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Abstract

Simultaneously targeting multiple energy balance control systems is a promising direction for the 

development of obesity pharmacotherapies. Here, we explore the interaction between the GLP-1 

and melanocortin system within the dorsal vagal complex (DVC) of the caudal brainstem. Using a 

pharmacological approach, we demonstrate that the full anorectic potential of liraglutide, an FDA-

approved GLP-1 analog for the treatment of obesity, requires DVC melanocortin 3/4 receptor 

(MC3/4R) signaling. Specifically, the food intake and body weight suppressive effects of 

liraglutide were attenuated by DVC administration of the MC3/4R antagonist SHU9119. In 

contrast, the anorectic effects of liraglutide were enhanced by combined activation of DVC 

MC3/4Rs using the agonist MTII. Our findings highlight the modulation of liraglutide-induced 

anorexia by DVC MC3/4R signaling, thereby suggesting a site of action at which two important 

energy balance control systems interact.
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1. Introduction

For the nearly 100 million Americans considered obese or overweight [1], current options 

for weight loss include behavioral modifications (e.g. diet and exercise), bariatric surgery 

and pharmacotherapies. Unfortunately, the initial weight loss consequent of lifestyle changes 

and bariatric surgery is followed by weight regain in most patients [2–5]. In order to sustain 

clinically meaningful weight loss over time, weight loss pharmacotherapies are being 

prescribed, often in conjunction with other approaches, to encourage a sustained suppression 

of food intake and body weight.
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The development of therapeutics for weight loss has been informed by basic science 

research and the characterization of peptides and hormones that contribute to the neural 

control of food intake. The success of such efforts is evident by the FDA-approved status of 

the glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide for treating obesity. 

Liraglutide targets endogenous GLP-1Rs in both the periphery and the brain to cause 

anorexia and body weight loss in both preclinical and clinical models [see [6] for review]. 

However, there is still progress to be made, as liraglutide and all other approved weight loss 

drugs cause a limited magnitude of weight loss and do so by producing adverse 

gastrointestinal side effects (e.g. nausea and emesis) [7–11]. One approach to improving the 

therapeutic potential of weight loss drugs has been combination therapies, which in contrast 

to traditional monotherapies, simultaneously target multiple hormone systems [12–14]. 

Indeed, a wealth of neuroendocrine research has suggested that anorectic neural and 

endocrine signals interact with each other to suppress food intake and consequently body 

weight [15–22].

Work by Clemmenson et al. [23] in mice has demonstrated that the intake suppressive effects 

of liraglutide can be improved by simultaneously targeting the melanocortin system, an 

essential neuropeptide system for energy balance control (see [24] for review). The 

melanocortin-3 and melanocortin-4 receptors (MC3/4R), in particular, regulate food intake 

by integrating anorectic and orexigenic signals provided by the endogenous agonist α-

melanocyte-stimulating hormone (α-MSH) and antagonist agouti-related protein (AGRP), 

respectively (see [25] for review). Experimental inactivation of the MC4R in mice leads to 

hyperphagia and obesity [26] and MC4R loss-of-function mutations are the most common 

known monogenetic cause of obesity in humans [27,28]. While the work of Clemmenson 

has shown that systemic co-administration of liraglutide and an MC4R agonist enhances the 

weight loss efficacy of either drug alone [23], the mechanism and sites-of-action within the 

CNS by which the GLP-1 and melanocortin systems interact is still unclear.

The MC4R is densely expressed within DVC of the brainstem [29], where it has a functional 

role for energy balance control. Indeed, hindbrain delivery of the MC3/4R agonist 

melanotan II (MTII) or antagonist SHU9119 suppresses or augments feeding and body 

weight, respectively [30–36]. A distinct role for hindbrain MC4Rs in the control of meal size 

has been postulated to involve modulation of incoming satiation signals [31–35,37]. Support 

for this hypothesis comes from the fact that DVC MC4Rs [38], are anatomically well-

positioned to interact with vagally-transmitted and blood borne energy balance signals that 

control meal size (i.e. native GLP-1 and liraglutide) [39,40]. Here, we examine the 

requirement of DVC MC3/4Rs for the full anorectic potential of liraglutide via DVC 

administration of the MC3/4R antagonist Shu9119. Next, we test the ability of DVC 

MC3/4R agonism, via MTII, to augment the food intake and body weight suppression by 

liraglutide. The bidirectional modulation of liraglutide-induced feeding suppression by DVC 

MC3/4Rs observed in our studies highlights a critical population of melanocortin receptors 

within the DVC that contribute to the food intake and body weight suppressive effects of 

liraglutide.
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2. Materials and Methods

2.1. Animals and Diet

Adult male Sprague Dawley rats (Charles River Laboratories, Wilmington, Massachusetts), 

weighing between 300–400g at the start of experimentation, were individually housed in 

hanging wire-bottom metal cages. Rats were maintained on a 12-h light, 12-h dark cycle in a 

climate-controlled environment (22–24°C) with ad libitum access to standard rat chow 

(LabDiet 5001, Lab Diet, St. Louis, MO) and water except where otherwise noted. All 

procedures were performed in accordance with NIH Guidelines for the Care and Use of 

Laboratory Animals and approved by the University of Pennsylvania Institutional Animal 

Care and Use Committee.

2.2. Stereotaxic cannula implantation

Rats were anesthetized with an intramuscular injection of a ketamine (90 mg/kg; Butler 

Animal Health Supply, Dublin, OH)/xylazine (2.8 mg/kg; Anased, Shenandoah, IA)/

acepromazine (0.72 mg/kg; Butler Animal Health Supply) cocktail, prepped for surgery, and 

placed in a stereotaxic apparatus. A bilateral infusion guide cannula (11-mm projection, 1.5-

mm spacing, 26-gauge; Plastics One, Roanoke, VA) was implanted above the nucleus tractus 

solitarius (NTS) of the DVC according to the following stereotaxic coordinates of Paxinos 

and Watson 2007 [41]: −1.0-mm posterior to the occipital ridge, ± 0.75-mm medial/lateral, 

−5.9-mm dorsal/ventral from the skull surface. Jeweler screws and dental cement was used 

to affix guide cannula to the skull. All rats were given subcutaneous analgesia (Metacam; 2 

mg/kg, Boehringer Ingelheim Vetmedica, St Joseph, MO) immediately following surgery 

and for three additional postoperative days. Placements of cannula within the DVC were 

confirmed postmortem by injection of blue dye (100 nl, 2% Chicago sky blue ink) through 

the guide cannula. Animals with dye confined to the DVC were included in the analyses.

2.3. Pharmacological testing

Rats (n=9, 15, 13 for Experiments 1, 2, 3, respectively) were handled and habituated to 

injections prior to testing. All experiments consisted of a within-subjects counterbalanced 

design with drug treatments separated by 72 hours. At the time of or 1-hr prior to DVC drug 

injection for Shu9119 and MTII experiments, respectively, food was removed from the 

animal’s cage. A micropump-depressed (PHD 2000; Harvard Apparatus, Holliston, MA) 

Hamilton syringe attached to tubing that terminated in a 33-gauge injector extending 2.0 mm 

beyond the cannula was used to bilaterally deliver either artificial cerebral spinal fluid 

(aCSF; vehicle control), MTII (1 or 5 pmol) or Shu9119 (20 pmol) to the parenchyma of the 

DVC. All DVC delivered infusions were administered 1-hr before the onset of the dark cycle 

at a volume of 100 nl/hemisphere and a flow rate of 1.2 μl/min. Injectors were left in place 

for 30 seconds to allow for diffusion of the drug. Just prior to the onset of the dark cycle, rats 

were treated with an intraperitoneal (IP) injection of 0.9% saline (vehicle control; 1 ml/kg) 

or liraglutide (50 or 100 μg/ml; 1ml/kg, gift of Novo Nordisk). Doses of liraglutide (100 

μg/ml for Experiment 1 and 50 μg/ml for Experiment 2) were chosen in order to allow for 

attenuation of food intake and body weight by Shu9119 or further suppression of intake by 

MTII. Food was returned at the onset of the dark cycle. Food intake measurements were 

performed by calculating the cumulative change in the weight of the food hopper (+/− 0.1g) 
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from the time of injection to the indicated time point (1, 4, 24, 48 hrs). Food spillage was 

accounted for by subtracting the weight of crumbs, collected via papers placed beneath each 

hanging wire-cage, from the weight change of the food hopper. Animals were weighed prior 

to drug treatment and at 24 and 48 hrs post treatment for the calculation of body weight 

change.

2.4. Statistical Analysis

All data are expressed as means ± SEM. Analysis of variance (ANOVA) were performed 

using the GraphPad Prism 7.0 Software (GraphPad Software Inc., San Diego, CA, USA). 

The dose response analysis for MTII was performed using a repeated measures one-way 

ANOVA with Tukey’s post hoc test for multiple comparisons. All comparisons of the effects 

of either MTII or SHU9119 on liraglutide or vehicle- induced food intake and body weight 

were analyzed using a repeated-measures two-way ANOVA with Tukey’s post hoc test for 

multiple comparisons. For all statistical tests, the α level for significance was 0.05.

3. Results

Experiment 1: Shu9119 attenuates the food intake and body weight suppressive effects of 
liraglutide

Two-way repeated measures ANOVAs for each measured time-point (1, 4, 24, 48) with 

Tukey’s post hoc tests were used to examine the effects of Shu9119 or liraglutide alone and 

in combination. There was no main effect of liraglutide on food intake revealed by ANOVA 

at 1 hour [F(1,8)=3.147]. Significant main effects of liraglutide occurred at 4, 24, and 48 

hour time points [F(1,8)=24.77, p=0.001; F(1,8)=227.1, p<0.0001; F(1,8)=54.96, p<0.0001, 

respectively]. At the 1 and 4 hour time points, there were no main effects of Shu9119 

[F(1,8)=0.292, p=0.603 and F(1,8)= 1.098, p=0.325]. However, at 24 and 48 hours there 

were both main effects of Shu9119 [F(1,8)=73.74, p<0.0001 and F(1,8)=3.459, p=0.100, 

respectively] and interactions [F(1,8)=227.1, p<0.0001 and F(1,8)=10.49, p=0.011, 

respectively]. Post hoc tests at 24 and 48 hours revealed that vehicle/liraglutide treated rats 

consumed significantly less than vehicle/vehicle (p<0.0001 and p=0.0001) and Shu9119/

vehicle (p<0.0001and p=0.0002) treated rats. At 24 hours, a suppression of food intake was 

not observed for Shu9119/liraglutide treated rats compared to vehicle/vehicle (p=0.999) or 

Shu9119/vehicle (p>0.999) treated rats. At 48 hours, Shu9119/liraglutide intake was 

significantly different than vehicle/vehicle (p=0.0187), Shu9119/vehicle (p=0.0219) and 

vehicle/liraglutide (p=0.009) treated rats. As previously reported [42] and intended by our 

experimental design, the chosen dose of Shu9119 (20 pmol) was indeed subthreshold for 

food intake-suppressive effects at every measured time point. As such, post hoc tests did not 

reveal differences between vehicle/vehicle and Shu9119/vehicle treated groups at 1 

(p=0.9987), 4 (p>0.9999), 24 (p=0.999) or 48-hour (p=0.9994) time points (Fig. 1A).

Similarly for body weight, while there were main effects of liraglutide [F(1,8)=76.59, 

p<0.0001 and F(1,8)=37.32, p=0.0003], Shu9119 [F(1,8)=11.01, p=0.0106 and 

F(1,8)=6.319, p=0.0362] and interactions between the drugs [F(1,8)=9.806, p=0.0140 and 

F(1,8)=9.673, p=0.0144] at 24 and 48 hours, respectively, post hoc tests revealed no effects 

of Shu9119 alone on body weight when compared to vehicle/vehicle treated rats at either 24 
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(p=0.6840) or 48 hour time points (p=0.9073). Instead, vehicle/liraglutide suppressed body 

weight compared to both control groups (vehicle/vehicle and Shu9119/vehicle) and 

Shu9119/liraglutide treated rats at 24 (p=0.0002, p<0.0001, p=0.0024) and 48 hours 

(p=0.0004, p=0.0002, p=0.0043). Body weight for Shu9119/liraglutide treated rats was 

different than Shu9119/vehicle at 24 (p=0.0277) but not 48 hours (p=0.0900; Fig. 1B).

Experiment 2: MTII Dose Response

A dose response experiment was performed in order to determine a dose of MTII that when 

delivered intra-DVC was subthreshold for food intake and body weight suppressive effects. 

One-way repeated measures ANOVAs for each measured time point (1, 4, 24, 48) revealed 

no main effects of dose on food intake at the 1 [F(2,28)=1.017, p=0.3747] or 48 

[F(2,28)=1.283, p=0.2931] hour time point. In contrast, there was a main effect of dose on 

food intake at 4 [F(2,28)=4.876, p=0.0152] and 24 hours [F(2,28)=155.5, p<0.0001] hours. 

At both 4 and 24 hours, Tukey’s post hoc tests revealed significant differences between 

vehicle and the 5 pmol dose (p=0.0147 and p<0.0001, respectively) but not vehicle and the 1 

pmol dose (p=0.7137 and p=0.4359, respectively). At 24 hours, there was also a difference 

between the 1 pmol and 5 pmol dose (p<0.0001) that was not significant at 4 hours 

(p=0.0846; Fig 2A).

There was a main effect of dose on body weight at 24 [F(2,28)=5.207, p=0.0119] but not 48 

hours [F(2,28)=1.327, p=0.2814; Fig. 2B]. Tukey’s post hoc tests revealed that at 24 hours, 

vehicle treatment was different than 5 mol (p=0.0087), but not 1 mol (p=0.3242). There was 

not a difference in body weight between rats treated with 1 and 5 pmol at 24 hours 

(p=0.2012; Fig. 2B).

Experiment 3: MTII augmentation of the food intake and body weight suppressive effects 
of liraglutide

Two-way repeated measures ANOVAs for each measured time-point (1, 4, 24, 48) were used 

to examine the effects of MTII or liraglutide alone or in combination. There was no main 

effect of liraglutide on food intake revealed by ANOVA at 1 hour [F(1,12)=1.106]. 

Significant main effects of liraglutide occurred at 4, 24, and 48 hour time points 

[F(1,12)=11.58, p=0.0052; F(1,12)=75.91, p<0.0001; F(1,12)=26.65, p=0.0002, 

respectively]. At the 1 hour time point, there was no main effect of MTII [F(1,12)=2.508, 

p=0.1392]. However, at 4, 24 and 48 hours there were main effects of MTII on food intake 

[F(1,12)=11.77, p<0.0050; F(1,12)=21.17, p=0.0006; F(1,12)=5.375, p=0.0389, 

respectively] but no interactions [F(1,12)=0.4529, p=0.5137; F(1,12)=1.6, p=0.2300; 

F(1,12)= 0.09474, p=0.7635, respectively]. Post hoc tests at 4, 24 and 48 hours revealed only 

significant differences between groups at 24 and 48 hours. At 24 hours, liraglutide 

suppressed food intake relative to vehicle/vehicle treated rats (p=0.0308). At this time point, 

the MTII/liraglutide group was significantly different from all three other treatment groups 

(p=0.0001 relative to vehicle/vehicle, p=0.0014 relative to MTII/vehicle, p=0.0301 relative 

to MTII/liraglutide). At 48 hours, liraglutide treatment alone did not suppress food intake 

relative to vehicle/vehicle treated animals (p=0.0850), however, when MTII/liraglutide did 

suppress food intake relative to both vehicle/vehicle (p=0.0061) and MTII/vehicle 

(p=0.0403), but not vehicle/liraglutide (p=0.4564), treated rats (Fig. 3A). As informed by 
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our dose response (Fig. 2), MTII was indeed subthreshold for food intake effects at all 

measured time points. As such, post hoc tests did not reveal differences between vehicle/

vehicle and MTII/vehicle treated groups at 1 (p=0.9925), 4 (p=0.8780), 24 (p=0.4827) or 48-

hour time points (p=0.7050; Fig. 3A).

Similarly for body weight, there were main effects of liraglutide [F(1,12)=52.16, p<0.0001 

and F(1,12)=8.349, p=0.0136] and MTII [F(1,12)=26.36, p=0.0002 and F(1,12)=12.81, 

p=0.0038], but not interactions between the drugs [F(1,12)=1.53, p=0.2398 and 

F(1,12)=0.4536, p=0.5134], at 24 and 48 hours, respectively. Post hoc tests revealed no 

effects of MTII alone on body weight when compared to vehicle/vehicle treated rats at either 

24 (p=0.5248) or 48-hour time points (p=0.5516). At 24 hours, there was an effect of 

liraglutide alone on body weight (p=0.0359 for vehicle/vehicle compared to vehicle/

liraglutide) that was enhanced by MTII such that body weight for the MTII/liraglutide 

treated animals was significantly different than vehicle/vehicle (p=0.0002), MTII/vehicle 

(p=0.0018) and vehicle/liraglutide (p=0.0368) treated rats. At 48 hours, the only 

significantly different groups (p<0.05) were the vehicle/vehicle compared to the MTII/

liraglutide groups (p=0.0180; Fig. 3B).

4. Discussion

The suppression of food intake and body weight by liraglutide undoubtedly involves the 

modulation of multiple CNS energy balance regulatory systems. Each of these regulatory 

systems therefore represent a potential target for enhancing the food intake and body weight 

suppressive effects of liraglutide. Here, we provide evidence that DVC MC3/4Rs play a 

modulatory role for liraglutide’s anorectic effects and can be targeted to augment the of food 

intake and body weight suppression by liraglutide. Specifically, blockade of DVC MC3/4Rs 

partially attenuated the intake and body weight suppression by liraglutide. Further, activation 

of MC3/4R by MTII augmented the food intake and body weight suppressive effect of 

liraglutide at 24 and 48-hour time-points.

The dynamic modulation of liraglutide signaling by MC3/4Rs that we observe in our studies 

is not surprising given [1] the abundance of endogenous feeding signals that are known to 

synergize at the level of the DVC to modulate food intake [15,40], including but not limited 

to: leptin and CCK [16,17,43,44], amylin and leptin [18], leptin and GLP-1 [19,45–47] and 

CCK and GLP-1 [48] and [2] the well-supported role for central melanocortin receptors as 

potentiators of both short-term gut-derived and long-term adipostatic energy balance signals. 

Indeed, agonism of melanocortin receptors augments the intake-inhibitory effects of 

exogenous CCK, whereas genetic deletion or antagonism of central MC4Rs, both within the 

hypothalamus and hindbrain, blocks the suppression of intake by CCK [34,49,50]. The 

integration of more long-term signals is evidenced by the disruption of leptin-induced 

feeding suppression by MC3/4R antagonism [51] or POMC deficiency in obese mice [52]. 

Our work adds GLP-1R signaling (specifically that produced by liraglutide) to the list of 

neuromodulatory signaling roles of MC3/4Rs by demonstrating that the full intake-

suppressive effects of liraglutide requires DVC MC3/4R activation.
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While a site at which GLP-1 and melanocortin receptor signaling converge to modulate food 

intake has been identified here, further research is necessary to identify the mechanism by 

which DVC MC3/4Rs are tuning liraglutide signaling. An attractive hypothesis is that the 

interaction is occurring within the DVC on cells that express both the MC3/4R and GLP-1R. 

Indeed, the DVC expresses both GLP-1R and MC3/4Rs [32,38,53–58]. Numerous studies 

have shown that liraglutide crosses the blood brain barrier and permeates the DVC 

[11,59,60]. Additional evidence supporting liraglutide and MC3/4R action directly within 

the DVC comes from pharmacological studies showing that intra-DVC delivery of either 

MC3/4R or GLP-1R agonists suppresses food intake [30,58,61,62]. As our pharmacological 

studies do not restrict analysis to subnuclei of the DVC, MC3/4R populations in the area 

postrema, nucleus of the solitary tract and dorsal motor nucleus of the vagus are all 

possibilities for GLP-1R and MC3/4R co-expression. Future in situ hybridization work is 

required to inform a site of action. Additionally, in-depth analyses are required to determine 

whether the MC3/4R and/or GLP-1R are expressed on post-synaptic cells or pre-

synaptically on incoming fibers, of vagal afferent origin or otherwise (see [15] for review). 

Indeed, the critical population of MC4Rs, either pre- or postsynaptic, that mediates food 

intake control within the NTS remains controversial [31–33].

Our data suggest that liraglutide is engaging POMC neurons, either directly or indirectly, 

and that the endogenous release of α-MSH is potentiating liraglutide-induced food intake 

and body weight suppression. The expression of GLP-1Rs on POMC neurons has been 

demonstrated in the hypothalamus [60] but whether there is a local endemic source of α-

MSH from NTS POMC neurons downstream of liraglutide remains to be tested. It is also 

possible that liraglutide is engaging hypothalamic POMC neurons [60] which potentially 

project to DVC MC3/4R expressing neurons for tuning of a liraglutide-induced signal at the 

level of the DVC. Studies which selectively silence either hypothalamic or NTS GLP-1R 

populations expressed on either POMC neurons of the arcuate nucleus of the hypothalamus 

or the NTS will be necessary to fully understand the mechanism at play. It is important to 

note, however, that the DVC is likely not the only site in the CNS at which liraglutide 

signaling is modulated by MC3/4Rs to affect food intake. The incomplete rescue of food and 

body weight suppression by Shu9119 delivered to the DVC suggests the involvement of 

other CNS-mediated mechanisms that have yet to be identified.

A complete understanding of the mechanism and sites-of-action where GLP-1 and MTII 

signals converge may help inform the development of future targeted therapies with 

improved efficacy and reduced side effects. Our work suggests that targeting DVC MC3/4Rs 

improves the weight loss potential of liraglutide. This population of MC3/4Rs should also be 

examined in the regulation of glucose metabolism by liraglutide as melanocortin receptor 

ligands and liraglutide have independent effects on glucose metabolism [63,64] that are 

improved when liraglutide and MC4R agonists are combined systemically [23]. Future 

studies will also be necessary to test whether liraglutide and MTII combination therapies can 

minimize the negative side effects of each drug alone while preserving their anorectic 

effects. Unfortunately, liraglutide induces nausea and malaise in both rodent and human 

studies [7,11,65] and MTII has adverse effects on body temperature, heart rate and blood 

pressure [36,37,66]. In addition, MTII has reported side effects of nausea and penile erection 

in humans [67,68], which together with the cardiovascular effects, have limited MC3/4R 
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agonists’ potential as therapeutics for obesity. It remains possible, however, that the side 

effects of both drugs can be minimized by co-administering each individual drug at lower 

doses, as we have chosen to do here. Our results support further investigation of the 

mechanism by which DVC MC3/4Rs regulate liraglutide-induced signaling and anorexia 

given that DVC MC3/4Rs are required for the full intake suppressive effects of liraglutide 

and that liraglutide-induced anorexia is augmented with agonism of the MC3/4R.
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Highlights:

The full anorectic potential of liraglutide requires DVC MC3/4Rs

Agonism of DVC MC3/4Rs potentiates the food intake and body weight suppressive 

effects of liraglutide
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Fig 1. 
Cumulative chow intake (A) and change in body weight (B) at 1, 4, 24, 48 hours (hr) post-

administration of vehicle (veh) or Shu9119 (20 pmol; intra-DVC) followed by vehicle or 

liraglutide (lirag; 100 μg/kg; IP). Data are expressed as mean ± SEM. Different letters 

indicate significant differences between groups (p<0.05).
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Fig 2. 
Dose-dependent effects of DVC-directed MTII on food intake (A) and body weight (B) at 1, 

4, 24, 48 hours (hr) post-administration of vehicle (veh) or MTII (1 or 5 pmol; intra-DVC). 

Data are expressed as mean ± SEM. Different letters indicate significant differences between 

groups (p<0.05).
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Fig 3. 
Cumulative chow intake (A) and change in body weight (B) at 1, 4, 24, 48 hours (hr) post-

administration of vehicle (veh) or MTII (1 pmol; intra-DVC) followed by vehicle (veh) or 

liraglutide (lirag; 50 μg/kg; IP). Data are expressed as mean ± SEM. Different letters 

indicate significant differences between groups (p<0.05).
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