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Abstract

In the present study we sought to investigate interactions between hypothalamic nitric oxide (NO) 

and ghrelin signaling on food intake and energy substrate utilization as measured by the 

respiratory exchange ratio (RER). Guide cannulae were unilaterally implanted in either the arcuate 

(ArcN) or paraventricular (PVN) nuclei of male Sprague-Dawley rats. Animals were pretreated 

with either subcutaneous (2.5-10 mg/kg/ml) or central (0-100 pmol) N-nitro-L-Arginine methyl 

ester (L-NAME) followed by 50 pmol of ghrelin administered into either the ArcN or PVN. Both 

L-NAME and ghrelin were microinjected at the onset of the active cycle and food intake and RER 

were measured 2 hours postinjection. RER was measured as the ratio of the volume of carbon 

dioxide expelled relative to the volume of oxygen consumed (VCO2/VO2) using an open-circuit 

indirect calorimeter. Our results demonstrated that peripheral and central L-NAME pretreatment 

dose-dependently attenuated ghrelin induced increases in food intake and RER in either the ArcN 

or PVN. In fact the 100 pmol dose largely reversed the metabolic effects of ghrelin in both 

anatomical regions. These findings suggest that ghrelin enhancement of food intake and 

carbohydrate oxidation in the rat ArcN and PVN is NO-dependent.
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1. Introduction

Ghrelin, named for its potent effect on growth hormone (GH) release, is a 28-amino acid 

peptide cleaved from preproghrelin and encoded by the GHRL gene. The peptide was first 

identified in the rat (Rattus norvigecus) stomach by Kojima et. al. (1999) as the endogenous 

ligand for the growth hormone secretagogue receptor 1a (GHSR1a), encoded by the GHRS 
gene. The predominantly active form of ghrelin requires acylation by ghrelin-O-acyl 

transferase (GOAT) (Müller et. al. 2015; Gutierrez et al., 2008; Romero et al., 2010; Mohan 

and Unniappan, 2013). GOAT is conserved across a variety of vertebrate, including mice 
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(Mus musculus), rats (Rattus norvegicus), domestic chickens (Gallus domesticus) and 

goldfish (Carassius auratus) (Gutierrez et al., 2008; Seim et al., 2016; Blanco et al., 2017). 

Furthermore it appears that a truncated form of GHSR1a, GHSR1b, is also cleaved from the 

same gene and has been reported to reduce cell surface GHSR1a availability via 

heterodimerization (Chow et al., 2012). It has been demonstrated across various species that 

ghrelin is a critical signal in energy homeostasis (Müller et al., 2015; Kojima et al., 2016; 

Kaiya et al., 2013; Currie et al., 2005; Brockway et al., 2016; Abtahi et al., 2016; Shousha et 

al., 2005; Unniappan et al., 2002).

Mammals, teleosts and bullfrog larvae present potent orexigenic effects from ghrelin 

administration (Currie et al., 2005, Asakawa et al., 2001; Kamegai et. al., 2001; Kang et al. 

2011; Shimizu et al., 2014; Unniappan et al., 2002), though it is generally anorexigenic, but 

less consistently, in avians (Kaiya et al., 2013; Tachibana and Tsutsui, 2016; Zendehdel and 

Hassanpour, 2014). Ghrelin administration into the arcuate (ArcN) and paraventricular 

(PVN) nuclei of the hypothalamus in rodents reliably enhances food intake and the 

respiratory exchange ratio (RER) (Abtahi et al., 2016; Currie et al., 2005). On the other 

hand, intracerebroventricular (ICV) microinjection of rat ghrelin attenuates food intake and 

RER in brooding chickens (Geelissen et al., 2006). Shousha et al., (2005) reported that in the 

Japanese Quail (Coturnix japonica), ghrelin elicits an increase in food intake at low doses 

and attenuates it at higher doses. Despite these opposing roles in ingestive behavior between 

rodents and avians, fasting increases plasma ghrelin in both groups of animals (Kaiya et al., 

2013; Tachibana and Tsutsui, 2016). Concurrently, food intake lowers plasma ghrelin in both 

mammals (Vester Boler et al., 2012) and avians (Kaiya et al., 2007). Recent work by 

Goymann et al., (2017) reported that acylated plasma ghrelin predicts lipid content in garden 

warblers (Sylvia borin) and that unacylated ghrelin administration increases migratory 

restlessness behavior, suggesting that the differences in ghrelin mediation of energy 

homeostasis between avians and other animals may be due to migratory behavior. Although 

ghrelin is highly conserved across vertebrate (Seim et al., 2016), it is necessary to investigate 

the potential circuits that may contribute to species similarities and differences in ghrelin 

modulation of energy balance.

Nitric oxide (NO) is a gaseous transmitter critical for appetitive signaling within the 

mammalian hypothalamus (Morley et al., 2011; Gaskin et al., 2003). In mice, ICV 

pretreatment with N-nitro-L-Arginine methyl ester (L-NAME), a nitric oxide synthase 

(NOS) inhibitor, attenuates ghrelin enhancement of food intake (Gaskin et al., 2003) and 

NOS knockout (KO) abolishes ghrelin's appetitive effects (Morley et al., 2011). In addition, 

peripheral L-NAME reportedly decreases NOS mRNA expression in both the ArcN and 

PVN (Huai-Zhen and Xiao-Tang, 2000). These behavioral studies are supported by in vitro 
data illustrating that nitric oxide synthase is necessary for ghrelin induced GH release 

(Rodriguez-Pacheco et al., 2008; Grey and Chang, 2012).

In rodents, the mRNA for GHSR1a and NOS are both expressed in the ArcN and PVN 

(Zigman et al., 2006; Ng et al., 1999) and NOS is necessary for ghrelin enhancement of food 

intake (Gaskin et al., 2003). Ghrelin exerts its effects on energy homeostasis via GHSR1a 

expressed on neuropeptide Y (NPY)/agouti related peptide (AgRP) neurons in the ArcN, 

including Y1 receptors (Kohno et al., 2003; Currie et al., 2005; Abtahi et al., 2016), which 
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are co-localized with NOS expressing neurons (Fetissov et al., 2003). This suggests that 

NOS may play a critical role in ghrelin mediation of both appetite and energy substrate 

utilization as measured by RER. Arcuate NPY/AgRP neurons have excitatory projections to 

the PVN and are implicated in the enhancement of food intake (Fenselau et al., 2017). 

Hypothalamic ghrelin shifts energy metabolism from lipid to enhanced carbohydrate 

oxidation, an effect attenuated by 5-hydroxytryptamine (5-HT), urocortin I (UcnI) and 

glucagon-like peptide 1 agonism (Currie et al., 2010; Currie et al., 2011a; Abtahi et al., 

2016). In the present study, we examined the interaction of ghrelin and NO signaling in the 

expression of appetitive behavior and energy metabolism in male Sprague-Dawley rats since 

the integrated hypothalamic control of these two systems has yet to be investigated. Our 

findings demonstrated that subthreshold L-NAME microinjection into the ArcN and PVN 

attenuated ghrelin enhancement of food intake and RER, suggesting that ghrelin's orexigenic 

and metabolic effects are NO-dependent.

2. Materials and methods

2.1. Animals

Adult male Sprague-Dawley rats (N=64) were purchased from Envigo Laboratories and 

weighed between 285-315 g at the time of surgery. Rodents were individually housed in 

polypropylene cages with ad libitum access to standard rodent chow pellets (Purina) and 

water. The animal colony room was maintained on a 12 h light/dark cycle (lights off at 1500 

h) and at a temperature of 22 ± 2°C. All experimental procedures were approved by the 

Institutional Animal Care and Use Committee of Reed College.

2.2. Apparatus

Oxygen consumption (O2) and carbon dioxide (CO2) production were measured using an 

Oxymax Comprehensive Lab Animal Monitoring System (CLAMS) open-circuit indirect 

calorimeter (Columbus Instruments, Columbus, OH). Detectors measured O2 and CO2 

sequentially across each test chamber. The flow rate was set at 2 litres/min. Concentrations 

of the gases were recorded in ml/kg body weight/min. RER was calculated as the volume of 

CO2 produced (VCO2) divided by the volume of O2 consumed (VO2). The analysers were 

calibrated prior to each test using primary gas standards of high purity (Praxair, Vancouver, 

WA).

2.3. Stereotactic Surgery

Rats were anesthetized with ketamine (100 mg/kg IP; Henry Schein, Melville, NY) and 

xylazine (5 mg/kg IP; Sigma-Aldrich, St. Louis, MO) and placed in a Kopf stereotaxic frame 

with the incisor bar set 3.5 mm below the interaural line. Stereotaxic coordinates for the 

guide cannula relative to bregma were: ArcN, posterior 2.3 mm, lateral ±0.2 mm, and ventral 

5.7 mm; PVN, posterior –1.8 mm, lateral ±0.3 mm, and ventral –4.5 mm (Paxinos & 

Watson, 2014). Unilateral guide cannulae (22-gauge; Plastics One, Roanoke, VA) were 

implanted 4 mm dorsal to the target to prevent tissue damage. Implants were secured with 

acrylic cement and stainless steel anchor screws. A 28-gauge stainless-steel inner stylet 

maintained cannula patency. Behavioral and metabolic testing began following a 

postoperative recovery period of two weeks.
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2.4. Design and Procedure

In behavioral testing, an initial group of rats with cannulae aimed at the ArcN received 

subcutaneous (SC) injections of L-NAME (0, 2.5 and 10 mg/kg) paired with 50 pmol of 

ghrelin or vehicle administered directly into the ArcN. Injections were administered at the 

onset of the nocturnal cycle and food intake was measured 2 h postinjection. Under control 

conditions two consecutive vehicle injections of sterile saline were infused. All rats received 

each dose of L-NAME, paired with ghrelin or vehicle, in randomized order. At least 4 days 

separated successive testing. In other rats, cannulae were aimed at the PVN, and similar 

doses of SC L-NAME were paired with PVN ghrelin or vehicle microinjection to determine 

the impact of SC L-NAME treatment on PVN ghrelin-stimulated eating. Subsequently, to 

examine the effect of direct ArcN L-NAME on eating induced by ArcN ghrelin, additional 

rats were administered 0, 10, or 100 pmol of L-NAME into the ArcN, paired with 50 pmol 

of ghrelin or vehicle, also directly injected into this nucleus. And finally, similar 

manipulations were employed with PVN-implanted animals wherein L-NAME was injected 

directly into the PVN paired with PVN ghrelin.

Identical injection procedures and treatments were followed for metabolic testing using 

separate groups of rats. Again, systemic or ArcN L-NAME was co-administered with ArcN 

ghrelin. RER was measured over a 2-h period and testing began immediately after the rats 

were placed into the apparatus. Food and water were not available during this time. In 

additional rats, PVN L-NAME was paired with PVN ghrelin.

Ghrelin (Research Biopeptides, San Diego, CA) and L-NAME (Sigma-Aldrich, St. Louis, 

MO) were dissolved in sterile saline. All central injections were administered in a volume of 

0.2 μl into the ArcN and PVN using a microinjector extending 4 mm beyond the permanent 

guide cannula. Subcutaneous L-NAME was injected in at doses of 2.5-10 mg/kg and in a 

volume of 1.0 ml/kg paired with a fixed dose of 50 pmol ghrelin into the ArcN or PVN. For 

direct ArcN or PVN investigations, L-NAME was administered at 0, 10 and 100 pmol paired 

with a 50 pmol of ghrelin.

2.5. Histological Anaylsis

At the conclusion of testing, cannulae placements were confirmed via histological 

examination. To assist in cannulae verification, prior to extractions animals received a 100 

mg/kg dose of sodium pentobarbital (Sigma-Aldrich, St. Louis, MO) and were microinjected 

with 0.2 μL of black ink. Sections were examined by light microscopy and viewed relative to 

the stereotaxic atlas of Paxinos and Watson (2014). All rats reported here were found to have 

injector tracks extending into the ArcN and PVN. Figure 1 illustrates representative 

histological images of implants targeting the ArcN and PVN.

2.6 Statistics

Data were analyzed by separate two-way analyses of variance (ANOVA) for repeated 

measures. The software employed was Statistica 13 Academic (Quest Software, Tulsa, OK). 

Comparisons between group means were evaluated using post hoc Tukey tests. The criterion 

for statistical significance was p<0.05.
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3. Results

Figure 2 illustrates the effect of ghrelin co-administered with systemic L-NAME on 2-h food 

intake measured during the early nocturnal period. Two-way repeated measures ANOVA 

indicated a significant interaction (F(2,12)=10.61, p<0.002). Ghrelin (50 pmol) reliably 

increased food intake compared to vehicle control when administered into the ArcN. 

Pretreatment with L-NAME (10 and 100 mg/kg), injected SC, dose-dependently suppressed 

the orexigenic action of the peptide. In fact the highest dose of 100 mg/kg completely 

reversed ghrelin's effect. It is noteworthy that both L-NAME doses, when co-administered 

with saline, did not significantly alter intake. Similarly, PVN ghrelin treatment potentiated 

dark onset eating and this effect was dose-dependently blocked by SC L-NAME 

(F(2,14)=5.72, p<0.01). Again, when these same L-NAME doses were administered with 

Veh, we found them to be subthreshold. In separate tests, the impact of direct ArcN and 

PVN L-NAME treatment on ghrelin-stimulated eating was investigated. While PVN L-

NAME effectively attenuated ghrelin's orexigenic effect (F(2,16)=8.04, p<0.003) ArcN L-

NAME completely reversed ghrelin's effect on food intake, particularly at the 100 pmol dose 

(F(2,14)=8.16, p<0.004). The findings are depicted in Figure 3.

In 2-h metabolic testing, we used a similar injection protocol and paired systemic or 

hypothalamic L-NAME with ghrelin to investigate the effects on RER. Two-way repeated 

measures ANOVA indicated that ArcN ghrelin increased RER indicating a shift toward 

enhanced carbohydrate oxidation (F(2,14)=10.49, p<0.001). While systemic L-NAME alone 

had no effect on RER, co-administration with ArcN ghrelin reversed ghrelin's metabolic 

action. Similar observations were found when subcutaneous L-NAME was paired with PVN 

ghrelin (F(2,12)=8.90, p<0.004) (see Figure 4). Finally direct ArcN or PVN L-NAME 

treatment also completely reversed the metabolic action of ArcN and PVN ghrelin 

(F(2,16)=7.86, p<0.005) and F(2,14)=6.06, p<0.02) respectively). That is, while local 

administration of ghrelin into either the ArcN or PVN again increased RER, as predicted, 

co-administration with L-NAME directly into either hypothalamic nucleus suppressed 

ghrelin's ability to promote carbohydrate oxidation as shown in Figure 5.

4. Discussion

In the present study, both ArcN and PVN ghrelin treatment increased food intake and 

promoted carbohydrate oxidation via increases in RER. L-NAME, in turn, potently blocked 

each of these effects. In fact, systemic and direct ArcN or PVN L-NAME administration 

reliably suppressed ghrelin-stimulated eating and increases in RER. The inhibitory effects on 

ghrelin were dose-dependent and specifically observed during the early period of the 

animal's active cycle, a time point at which ghrelin produces its most robust effects on food 

intake and carbohydrate metabolism (Currie et al., 2005; Currie et al., 2011a). Overall these 

findings suggest that the orexigenic and metabolic actions of the gastric peptide, specifically 

within the ArcN and PVN, are NO-dependent.

Prior work in our lab has demonstrated that ghrelin reliably and dose-dependently increases 

food intake as well as RER (Currie et al., 2005; Currie et al., 2011a Abtahi et al., 2016). 

Furthermore, ghrelin interacts with the orexigenic peptide NPY to dose-dependently 
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enhance food intake and RER in the ArcN and PVN (Currie et al., 2005). We have also 

demonstrated that the anorexigenic transmitters, 5-HT (Currie et al., 2010) and GLP-1 

(Abtahi et al., 2016) antagonize ghrelin in the ArcN and PVN, along with PVN UcnI (Currie 

et al., 2001; Currie et al., 2011a). The results of the current study additionally suggest that 

NO signaling modulates the appetitive and metabolic effects of hypothalamic ghrelin.

Increasing evidence suggests that NO acts as a neuromodulator of the endocrine system and 

that it exerts a physiological role in regulation of food intake. NO is synthesized by nitric 

oxide synthase (NOS) from arginine (Bode-Böger et al., 2007) and recent evidence 

implicates the peptide in metabolic control within the hypothalamus (Liu and Xue, 2017). In 

particular, daily administration of 500 μg l-arginine into the lateral ventricles of rats for four 

days enhanced time to exhaustion and total workload, while 200 μg of L-NAME over four 

days decreased time to exhaustion and total workload (Liu and Xue, 2017). The same 

experiment further reported that l-arginine robustly increased NOS mRNA expression in the 

PVN, and to a lesser degree in the dorsomedial hypothalamus (DMH), with no effect of L-

NAME. Furthermore, it has been demonstrated that NO donor sodium nitroprusside dose-

dependently increases proopiomelanocortin (POMC) mRNA in mice (Wellhauser et al., 

2016).

Several studies have demonstrated that hypothalamic NOS is altered by the orexigenic 

peptides ghrelin and NPY and decreased by the anorexigenic peptide leptin (Fetissov et al., 

2003; Gaskin et al., 2003; Rodriguez-Pacheco et al., 2008; Morley et al., 2011; Joffin et. al., 

2011; Bellefontaine et al., 2014). First order appetitive regulation in the mammalian 

hypothalamus is the result of competition between anorexigenic POMC/cocaine and 

amphetamine regulated transcript (CART) neurons and orexigenic NPY/AgRP neurons in 

the ArcN (Mason et al., 2014; Müller et al., 2015), both of which express GHSR1a, leptin 

receptors, and NOS (Zigman et al., 2006; Fetissov et al., 2003; Wellhauser et al., 2016, Ng et 

al., 1999; Yu et al., 2017; Ghamari-Langroudi et al., 2011). These neurons have inhibitory 

projections on each other (Delporte 2013; Mason et al., 2014; Müller et al., 2015) as well as 

projections to α-melanocyte stimulating hormone (α-MSH)/melanocortin 4 receptor 

(MC4R) neurons in the PVN (Fenselau et al., 2017; Mason et al., 2014; Müller et al., 2015). 

Although one report suggests that NO induction via sodium nitroprusside inhibits GHSR1a 

expressing neurons in the ArcN in vitro (Riediger et al., 2006), the same drug has been 

found to increase POMC mRNA expression in the ArcN (Wellhauser et al., 2016). It appears 

that the in vitro findings may have been due to an increase in activity of anorexigenic 

neurons in the same nuclei. In addition, we found that the highest dose of L-NAME reversed 

ghrelin's effect in the ArcN, but not the PVN, most likely due to the ArcN having greater 

GHSR1a expression compared to the PVN in rodents (Zigman et al., 2006).

Furthermore, work in avians and teleosts suggests that NO's integral role in ghrelin signaling 

is not limited to ingestive and metabolic behavior. In teleosts, nitric oxide is necessary for 

ghrelin elicitation of luteinizing hormone (LH) and GH (Grey and Chang, 2012; Grey and 

Chang, 2013), while in avians nitric oxide regulates food intake when manipulated both 

peripherally and centrally (Khan et al., 2007; Shousha et al., 2005; Hassanpour et al., 2015), 

with recent work suggesting that the uniquely anorexigenic effects of ghrelin in avians may 

be due to it playing a key role in lipid storage and migratory behavior (Goymann et al., 
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2017). This contrasts with the orexigenic effect of ghrelin and ghrelin induced carbohydrate 

oxidation in the rat as we have demonstrated in the present report.

Our lab has also reported in the past that L-NAME dose-dependently elicits an anorexigenic 

effect in the dorsal (DRN) and median (MRN) raphe nuclei and attenuates the orexigenic 

effect of 5-HT1A agonist 8-OH-DPAT in these nuclei as well (Currie et al., 2011b), 

suggesting that NO regulation of appetitive behavior extends beyond the hypothalamus. 

Moreover, we recently demonstrated that pairing PVN ghrelin with MRN 8-OH-DPAT 

resulted in a greater orexigenic effect than either manipulation alone (Wauson et al., 2015). 

In the same series of experiments we found that MRN 8-OH-DPAT attenuated the 

anxiogenic effect of PVN ghrelin as measured by an elevated plus maze, suggesting that 5-

HT and ghrelin interact in the regulation of stress activation. As a result, hypothalamic and 

midbrain NO may impact mammalian anxiety-like behavior, and is a topic of further 

investigation in our lab. Nitric oxide may also play a critical role in reward and drug 

dependence, with recent work finding that NO in the nucleus accumbens is necessary for cue 

induced reinstatement in cocaine-dependent rats (Smith et al., 2017). Similarly, 

methamphetamine enhances NOS expression in the nucleus accumbens shell, which is 

attenuated by access to an exercise wheel (Engelmann et al., 2014), suggesting that NO 

signaling may connect metabolic and reward circuitry.

In conclusion, increasing evidence suggests that NO may be an evolutionarily conserved 

endocrine modulator that is critical for homeostatic and hormonal neurophysiology and may 

extend to more complex behaviors such as stress and reward in mammals and migration in 

avians. Correspondingly, our results demonstrate that NO is necessary for ghrelin 

enhancement of appetitive motivation and RER in the ArcN and PVN. Future research could 

be directed at investigating the appetitive and metabolic impact of other manipulations of the 

NO axis such as NO scavengers and donors as well as more selective inhibitors.
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Abbreviations

L-NAME N-nitro-L-Arginine methyl ester

ArcN arcuate nucleus

PVN paraventricular nucleus

GHSR1a growth hormone secretagogue receptor 1a
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GOAT ghrelin-O-acyl-transferase

RER respiratory exchange ratio
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Highlights

• Peripheral administration of L-NAME dose-dependently attenuates ghrelin 

enhancement of food intake in the ArcN and PVN

• ArcN and PVN injections of L-NAME dose-dependently attenuate ghrelin 

enhancement of food intake.

• Both peripheral and central administration of L-NAME dose-dependently 

attenuate ghrelin enhancement of respiratory exchange ratio in the ArcN and 

PVN.
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Figure 1. 
Histological confirmation of injection sites targeting the ArcN (A) and PVN (B) of the 

hypothalamus. The black arrows indicate black ink deposits injected into each structure.
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Figure 2. 
Food intake after co-administration of L-NAME and ghrelin. L-NAME was injected SC and 

ghrelin was delivered directly into the ArcN (n=7) or into the PVN (n=8). Values represent 

mean intakes (±S.E.M.) measured over the initial 2 h of the nocturnal cycle. *p<0.05 

compared to saline vehicle (Veh); **p<0.05 compared to ghrelin.
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Figure 3. 
Effect of ArcN and PVN L-NAME on the eating-stimulant action of ArcN (n=8) and PVN 

(n=9) ghrelin. Values are represented as mean intakes (±S.E.M.) over 2 h. *p<0.05 compared 

to Veh; **p<0.05 compared to ghrelin.
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Figure 4. 
Mean (±S.E.M.) RER values following subcutaneously administered L-NAME paired with 

ArcN (n=8) and PVN (n=7) ghrelin. RER was assessed over a 2-h period. *p<0.05 compared 

to Veh; **p<0.05 compared to ghrelin.
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Figure 5. 
Mean (±S.E.M.) RER values in rats co-administered ArcN or PVN L-NAME with ArcN 

(n=9) or PVN (n=8) ghrelin. RER values are represented at 2 h postinjection. *p<0.05 

compared to Veh; **p<0.05 compared to ghrelin.
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