ISHH and/or 

chromogenic immunostaining were photographed with a bright-field Nikon Eclipse 50i 

microscope and a DS-Ri1 Nikon digital camera with a 0.45× adapter using 10×/0.3 and 

40×/0.95 objectives. Sections used for fluorescent labeling were photographed using a Zeiss 

AxioObserver D1 equipped with an Apotome.2 structured illumination module, an AxioCam 

506 monochrome camera, and 10×/0.45 and 40×/0.95 objectives. Emission filters were 400-

550 nm for Alexa Fluor 488 (excitation 450-490 nm), 665-715 nm for Fr-ghrelin (excitation 

625-655 nm), 570-640 nm for Alexa Fluor 594 or TdTomato (excitation 533-558 nm) and 

420-470 nm for Hoechst (excitation 335-383 nm). All images were taken under the same 

optical and light conditions and were loaded into Fiji software for analysis. Quantitative 

analyses were performed in sections from bregma −0.34 to −2.80 mm, which includes the 

entire LHA [47]. A mouse brain atlas [48] was used to identify the anatomical limits of the 

LHA. All quantifications were bilaterally performed and corrected for double counting, 

according to Abercrombie’s method [49], where the ratio of the actual number of cells to the 

observed number is represented by T/(T+h) where T=section thickness, and h=mean 

diameter of cells. For this, eGFP+ cell diameter of at least 30 cells was quantified using Fiji. 

 

13. Statistical analyses. Normal distribution of data was tested using the D’Agostino 

& Pearson test. When a normal distribution was found, data were expressed as the mean ± 

standard error of the mean (SEM), and the experimental groups were compared with 

Student’s unpaired t tests or one-way or two-way ANOVA, depending on the number of 

groups or experimental design. In this case, outliers were detected using the ROUT method 

and were excluded from the analysis (n=3). When a normal distribution was not found, data 

were expressed as median ± interquartile range and compared with the non-parametric 

Mann-Whitney or Kruskal-Wallis test. Tests used for each comparison are indicated in each 

figure legends. Differences were considered statistically significant when p<0.05. Of note, 

no significant differences (P > 0.09) were observed in c-Fos induction in the ARH or the LHA 

between mice SC- or ICV-treated with vehicle and thus the data were pooled and termed 

the vehicle-treated group. Statistical analyses were conducted using GraphPad Prism 9.0. 
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RESULTS 

 

Neuroanatomical analysis of LHAGHSR neurons. Our ISHH experiments using a probe 

against GHSR mRNA as well as the analysis of ISHH data reported by the Allen Mouse 

Brain Atlas [50] revealed the presence of LHAGHSR cells in brain sections of WT mice (Figure 

1A-B). Immunostaining against eGFP in brain sections of GHSReGFP mice also revealed the 

presence of LHAeGFP+ cells (Figure 1C). In order to test if the GHSReGFP mouse line was 

an accurate reporter model to study LHAGHSR cells, we performed ISHH to identify LHAGHSR 

cells and brown chromogenic immunostaining to visualize LHAeGFP+ cells in GHSReGFP mice 

(Figure 1D). The quantitative analysis indicated that LHAGHSR/LHAeGFP cells represented 

78±5 % of the total LHAeGFP+ cells. Thus, GHSReGFP mice are an accurate tool to investigate 

LHAGHSR neurons. Then, another set of brain sections of GHSReGFP mice was used for a 

chromogenic staining against eGFP and a detailed neuroanatomical analysis of the 

distribution and cytoarchitectonic features of LHAeGFP+ cells throughout the rostro-caudal 

axis of the nucleus. Most LHAeGFP+ cells displayed an ovoid soma of 10±0.2 µm of diameter 

and two or three short sparsely branched fibers, independently of the rostro-caudal level 

(Figure 1E). The quantitative analysis revealed the presence of a total of 815±177 LHAeGFP+ 

cells per mouse (Figure 1F). In order to gain more insights about the distribution of the 

LHAeGFP+ cells, we computationally mapped their position. For this, we aligned and 

performed a 3D reconstruction of a complete series of brain sections and, after that, 

extracted the localization of the LHAeGFP+ cells from the images (Figure 2A-D). The analysis 

of 3D distribution of LHAeGFP+ cells indicated that they are homogeneously distributed within 

the LHA. As we have done in the past [45], we also performed a clustering analysis on 

LHAeGFP+ cell coordinates using the DBSCAN algorithm and could not find evidence of 

distinct clusters of LHAeGFP+ cells. Of note, we performed an additional 3D map of the 

distribution of the LHAeGFP+ cells within another GHSReGFP mouse and found similar results 

(Supp Figure 1). 

 

Ghrelin action in the LHA. Next, we investigated the physiological implications of the 

local bilateral action of ghrelin in the LHA (Figure 3A). In mice with access to food, intra-

LHA-injected ghrelin induced a transient ~10-fold increase of food intake at 30-min post-

treatment (Figure 3B). In mice without access to food, intra-LHA-injected ghrelin induced a 

transient increase of locomotor activity (Figure 3C). In contrast, intra-LHA-injected ghrelin 
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did not affect digging, rearing, jumping or grooming behaviors nor oxygen consumption 

(Figure 3D-H). 

 

Neuronal circuit mediating the orexigenic actions of ghrelin in the LHA. In order to 

clarify the brain targets recruited by ghrelin action in the LHA, we assessed c-Fos in brain 

regions heavily innervated by LHA neurons of mice intra-LHA-injected with ghrelin or 

vehicle. Here, we performed a double immunostaining against c-Fos, which was visualized 

as a black purple precipitate (c-Fos+), and TH, which was visualized as a brown precipitate 

(TH+) and used to identify dopamine neurons of the VTA that are a known target of LHA 

neurons [51]. We found that intra-LHA-injected ghrelin induced a ~2-fold increase of the 

number of c-Fos+ cells in the ARH, as compared to intra-LHA-injected vehicle (54±11 vs. 

25±5 c-Fos+ cells/slice respectively, unpaired t-test, p=0.04), whereas it did not affect the 

number of c-Fos+ cells in LHA (see below), the nucleus accumbens (Acb), the VTA, the bed 

nucleus of the stria terminalis (BNST), the hypothalamic paraventricular nucleus (PVH), the 

lateral habenula (LHb), the thalamic paraventricular nucleus (PVT) or the central amygdala 

(CeA) (Figure 4A-H). Also, intra-LHA-injected ghrelin did not affect the fraction of c-

Fos+/TH+ cells in any brain area, as compared to intra-LHA-injected vehicle (not shown). 

 

In order to test whether the acute orexigenic effect of intra-LHA-injected ghrelin 

requires the ARH, we assessed if intra-LHA-injected ghrelin affects food intake in ARH-

ablated mice (Figure 5A). Here, we found a significant interaction between model and 

treatment indicating that food intake response to intra-LHA-injected ghrelin depended on the 

mouse model. In particular, intra-LHA-injected ghrelin increased food intake in ARH-intact 

mice, but not in ARH-ablated mice (Figure 5A). Thus, the orexigenic effect of intra-LHA-

injected ghrelin requires the integrity of the ARH. 

 

In rats, ICV-injected ghrelin has been shown to activate LHAorexin cells, which 

mediate orexigenic responses [30]. Thus, we assessed if LHAorexin cells are activated in 

mice intra-LHA-injected with ghrelin, and found that intra-LHA-injected ghrelin increased the 

fraction of LHAorexin positive for c-Fos+, as compared to mice intra-LHA-injected with vehicle 

(6±1 vs. 1±0 % of c-Fos+/orexin+ cells, respectively, Figure 6A). Previous evidence showed 

that the orexigenic effect of the LHAorexin neurons involves the ARHNPY/AgRP neurons (see 

discussion section). Since we found that the ARH is required for the orexigenic effect of 

intra-LHA-injected ghrelin, we assessed if an intra-LHA injection of ghrelin induces c-Fos 
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expression in hrGFP+ neurons of the ARH of NPYhrGFP mice. We found that intra-LHA-

injected ghrelin increased the fraction of ARHNPY/AgRP neurons positive for c-Fos+, as 

compared to mice intra-LHA-injected with vehicle (Figure 6B and D). In order to determine 

if orexin receptor 1 signaling was required for the orexigenic effect of intra-LHA-injected 

ghrelin, we treated NPYhrGFP mice with the orexin receptor 1 antagonist SB-334867 and 

subsequently intra-LHA-injected ghrelin or vehicle. Here, food intake and c-Fos responses 

showed significant interaction between pretreatment and intra-LHA injections. In particular, 

SB-334867 pretreatment reduced food intake (Figure 6C) and the fraction of ARHNPY/AgRP 

neurons positive for c-Fos+ (Figure 6D) in mice that were intra-LHA-injected with ghrelin, 

as compared to vehicle-pretreated mice and intra-LHA-injected with ghrelin. Thus, ghrelin’s 

action in the LHA involves the recruitment of LHAorexin neurons that, in turn, activate the 

ARHNPY/AgRP neurons. 

 

Phenotypical analysis of LHAGHSR neurons. Next, we wondered if GHSR is present 

in LHAorexin neurons, and performed red fluorescent immuno-staining against orexin in brain 

sections of GHSReGFP mice. We found no double labeled LHAeGFP+ cells and LHAorexin cells 

(Figure 7A). As an alternative strategy, we performed ISHH against GHSR mRNA and 

immuno-staining against orexin in brain samples of WT mice, and again we did not find cells 

positive for both signals (Figure 7B). In order to determine the neurochemical phenotype of 

the LHAeGFP+ cells, we performed red fluorescent immuno-staining against specific markers 

for different neuronal types. In brain sections of naïve GHSReGFP mice, we found that 8±1% 

of LHAeGFP+ cells were nNOS+ (Figure 7C) but they were not positive for MCH, parvalbumin 

or oxytocin (Figure 7D-F). In brain sections of colchicine-treated GHSReGFP mice, we found 

that 2±1% of LHAeGFP+ cells were neurotensin+ (Figure 7G) but were not positive for 

somatostatin, TRH or galanin (Figure 7H-J). Also, we studied GHSReGFP/Gad2tdTomato mice, 

and we found that LHAeGFP+ cells did not co-localize with tdTomato+ cells (Figure 7K). 

 

Analysis of the responsiveness of LHAGHSR neurons to plasma ghrelin. In order to 

test if LHAGHSR cells respond to circulating or CSF ghrelin, we SC- or ICV-injected 

GHSReGFP mice with ghrelin, or vehicle, and assessed c-Fos induction in LHAeGFP+ cells 

(Figure 8A). As expected, we confirmed that the number of c-Fos+ increased in the ARH of 

mice SC- or ICV-injected with ghrelin, as compared in vehicle-treated mice [32]. Also, the 

fraction of LHAeGFP+ cells positive for c-Fos increased in GHSReGFP mice ICV-injected with 
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ghrelin, as compared to the GHSReGFP mice treated with vehicle, but was unaffected in 

GHSReGFP mice SC-injected with ghrelin (30±9, 2±1 and 4±2 % of LHAeGFP+ positive for c-

Fos as compared to total LHAeGFP+ cells, respectively). 

 

In order to test if LHAGHSR neurons are reached by plasma or CSF ghrelin, we SC- 

or ICV-injected WT mice with Fr-ghrelin, or vehicle, and looked for Fr-ghrelin signal in the 

LHA and the ARH, which is accessible to ghrelin present in plasma or CSF (Figure 8B). As 

expected, we confirmed the presence of Fr-ghrelin signal in cells in the ARH of mice SC- or 

ICV-injected with Fr-ghrelin, as we found in the past [32, 46]. Conversely, we did not find 

cells positive for Fr-ghrelin in the LHA of mice injected with the fluorescent analog. Indeed, 

the fluorescence signal in the LHA of mice SC- or ICV-injected with Fr-ghrelin did not differ 

from the signal found in vehicle-treated mice (1.0±0.1, 1.1±0.1 and 1.0±0.1 fluorescent 

intensity a.u., respectively). 

 

Finally, we assessed if LHAGHSR neurons show c-Fos induction in response to 

elevations of endogenous ghrelin, and for this purpose investigated calorie restricted 

GHSReGFP mice (Figure 8C), which display a ~9.3-fold increase in plasma ghrelin levels, as 

compared as ad libitum fed mice [15]. The quantitative analysis indicated that the total 

number of LHAeGFP+ cells (not shown) as well as the fraction of LHAeGFP+ cells positive for 

c-Fos+ did not differ between calorie restricted and ad libitum fed GHSReGFP mice (1.0±0.4 

and 2±1% LHAeGFP+ cells positive for c-Fos as compared to all LHAeGFP+ cells, respectively). 
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DISCUSSION 

 

Here, we provide a neuroanatomical and functional characterization of the LHAGHSR 

neurons in male mice. We report that: 1) LHAGHSR neurons are homogeneously distributed 

throughout the entire nucleus; 2) intra-LHA injections of ghrelin transiently increase food 

intake and locomotor activity; 3) ghrelin’s orexigenic effect in the LHA involves the indirectly 

recruitment of LHAorexin neurons and ARHNPY/AgRP neurons; and 4) LHAGHSR neurons are 

not targeted by plasma or CSF ghrelin. Based on our observations, we propose a 

hypothetical model of the circuit mediating the ghrelin’s orexigenic effects in the LHA (Figure 

9). Thus, LHAGHSR cells are part of a hypothalamic neuronal circuit that potently induces 

food intake, and whose physiological implications remain to be elucidated. 

 

GHSR-expressing cells are present in the mouse LHA, as detected by ISHH. 

LHAGHSR cells were also clearly visualized in GHSReGFP mice, which was an accurate 

animal model to investigate them since the double eGFP protein and GHSR mRNA labeling 

indicated that ~80% of LHAeGFP cells express GHSR mRNA. Since LHAGHSR cells are 

unambiguously and reproducibly labeled in GHSReGFP mice, we estimated its number and 

neuroanatomical distribution in the reporter animals. According to our estimations, ~800 

LHAGHSR cells exist in the mouse brain, a number that is likely physiologically relevant and 

may affect animal’s behaviors given that a previous report showed that the optogenetic 

activation of ~800 ARHNPY/AgRP neurons is sufficient to trigger voracious food intake in mice 

[52]. LHAGHSR cells were found sparsely distributed within the entire nucleus and lacked any 

evident cluster organization, in contrast to our observations for GHSR-expressing cells in 

other brain areas [16]. Chromogenic staining against eGFP in brain sections of GHSReGFP 

mice also allowed us to visualize the morphology of LHAGHSR cells. The finding that most 

LHAGHSR cells displayed similar cytoarchitectonic features suggests that they represent a 

functionally unique subset of cells. Also, the observation that LHAGHSR cells have fibers in 

the coronal plane suggests that they could be neurons involved in local circuits of the LHA, 

which are particularly important in this brain area [53].  

 

We found here that intra-LHA injections of ghrelin transiently evoke food intake in 

mice, as previously shown in rats [18, 29, 54, 55]. The robust feeding response (e.i., ~10-

fold) and the relatively small dose of ghrelin used in the study (30 pmol/side, as compared 
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to 300 pmol/side used in some of the above referred rat studies) indicate that ghrelin’s 

orexigenic effect in the mouse LHA is very potent. The observations that intra-LHA-injected 

ghrelin did not affect digging, rearing, jumping or grooming behaviors indicate that ghrelin’s 

orexigenic effect in the LHA is selective, whereas the finding that intra-LHA-injected ghrelin 

did not affect oxygen consumption agrees previous findings in using centrally-injected 

ghrelin in rats [56, 57] or mice [3]. Of note, we cannot rule out that ghrelin’s effect in the LHA 

is, in part, due to the action of the hormone on GHSR located in terminals of neurons 

innervating the LHA, as shown in other brain areas [44, 58, 59]. For instance, GHSR-

expressing glutamatergic neurons of the ventral hippocampus were shown to drive food 

intake via direct innervation and activation of the LHAorexin neurons [60], although it remains 

to be assessed if GHSR is present in the terminal ends of these hippocampal neurons. 

 

Current study clarifies the neurobiological basis mediating ghrelin’s orexigenic effect 

in the LHA. First, the neuroanatomical mapping of c-Fos induction highlighted a role of the 

ARH as a downstream target of ghrelin action in the LHA. Second, the observation that intra-

LHA-injected ghrelin did not induce feeding in ARH-ablated mice indicated that the ARH is 

required for such ghrelin’s orexigenic effect. Third, intra-LHA-injected ghrelin resulted in the 

induction of c-Fos in LHAorexin neurons and ARHNPY/AgRP neurons, which are known to 

potently increase food intake [52]. Notably, GHSR was not expressed in LHAorexin neurons, 

but the pharmacological blockage of orexin 1 receptor in mice intra-LHA-injected with ghrelin 

fully blocked the ghrelin-induced food intake and c-Fos induction in the ARHNPY/AgRP 

neurons. Since it has been shown that LHAorexin neurons densely innervate the ARH [61] 

and that centrally-injected orexin A induces both activation of the ARHNPY/AgRP neurons and 

food intake acting via the orexin 1 receptor [62–64], it seems reasonable to hypothesize that 

intra-LHA-injected ghrelin acts on LHAGHSR neurons and, via a still unknown mechanism, 

activates the LHAorexin neurons that further recruit ARHNPY/AgRP neurons to induce feeding. 

Of note, the fact that blocking the orexin 1 receptor signaling blocked c-Fos induction in the 

ARHNPY/AgRP of mice intra-LHA-injected with ghrelin underestimate the possibility that 

ghrelin’s orexigenic effect in the LHA involves the action of the hormone on GHSR located 

in terminal ends of ARHNPY/AgRP neurons, which heavily innervate the LHA (PMID: 

9862320). Still, future studies are required to clarify the intricacies that mediate the ARH and 

LHA crosstalk. 
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We unexpectedly found that GHSR is not expressed in LHAorexin neurons of mice, 

using two different experimental strategies (i.e., ISHH against GHSR and immunostaining 

against orexin in WT mice or double immunostaining against orexin and eGFP in GHSReGFP 

mice). Our observation is in line with a recent single-cell expression profiling analysis 

showing that LHAorexin neurons do not express GHSR in mice [65]. Of note, an early report 

showed that ghrelin depolarizes and increases firing frequency in 6-out-9 isolated LHAorexin 

neurons of a reporter mouse model [66], such small number of assessed cells, of a total of 

~2800 orexin neurons in mice [67], and the differences in the experimental approaches 

make difficult to identify the reasons behind the apparent discrepancy. Our observation that 

ghrelin indirectly recruits LHAorexin neurons via an intra-LHA circuit is rather in line with the 

notion that the activity of LHAorexin neurons is tightly regulated by local neurons [68].  

 

We found that LHAGHSR cells do not express MCH, parvalbumin, somatostatin, 

oxytocin, TRH or galanin, some of which could have mediated local ghrelin-induced 

activation of LHAorexin neurons [68]. Also, we found that LHAGHSR cells are not GABA cells, 

based on the observations in the GHSReGFP/Gad2tdTomato mice. However, we cannot rule 

out that GHSR is expressed in a different subset of LHAGABA neurons, such as the ones 

expressing the Gad1 isoform [69]. Interestingly, we found that ~8% of LHAGHSR neurons 

express nNOS, which produce nitric oxide that acts locally inhibiting LHAorexin neurons [70]. 

Thus, it is possible that ghrelin’s actions in the LHA may involve inhibition of local nNOS 

neurons. Also, we found that ~2 % of LHAGHSR neurons express neurotensin. A previous 

study showed that ghrelin treatment does not induce c-Fos in LHA neurons producing 

neurotensin [67] that, indeed, is an anorectic neuropeptide [71]. Thus, ghrelin’s actions in 

the LHA likely do not involve local neurotensin neurons. Despite our efforts, the 

neurochemical identity of most LHAGHSR neurons remains to be elucidated. In this regard, a 

potential target of ghrelin in the LHA may be glutamatergic neurons, which are present in 

the LHA, are known to potently activate LHAorexin neurons  and play important local roles 

[53, 68]. Thus, future studies will be necessary to test if ghrelin targets local LHA 

glutamatergic neurons that, in turn, regulate LHAorexin neurons. 

 

We found here that intra-LHA injections of ghrelin transiently increase locomotor 

activity in mice, which is a functional indication that ghrelin stimulates LHA neurons since 

electrical stimulation of the LHA is known to induce “stepping” in anaesthetized rats [72, 73]. 
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The neurobiological basis mediating the locomotor effect of intra-LHA-injected ghrelin were 

not addressed here, but they may involve the recruitment of the mesolimbic pathway since 

intra-LHA-injected ghrelin was shown to potentiate dopamine spikes in the Acb [54]. Also, it 

is likely that the locomotor effect of intra-LHA-injected ghrelin involves the LHAorexin neurons 

since they innervate multiple brain areas that drive or modulate locomotion, including the 

substantia nigra, VTA, Acb, motor cortex, locus coeruleus, and spinal cord [61, 74, 75], and 

its optogenetic activation induces running [76]. Of note, we did not detect c-Fos induction in 

response to intra-LHA injection of ghrelin in some of the above referred brain areas 

associated to locomotion; however, c-Fos is not an ideal marker for these mesolimbic 

structures as most of them show weak c-Fos labeling when activated [16]. Finally, it is 

important to highlight that intra-LHA injected ghrelin was shown to promote wakefulness in 

rats [55]. Thus, the extent to which the effects of intra-LHA-injected ghrelin on food intake 

and locomotor activity are affected by the arousal state are uncertain. In any case, the 

intricacies regarding LHA’s roles in modulation of the referred behavioral outputs are very 

hard, if possible, to dissociate [77]. 

 

Current studies using bolus injections of a fluorescent analog of ghrelin indicate that 

ghrelin present in plasma or CSF do not acutely reach the LHA. These observations are in 

line with a number of studies from our team [78–80], and other research groups [81], 

indicating that rapid elevations of circulating ghrelin do not directly impact in brain areas 

distantly located from the fenestrated capillaries and brain ventricles in mice. In line with the 

notion that plasma ghrelin does not reach the LHAGHSR neurons, LHAeGFP cells did not show 

a c-Fos induction in calorie-restricted GHSReGFP mice, in which plasma ghrelin is highly 

increased. Of note, current imaging studies were performed using a fluorescent version of 

ghrelin labeled with DY-647P, a far-red fluorophore that is directly visualized in the samples. 

In the past, we assessed the accessibility of ghrelin to different mouse brain areas, including 

the LHA, using fluorescein-labeled ghrelin, that can be visualized at lower levels using a 

chromogenic immunostaining against fluorescein [32, 82]. In our previous study, we 

concluded that centrally-injected, but not systemically-injected, fluorescein-labeled ghrelin 

could reach the LHA [32]. However, the current study, in which the LHA was more precisely 

delimited and lower doses of fluorescent ghrelin were centrally injected used, indicates that 

even centrally-injected ghrelin cannot access into the LHA. Of note, we found that ~10% of 

LHAGHSR neurons increased c-Fos expression in response to centrally-injected ghrelin, but 

this activation could take place via indirect mechanisms. In any case, ghrelin is not produced 
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in the mouse brain [83] and is undetectable in the mouse aCSF [46]. Thus, it seems more 

likely that GHSR in the LHA plays ghrelin-independent actions that may depend on its 

constitutive activity, its capability to regulate other G protein coupled receptors or its recently 

recognized role as a receptor for liver-expressed antimicrobial peptide 2 [84, 85]. 

 

Here we clarify the neurobiological basis by which ghrelin acts in the LHA and 

regulates food intake in male mice. Intriguingly, the orexigenic effect of ghrelin is more potent 

in males than in females, in both rats and mice [86, 87]. Also, it was reported that intra-LHA-

injected ghrelin more potently increases food intake in male rats than in female rats, whereas 

it only induces food seeking behaviors in female rats [17]. In light of this previous report, 

future studies should be performed to investigate the neurobiological basis mediating the 

putative sexually dimorphic roles of the LHAGHSR neurons. Hopefully, a better understanding 

of the orexigenic actions of ghrelin in the LHA would help to develop newer pharmacological 

strategies to increase appetite is some human conditions.  
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FIGURE LEGENDS 

 

Figure 1. Neuroanatomical analysis of LHAGHSR neurons. A-D display representative 

images of coronal brain slices containing a set of hypothalamic regions including the LHA. 

Each panel shows GHSR-expressing cells through diverse techniques: A. ISHH against 

GHSR-mRNA in WT mice. B. ISHH against GHSR-mRNA in WT mice. This image was 

obtained from the Allen Mouse Brain Atlas. C. Immunofluorescence against eGFP in 

GHSReGFP mice. D. ISHH against GHSR-mRNA and immunostaining against eGFP in 

GHSReGFP mice. E display three representative high magnification images of LHAeGFP+ cells 

with two or three branched fibers, obtained from GHSReGFP mice. F display a bar graph 

indicating a quantitative analysis of the number of eGFP+ cells along the LHA-rostro-caudal 

axis of GHSReGFP mice. Data is presented as mean ± SEM. In all cases, the wedges in the 

images indicate LHAGHSR+ cells detected by each methodology. Inserts display high 

magnification images taken from the areas indicated in low magnification photomicrographs. 

Scale bar: low magnification, 100 µm; high magnification 10 µm.  

 

Figure 2. Spatial reconstruction of LHAeGFP+ cells in GHSReGFP mice. The figure 

displays representative projection of all eGFP+ cells found in 54 serial section of GHSReGFP 

mouse. A-D shows different 3D-renderings of the LHAeGFP+ cells, and surrounding 

structures. A and B displays a fronto-lateral view. C and D displays a frontal orthogonal view 

and a dorsal orthogonal view, respectively. The insets in B-D provide a wider view of each 

rendering. A, anterior, P posterior, D dorsal, V ventral, L left, R right, cc corpus callosum, fx 

fornix, mt mammillothalamic tracts, v ventricles system, opt optic tracts, LHAeGFP+ cells. 

 

Figure 3. Intra-LHA-injected ghrelin transiently increases food intake and locomotor 

activity. A displays representative images of a brain section belonging to a mouse subjected 

to an intra-LHA cannulation. The left image shows a schematic representation of the 

placement of the guide cannula and the internal cannula in a coronal brain section including 

the LHA. The right image shows a brain section including the trace of the internal cannula 

indicated by the punctuated red rectangles. B displays the quantitative analysis of the food 

intake induced by the injection of vehicle (n=5) or ghrelin (n=6) intra-LHA along 2-h after 

injection. Two-way ANOVA [Fint(2,27)=3.598 p=0.0412, Ftime(2,27)=3.078 p=0.0623, 

Ftreatment(1,27)=10.41 p=0.0033] followed by Tukey´s multiple comparisons test (**, p < 0.01 

vs. vehicle intra-LHA). C displays the quantitative analysis of the distance travelled induced 
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by the injection of vehicle (n=7) or ghrelin (n=9) intra-LHA along 30 min after the injection. 

Two-way ANOVA [Fint(30,420)=2.070 p=0.0010, Ftime(30,420)=11.70 p<0.0001, 

Ftreatment(1,14)=1.483 p=0.2435] followed by Tukey´s multiple comparisons test (**, p< 0.01 

vs. vehicle intra-LHA). In this case, the graph displays only the first 15 min of activity after 

the injection. D-G indicate the quantitative analysis of the time that mice display digging (D), 

rearing (E), jumping (F) and grooming (G) along 30 min after the injection. H displays the 

quantitative analysis of the energy expenditure (VO2) of the mice along 30 min after the 

injection. In all cases data is presented as mean ± SEM. 

 

Figure 4. Intra-LHA injected ghrelin increases c-Fos+ cells in the ARH nucleus. 

Displays representative images of different brain regions subjected to immunostaining 

against c-Fos (black) and TH (brown) proceeding from mice injected with vehicle (n=7) or 

ghrelin (n=9) intra-LHA. Inserts display high magnification images taken from the areas 

indicated in low magnification photomicrographs. Wedges point to TH+ cells and 

arrowheads point c-Fos+ cells. Unpaired t-test for the quantification of the c-Fos+ cells in 

the ARH [t(14)=2.175 p=0.0473]. Acb, accumbens, BNST, bed nucleus of the stria 

terminalis; PVH, paraventricular nucleus of the hypothalamus; LHb, lateral habenula; PVT, 

paraventricular nucleus of the thalamus; ARH, arcuate nucleus of the hypothalamus; CeA, 

central amygdala; VTA, ventral tegmental area. Scale bar: low magnification, 100 µm; high 

magnification 10 µm. 

 

Figure 5. The orexigenic effect of intra-LHA injected ghrelin is abrogated in ARH-

ablated mice. Bar graph displays the quantitative analysis of the total food consumed after 

2 h of the ghrelin or vehicle intra-LHA injection in mice with the ARH-intact or the ARH-

ablated. Data is presented as mean ± SEM. Two-way ANOVA [Fint(1,15)=10.77 p=0.0050, 

FPBS/MSG(1,15)=5.368 p=0.0351, Fveh/ghr(1,15)=19.67 p=0.0005] followed by Tukey´s multiple 

comparisons test (**, p< 0.01; ***, p<0.001). 

 

Figure 6. Intra-LHA injected ghrelin induces c-Fos in LHAorexin neurons and induces 

food intake and c-Fos in ARHNPY/AgRP neurons via an orexin 1 receptor mechanism. A 

displays representative images of brain sections that include the LHA subjected to 

immunostaining against c-Fos (black) and orexin (brown) proceeding from WT mice injected 

with vehicle or ghrelin intra-LHA. Arrows point to c-Fos+/orexin+ cells, wedges point to 

orexin+ cells and arrowheads point to c-Fos+ cells. Unpaired t-test [t(14)=2.209 p=0.0443]. 
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B displays representative images of brain sections that include the ARH subjected to 

immunostaining against c-Fos (purple) proceeding from NPYhrGFP mice injected with vehicle 

or ghrelin intra-LHA. Arrows point to c-Fos+/hrGFP+ cells and wedges point to hrGFP+ cells. 

In all cases, insets display high magnification images taken from the areas indicated in low 

magnification photomicrographs. C displays the quantitative analysis of the total food 

consumed after 2 h of the vehicle or ghrelin intra-LHA injection in NPYhrGFP mice IP 

preinjected with SB-334867 or vehicle. Two-way ANOVA [Fint(1,14)=7.055 p=0.0188, 

FSB/Veh(1,14)=12.72 p=0.0031, Fveh/ghr(1,14)=12.32 p=0.0035] followed by Tukey´s multiple 

comparisons test (**, p< 0.01; ns, non-significative). D display the quantitative analysis of 

the fraction of hrGFP cells in the ARH nucleus of the NPYhrGFP mice that are c-Fos-IR.  Two-

way ANOVA [Fint(1,14)=9.089 p=0.0093, Fveh/SB(1,14)=8.005 p=0.0134, Fveh/ghr(1,14)=24.91 

p=0.0002] followed by Tukey´s multiple comparisons test (**, p< 0.01; ***, p<0.001; ns, non-

significative). In all cases, data is presented as mean ± SEM. Scale bar: low magnification, 

100 µm; high magnification 10 µm. 

 

Figure 7. A fraction of LHAGHSR cells are nNOS+ or neurotensin+. A displays 

immunostaining against eGFP and orexin in the LHA of GHSReGFP mice. B displays an ISHH 

against GHSR-mRNA and immunostaining against orexin in the LHA of WT mice. C-J 

display immunostaining against eGFP and diverse neuropeptides in the LHA of GHSReGFP 

mice including nNOS, MCH, parvalbumin, oxytocin, neurotensin, somatostatin, TRH and 

galanin respectively. K displays immunostaining against eGFP in GHSReGFP/Gad2tdTomato 

mice. Insets display high magnification images taken from the areas indicated in low 

magnification photomicrographs. Arrows indicate double IR-cells (eGFP+/nNOS+ or 

eGFP+/neurotensin+ cells), wedges indicate eGFP+ cells and arrowheads indicate positive 

cells for the different neurochemical markers. Scale bar: low magnification, 100 µm; high 

magnification 10 µm. 

 

Figure 8. Circulating ghrelin do not induce c-Fos in LHAGHSR cells and Fr-ghrelin do 

not reach the LHA. A display representative images of brain sections containing the LHA 

subjected to immunostaining against c-Fos and eGFP from GHSReGFP mice systemically or 

ICV-injected with ghrelin or vehicle. Arrows indicate c-Fos+/eGFP+ cells, wedges indicate 

eGFP+ cells and arrowheads indicate c-Fos+ cells. Kruskal-Wallis test [H(3,13)=6.087 

p=0.0206] followed by Dunn´s multiple comparisons test (p=0.0227 ICV-injected ghrelin vs. 

vehicle). B displays representative images if brain section containing the LHA and the ARH 
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from WT mice systemically or ICV-injected with Fr-ghrelin or vehicle. Wedges indicate Fr-

ghrelin+ cells. One-way ANOVA [F(2,12)=0.7483 p=0.4940]. C display representative 

images of brain section containing the LHA subjected to immunostaining against c-Fos and 

eGFP from of GHSReGFP mice exposed to calorie restriction or fed ad libitum. Unpaired t-

test [t(9)=0.8666 p=0.4087]. Wedges indicate eGFP+ cells and arrowheads indicate c-Fos+ 

cells. In all cases, insets display high magnification images taken from the areas indicated 

in low magnification photomicrographs. Scale bar: low magnification, 100 µm; high 

magnification 10 µm. 

 

Figure 9. Hypothetical model of the neuronal circuit mediating the orexigenic effect 

of intra-LHA injected ghrelin. Ghrelin action on LHAGHSR neurons induce LHAorexin 

activation which, in turn, activate ARHNPY/AgRP neurons inducing food intake.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary figure 1. Spatial disposition of LHAGHSR cells is conserved in two 

different mouse brains. Figure display different 3D spatial renderings of the LHAeGFP+ cells 

belonging of two different mice. The LHAGHSR cells from the different set of data are 

represented as yellow or light-green balls. A and B display a frontal and lateral orthogonal 

view respectively and C display a dorsal orthogonal view. Insets display a wider view of each 

rendering. A, anterior, P posterior, D dorsal, V ventral, L left, R right.   

 

Supplementary table 1. Primary antibodies used, either for chromogenic (c) or 

fluorescent (f) immunostaining.  

Antibody Manufacturer, Catalog 
Species Raised 

in 

Dilution 

Used 

Anti-eGFP 
Molecular Probes, A-6455 Rabbit 1:5000 (c) 

Vector Lab., BA-0702 Goat 1:1000 (f) 

Anti-c-Fos Santa Cruz, SC-7202 Rabbit 
1:20000 (c) 

1:2000 (f) 

Anti-Orexin Phoenix Pharm., H-003-30 Rabbit 
1:20000 (c) 

1:10000 (f) 

Anti-TH Santa Cruz, SC-14007 Rabbit 1:20000 (c) 

Anti-nNOS Zymed Company, 61-7000 Rabbit 1:3000 (f) 

Anti-MCH Phoenix Pharm., H-070-47 Rabbit 1:2000 (f) 

Anti-Parvalbumin Swant, PV27 Rabbit 1:2000 (f) 

Anti-Neurotensin Immunostar, 20072 Rabbit 1:1000 (f) 

Anti-Somatostatin Sigma Aldrich, MAB354 Rat 1:250 (f) 

Anti-Oxytocin 
Dr. Harold Gainer (NIH, 

Bethesda, USA) [88] 
Mouse 1:1000 (f) 

Anti-TRH 
Dr. Eduardo Nillni (Brown 

University, USA) [89]  
Rabbit 1:1000 (f) 

Anti-Galanin Peninsula, T-4330 Rabbit 1:1000 (f) 
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Supplementary table 2. Secondary antibodies used.  

Antibody Manufacturer, Catalog 
Species Raised 

in 

Dilution 

Used 

Biotinylated 

Anti-Rabbit 
Vector Lab., BA-1000 Donkey 1:3000 

Alexa Fluor594  

Anti-Rat 
Invitrogen, A-21209 Donkey 1:1000 

Alexa Fluor594 

Anti-Rabbit 
Invitrogen, A-21207 Donkey 1:1000 

Alexa Fluor594 

Anti-Mouse 
Molecular Probes, A21203 Donkey 1:1000 

Alexa Fluor488  

Anti-Goat 
Life Technologies, A11055 Donkey 1:1000 
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