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Neurotransmitter Interactions that  

Control High-Fat Food Intake 
 

Abstract 

Overconsumption of highly palatable “junk food” contributes to obesity and related metabolic 

disorders. This project investigated the brain circuitry that allows such eating in excess of the 

body’s energy requirements. We hypothesized that neurotransmitters mediating energy 

homeostasis and food reward interact within the nucleus accumbens (NAc) to control the intake 

of palatable foods. Specifically, we examined two neuronal projections from the hindbrain to the 

NAc: glucagon-like peptide 1 (GLP-1) and the A2 population of noradrenergic (NA) neurons. 

Both GLP-1 and A2 cell bodies are located in the nucleus of the solitary tract (NTS) and receive 

input from the gastrointestinal tract about incoming nutrients during meals. Our lab has 

previously shown that GLP-1 can act within the NAc to reduce feeding, but that maintenance on 

high-fat diet (HFD) impairs this response. We hypothesized that this impairment is caused by 

endogenous opioid activation of mu-opioid receptors (MOR) in NAc. Our studies further 

examined the HFD-induced impairment in GLP-1 sensitivity and attempted to lay the 

groundwork for investigating a possible interaction between GLP-1 and MOR in NAc. The next 

series of studies focused on the role of the A2 projection to NAc. We had previously found that 

selective lesion of this projection caused overeating and weight gain. Here we asked whether this 

lesion affects energy expenditure or locomotor activity. We did not observe any significant 

effects, but also failed to replicate the body weight effect previously obtained, so the data are not 

conclusive.  Further analysis is ongoing.  
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Introduction 

 In recent decades, a new public health concern has arisen. The over-consumption of 

highly palatable energy dense foods that are relatively inexpensive and easy to obtain is thought 

to contribute to the rise in obesity and related metabolic disorders. This “junk food” is often 

chosen over healthier options and is consumed past the point of energy requirements (1). The 

goal of this project is to better understand the brain pathways that control these choices. 

Improving our understanding of the mechanisms for this over-consumption will help us address 

the growing public health concerns. 

 The traditional perspective on the physiology of food intake control focuses on the 

maintenance of energy homeostasis, a balance between energy intake and expenditure (2). Two 

major categories of endocrine signals interact with one another to accomplish this goal: short-

term meal-related signals of nutrient presence in the gastrointestinal tract and long-term signals 

of fat mass (3). The short-term signals are called “satiation signals,” and promote the feeling of 

fullness and meal termination. One of the most well studied of these signals is cholecystokinin 

(CCK), secreted by endocrine cells of the duodenum. The CCK signal is transmitted to the brain 

via the vagus nerve, where it acts to promote satiety (4). One of the most well understood long-

term signals of adiposity is leptin, which is secreted by adipocytes, in direct proportion to body 

fat mass. Leptin crosses the blood-brain barrier and acts on receptors in the brain. Circulating 

leptin levels set the tone for how the brain responds to short-term satiety signals (5). Low levels 

of leptin (due to low levels of body fat mass) decrease sensitivity to satiety signals such as CCK. 

This leads to continued consumption of food until enough CCK and other satiation signals reach 

sufficient levels to signal meal termination. Conversely, higher levels of leptin increase 

sensitivity to CCK and other satiation signals, so that less food is required to reach satiation. In 
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this way, the interplay between adiposity and satiety signals function to maintain stability of 

body fat.  

 While the homeostatic system plays an important role in controlling food intake, it does 

not account for all feeding behavior. Palatable food, often high-fat or high-sugar, can strongly 

stimulate brain reward systems independent of their caloric or nutrient value. The 

overconsumption of such food suggests that the homeostatic system can be “overridden” by 

other factors (6). Eating for reasons other than caloric need is often called “hedonic eating.” This 

type of eating is related to rewarding aspects of food, including, palatability, motivation, learned 

associations and cues about food availability, and social factors. Humans and non-human 

animals prefer and will work harder (or pay more) to obtain highly palatable foods vs. less 

palatable choices (7). The brain circuitry that mediates food reward is centered on the 

mesolimbic dopamine pathway, a projection of dopamine neurons from the midbrain ventral 

tegmental area to the rostral forebrain nucleus accumbens (NAc) in the ventral striatum (7). 

Activity of NAc neurons mediates motivation and preference for naturally rewarding stimuli 

(food, sex) as well as drugs of abuse (6). With respect to food reward specifically, manipulations 

of NAc can affect food palatability and motivation to perform operant responses to obtain 

palatable food (8). 

 The brain’s endogenous opioid system plays a key role in food reward. In the NAc and 

several other reward-related brain regions, mu-opioid receptor (MOR) agonists increase intake of 

palatable foods, while MOR antagonists decrease intake (9). Endogenous opioids released in the 

NAc during ingestion of palatable food are thought to promote continued ingestion by increasing 

food palatability. However, a recent study found evidence that MOR stimulation in the NAc may 

also attenuate feeding-inhibitory post-ingestive feedback from satiation signals such as CCK 
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(10). This conclusion is based on the effects of MOR stimulation on the licking behavior of rats 

ingesting a sucrose solution. Normally, the rate of licking is high at the beginning of the meal 

and gradually reduces as more nutrients are consumed, until the meal is finally terminated. This 

reduction over time is caused by gastrointestinal satiation signals. In rats receiving injections of 

MOR agonist into the NAc, the reduction in lick rate was delayed and meal duration meal was 

extended, suggesting an inhibition of satiation (10).  

 In our initial study, we explored the possible interaction between NAc MOR and 

satiation. Although it is now acknowledged that homeostatic and hedonic brain circuits both 

contribute to food intake control, they are still viewed as primarily acting independently of each 

other (11). The homeostatic system is considered to reside largely within the hypothalamus and 

caudal brainstem, while the hedonic system centers on the mesolimbic dopamine pathway (7, 6). 

However, there is increasing evidence that these systems are directly linked and influence one 

another. Our initial proposal focused on one of these potential links, the glucagon-like peptide 1 

(GLP-1) neuronal projection from the caudal brainstem to the NAc. We planned to examine how 

MOR and GLP-1 interact within the NAc.  

 GLP-1-producing cells reside in the caudal nucleus of the solitary tract (NTS), and these 

neurons project to many food intake-relevant areas throughout the brain, including the NAc (12). 

This neuropeptide has traditionally been thought of as a mediator of short-term homeostatic 

satiety signaling (3). GLP-1 neurons receive afferent input from the vagus nerve (which is 

stimulated by gastrointestinal satiation signals), and in turn, neuronal GLP-1 release suppresses 

food intake. When injected into the cerebral ventricles (icv), GLP-1 potently decreases food 

intake (13, 14, 15). The intestine also releases GLP-1, and this peripherally derived GLP-1 also 

plays a role in the homeostatic control of food intake. However, GLP-1 has such a short half-life 
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(<2 min) that it is doubtful that any of the hormone released by the intestine reaches the brain to 

bind to GLP-1 receptors there (16). For this reason, it is believed that the peripheral (GI tract) 

and central (brain) GLP-1 systems are separate. For the purpose of this project, we focused on 

the effects of central GLP-1.  

 Recent studies have raised the possibility that the GLP-1 projection from the NTS to the 

NAc Core subregion (NAcC) may influence hedonic eating, as well (16, 18). Our laboratory 

showed that stimulation of GLP-1 receptors in the NAcC suppresses feeding, and treatment with 

the GLP-1R antagonist Exendin 9-39 increases food intake (13). These results and results from 

another study (21) support the suggestion that the GLP-1 projection to NAcC could link 

homeostatic satiation signaling in the hindbrain with NAcC processing of food reward. To better 

understand how GLP-1 may affect hedonic eating, we proposed to investigate how it interacts 

with MOR in the NAcC to affect food intake. 

 We hypothesized that MOR and GLP-1 receptors, which exert opposite effects on 

feeding, interact within the NAcC. During the ingestion of palatable food, endogenous opioids 

are released in the reward areas of the brain (19). These stimulate opioid receptors and promote 

continued consumption. Satiation signals arising from ingested nutrients in the gut stimulate 

GLP-1 neurons, and the GLP-1 projection to NAcC normally plays a role in terminating intake 

(3). We hypothesized that the action of endogenous opiates on MOR in the NAcC reduces the 

effectiveness of that GLP-1 signal, thus allowing increased ingestion. Our preliminary data 

supported this hypothesis. First, we observed that doses of GLP-1 that effectively suppress 

standard rat chow intake (0.025 and 0.1 �g) failed to suppress palatable high fat diet (HFD) 

intake (see Figure 1). Next, we examined the effects of low doses of GLP-1 and the MOR 
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antagonist naltrexone (NTX) delivered alone or in combination. Neither treatment affected HFD 

intake when delivered alone, but co-injection significantly suppressed HFD intake (see Figure 2). 

 Because our pilot data suggested that there was an interaction between GLP-1 and MOR, 

we proposed to investigate the nature of this interaction. We proposed to examine the HFD-

feeding suppressive effects of a variety of dose combinations of GLP-1 and NTX and apply 

Response Surface Methodology (RSM), a well-validated statistical approach for looking at drug 

interactions (20). There are three possible types of interactions, infra-additive, additive, and 

synergistic. Infra-additive interactions result in a decreased effectiveness of drug treatments (i.e., 

when given together, the drugs are less effective than when given alone). Additive interactions 

appear as stacked effectiveness (i.e, when given together, each drug is as effective as when 

delivered alone). A synergistic interaction results in an outcome that is greater than the sum of 

each of the drug effects when delivered separately (See Fig.3. for hypothetical representations).  

An additive interaction may suggest that the two drugs are acting on different brain pathways, 

while a synergistic response might indicate that both drugs are acting within the same brain 

circuit. Clinical applications of synergistic or additive relationships are important because they 

allow delivery of lower doses of drug to patients, and may therefore reduce adverse side effects 

while maintaining the same therapeutic effectiveness. Our characterization of the interaction 

between GLP-1 and MOR may have allowed us to better understand the brain mechanisms of 

food intake control in general and would have suggested improvements in therapeutic targets. 

 Our intentions were to establish dose response levels for GLP-1 and NTX that ranged 

from highly effective to barely effective, which would have then been used in a variety of 

combinations and analyzed with RSM. In our preliminary experiments, these dose levels could 

not be established for a number of reasons explained below, so the RSM approach was 
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determined to be technically infeasible. Instead, we decided to move onto a project that held 

more potential. 

 In addition to the GLP-1 projection from NTS to the NAc, there are noradrenergic 

neurons (NA) that project from the NTS to the NAc shell. Like GLP-1 neurons, these NA 

neurons are activated by CCK via afferent vagal stimulation (23). This specific group of NA 

neurons is labeled as the A2 cell sub-group, and they have been shown to play a critical role in 

the satiation response to CCK. Selective lesion of these cells eliminates rats’ anorexic response 

to CCK injection (24).  It was initially hypothesized that the A2 projection to  

the paraventricular nucleus (PVN) of the hypothalamus mediates the anorexic response to CCK, 

however it has since been shown that selective lesion of the A2 projection to the PVN has no 

impact on CCK response (22).  Therefore, the specific subset of A2 neurons that mediates 

gastrointestinal satiation signaling must project elsewhere in the brain. 

 We hypothesized that the A2 projection to NAc could be involved in the response to gut 

signals, making it another pathway that links homeostatic and hedonic controls of eating. These 

A2 neurons express the NA synthetic enzyme dopamine beta hydroxylase (DbH, the rate-

limiting enzyme for catecholamine synthesis), which allows us to use a commercially available 

targeted toxin to selectively lesion these cells. The saporin toxin is a cytotoxin that acts by 

inactivating ribosomes at the intra-cellular level.  Alone, it is incapable of entering the cell. 

However, conjugation to the DbH antibody allows binding to DbH and thus selective uptake by 

DbH-expressing neurons.  The anti-DbH antibody-saporin conjugate then exerts its toxic effect 

only in these neurons (22). 

 To specifically lesion the A2 neurons projecting to only the NAc shell, we injected the 

toxin into the NAc where it was picked up only by axon terminals of neurons containing DbH, 
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and then retrogradely transported back to those cell bodies in the NTS.  Because the only source 

of NA in the NAc is this A2 cell projection, this approach selectively targets the NTS A2 

neurons. The nature of this type of manipulation varies from our previous studies on GLP-1 and 

MOR interactions in that this lesion approach creates a permanent change to the neuroanatomy 

of the animals, which are then observed in a longitudinal study to quantify their behavioral and 

physiologic responses to the loss of these neurons.  

 A preliminary study in our laboratory showed that the lesioned rats gained significantly 

more body weight than controls and showed increased daily food intake over a period of 8 

weeks. A clear divergence between the experimental and control groups was apparent by the 4
th

 

week and continued to expand (Figure 7). Because the increase in food intake was not large, we 

hypothesized that the lesion may have also affected energy expenditure in a way that would 

promote weight gain. To examine this possibility, we performed another experiment in which 

rats will be studied in specialized metabolic chambers. This experiment will shed further light on 

the hindbrain-forebrain interactions we believe lie central to the integration of homeostatic and 

hedonic controls of feeding and body weight. 

 

 

Materials and Methods 

Animals 

 Naïve male Wistar rats (Charles River, Wilmington, MA) were individually housed in 

standard Plexiglass cages with food hoppers. The room was temperature controlled and 

maintained on a 12h light: 12h dark cycle. Distilled water was available ad libitum. Rats were 

maintained on standard rat chow (Purina, St. Louis, MO) with ad libitum access unless otherwise 
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noted. All subjects were handled daily and habituated to experimental procedures before the 

studies. All experimental procedures are approved by the Florida State University Institutional 

Animal Care and Use Committee and conform to the standards of the Guide for the Care and Use 

of Laboratory Animals (National Research Council 1996). 

Cannulation (Experiments 1,2,3) 

 Each rat received a guide cannula (Plastics One, 26-G, Roanoke, VA), implanted under 2 

to 4% isoflurane in 1-liter oxygen/minute inhaled continuously during stereotaxic assisted 

surgery. The cannula was cemented to three jeweler’s screws attached to the skull, and closed 

with an obturator. Buprenorphine hydrochloride (0.3 mg/kg im; Rickett Colman 

Pharmaceuticals, Richmond, VA) was administered at completion of surgery, and the rats 

recovered for at least 5 days while food intake and body weight were recorded. Stereotaxic 

coordinates for the LV placement were 1.5 mm lateral to midline, 0.9 mm posterior to bregma, 

and 2.7 ventral to the skull surface. Coordinates for NAc core were 1.2 mm anterior to bregma, 

1.5 mm lateral to midline, and 4.9 mm ventral to skull surface. LV cannulation placement were 

verified through observation of water drinking induced by Angiotensin II. NAc cannulation 

placement was verified histologically (described below). 

 

Experimental Procedures 

Experiment 1: Lateral cerebral ventricle dose response function for GLP-1 

 Before we examined the potential interaction between GLP-1 and NTX in the NAc, we 

wanted to identify doses of GLP-1 and NTX that were sub-threshold for effect when 

administered to the lateral ventricle (LV). This would increase our confidence that any observed 

drug effects were the result of action at receptors within the NAc and not elsewhere in the brain. 
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The NAc is located in close proximity to the LV, so it is possible that drug injected into the NAc 

may leak or diffuse into the ventricular system. Cerebrospinal fluid (CSF) flows through the 

ventricular system in a rostro-caudal direction, so any drug leaking into the LV could travel 

throughout the rest of the brain through the more caudal ventricles. By establishing threshold for 

effects with ventricular administration, we can identify doses at which our drug has no effect, 

even when the entire dose is directly injected into the ventricle. Using doses below this threshold 

in the NAc would allow us to safely assume that any observed effects must be due to an action 

on receptors in the brain tissue at the site of injection. 

 Previously, sub-threshold doses of GLP-1 in the LV have been established for rats on 

chow diet (13). However, in some initial testing of GLP-1 in the NAc, we began using doses 

above this established threshold, while still eliciting no effect on HFD intake. This led us to 

believe that the dose response function for GLP-1 delivered to the central nervous system may 

have been shifted in rats consuming HFD, relative to chow. To further explore this idea that rats 

may be less responsive to GLP-1 administration when eating HFD, we sought to determine the 

threshold for effectiveness of GLP-1 in the LV, this time using animals on HFD. 

 After recovery from surgery, rats were trained with 3 h exposure to HFD. Regular chow 

was removed and HFD was introduced for a 3-h period, after which the HFD was removed and 

weighed, and the chow was returned. The experiment began when HFD intake stabilized, (less 

than 10% variation in HFD intake across sessions). On treatment days, regular chow was 

removed and injections of vehicle or GLP-1 in 2 �L was delivered to the LV. GLP-1 dose levels 

were 0.33, 1.0, and 3.0�g. The vehicle was a saline solution (0.90% NaCl). HFD access began 

15 min after injections. Treatments were given in a counter-balanced, within-subject design. This 

design resulted in all subjects receiving every dose, while receiving it in a unique order. Sub-
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threshold levels for NTX were not evaluated, as NTX has not been shown to be effective when 

delivered to the LV at any dose. 

 

Experiments 2 & 3: intra-NAcC GLP-1 and NTX Dose Response Functions 

 These experiments were designed to establish the dose response functions for GLP-1 and 

NTX effects on HFD intake when separately administered directly into the NAcC. The 

procedures were identical to that described above for Experiment 1, except that injections were 

directed to NAcC specifically. The GLP-1 doses used here were 0, 0.1, 0.25, 0.5, 1.0, and 2.5 �g, 

these were determined in part by the results of Experiment 1. We used doses of 0, 10, 25, and 50 

�g NTX. Separate groups of rats were used to test GLP-1 and NTX. Treatments were given in a 

counter-balanced, within-subjects design. The results from this experiment were to be the basis 

of the RSM analysis, but due to technical complications, the RSM approach was not undertaken. 

The results below show the difficulty we had in eliciting an effect on HFD intake at any dose of 

GLP-1 or NTX. 

Statistical Analysis for Experiments 1, 2, and 3 

 Statistical comparisons within groups were made by one-way analysis of variance 

(ANOVA). Post hoc and planned comparisons were made with Tukey’s honestly significant 

difference (HSD) tests. P values lower than 0.05 were considered to be statistically significant. 

Cannula Placement Verification 

 Rats were anesthetized (180 mg/kg ketamine and 30 mg/kg xylazine, i.p.) and 

transcardially perfused with 10 mM PBS and 4% paraformaldehyde. Brains were removed and 

sunk in 30% sucrose in PBS and then frozen in isopentane on dry ice. Coronal cryostat sections 
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(20 �m) through the NAc were slide-mounted for visual examination of injection placement. 

Only rats with correct injection placements were included in the analyses.  

 

Experiment 4: Role of A2 projection to NAc in energy expenditure and weight gain 

Surgery 

 The surgical procedures were similar to those described in Experiment 1, except that no 

cannulae were implanted and instead microinjections were made at 4 locations in the NAc 

(bilateral injections at 2 rostro-caudal locations). The experimental treatment consisted of a 

saporin toxin conjugated to a DbH-antibody (DbH-Sap) while the control consisted of the toxin 

conjugated to the mouse immunoglobulin protein-G (Con-Sap). The IgG protein was selected for 

its similarity in structure and size to the DbH antibody. However, this protein is not recognized 

and internalized by the A2 neurons and thus this saporin conjugate has no effect. The stereotaxic 

coordinates for the NAc shell were 1.5 mm lateral to midline (left and right of midline), 1.2 and 

1.5 mm anterior to bregma, and 8.0 mm ventral to the skull surface. Injection volumes of 42 

ng/200 �L of either DbH-Sap (n=4) or Con-Sap (n=4) were administered by a precision pump at 

a rate of 100 �L/min. The injector was left in place for 5 min after the injection to allow for 

diffusion of the injectate away from the injector tip. After all injections were made, rats’ skin 

was sutured closed, topical antibiotic was applied, and they were returned to their cages. 

Experimental Procedures 

 Immediately following the surgical lesion, the rats were placed in specialized metabolic 

chambers that allowed for the study of gas exchange, energy expenditure, locomotor activity, and 

ingestive behavior. The lesion was expected to be completed by 2 weeks post-injection (25) and 

the animals were observed in these chambers for 8 weeks. 
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Metabolic measurements 

 Gas Exchange:  Oxygen consumption (VO2) and carbon dioxide production (VCO2) were 

measured every 2.5 min by open-circuit respirometry (flow rate 2 L/min) to isolate successive 

samples of VO2, which was adjusted for mass (mL/min x 0.75kg). A separate value for 

respiratory quotient (RQ; VCO2 / VO2) was calculated for the entire 12-h dark phase and the 11-

h light phase. 

 Energy Expenditure: Total energy expenditure (EE) was estimated using the Weir 

equation: EE (kcal/min) = 3.91(VO2) + 1.1(CO2)/1000. Energy expenditure was estimated for the 

dark phase and light phase separately. Daily energy balance was estimated to be the difference 

between caloric intake and caloric expenditure. 

 Locomotor Activity:  Each cage was positioned on a force platform to obtain 

quantification of locomotor activity in meters. Stiff strain-gauge load-beam transducers were 

attached under two adjacent corners of the platform. These measure changes in the center of 

gravity, allowing for localization of the animal’s position in two dimensions. Changes in X and 

Y coordinates were combined using the Pythagorean Theorem to compute distance moved. 

Movements must exceed 1 cm distance traveled without direction reversal to be considered as 

locomotor activity. 

 Ingestive behavior monitoring:  Feeding behavior was monitored by a photobeam sensor 

across the entrance of the feeder, which contained powdered rat chow. Due to the feeder design, 

and the nature of powdered food, the rat had to remain at the feeder during periods of food 

consumption. Breakage of the photobeam provided an indication of feeding and the duration of 

the photobeam breakage was accumulated in 30-s periods with 50-ms resolution. Drinking 
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behavior was also monitored by photobeam breakage. Intake levels of food and water were 

measured in grams and recorded on a daily basis to determine caloric intake. 

Response to HFD  

 After 8 weeks on powdered chow in the metabolic chambers, the animals were moved to 

BioDaq chambers and given ad libitum access to HFD for 4 weeks. These specialized chambers 

allowed for the study of meal patterns in addition to raw intake. Factors such as meal size, 

frequency, duration, and timing were analyzed. 

Lesion characterization 

 Rats were perfused and brains were sectioned as described above. While the A2 

projection to NAc selectively comes from NTS, it is possible that those neurons may project to 

multiple other places. Thus our “selective” lesion with the retrograde toxin may have 

inadvertently killed neurons projecting elsewhere besides NAc. To characterize the extent of the 

lesion formed, sectioning was performed through the majority of the locations where A2 neurons 

are known to project from the NTS. This included the NAc, paraventricular nucleus (PVN), and 

parabrachial nucleus (PBN). Additionally, the NTS was sectioned to verify actual cell death. The 

characterization will be studied through the counting of immunohistochemically stained DbH 

cells in the NTS (where the cell bodies originate) and optical density measurements of fiber 

concentrations in the known projection areas. Significant differences between experimental and 

control subjects will show us the full effects of the lesion throughout the brain. An example of 

the visual difference is displayed in (Figure 11). This analysis is currently underway. 

Statistical Analysis 

 Statistical analysis for this experiment was not performed because there were too few 

subjects per lesion group.  This was necessary because we have access to only 8 chambers.  Our 
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plan was to run this study twice with 2 sets of rats, so that each group ultimately contains 8 

subjects. At that point, two-way ANOVAs would have been used to assess food intake, body 

weight, and energy expenditure variables with time and lesion group as factors. 

 

Experiment 5: Attempt to replicate effect of DbH-sap lesion on weight gain 

Purpose 

 Because there was no effect seen in Experiment 4 on body weight (see Results), it was 

thought that perhaps the nature of the specialized metabolic chambers affected rats’ food intake 

and growth. Therefore, we performed another experiment in which the rats remained in standard 

cages with 24h access to HFD. This study will allow us to confirm our initial data, where we 

observed a significant divergence in body weight between lesioned and control animals. This 

study is currently ongoing. 

Surgery 

 The surgical procedures were identical to those explained in Experiment 5. Injections of 

either DbH-Sap (n=6) or Con-Sap (n=4) were again administered to the NAc shell. 

Study of HFD intake and body weight (BW) 

 Rats were allowed to recover for 1 week before being placed on ad libitum HFD. Body 

weight and food intake measurements were taken on the weekly anniversary of the beginning of 

HFD exposure as well as at least 2 other days per week.  

 

 

Results 

Experiment 1: LV dose response function for GLP-1 
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 Previously, our laboratory had established the dose response function for GLP-1 

delivered to the LV in rats eating chow. Our purpose in this experiment was to determine if the 

dose response function for GLP-1 in the LV was shifted to the right when animals were tested on 

a HFD (i.e., Would the rats be less sensitive to GLP-1 under this test food condition?). 

 However, LV GLP-1 effectively suppressed HFD intake at all doses tested (Figure 4). 

ANOVA revealed significant main effects at 1 hour (F (3, 27) = 15.25, p < 0.001), 2 hours (F 

(3,27) = 12.95, p<0.001), and 3 hours (F (3,27) = 5.90, p<0.01) of the intake test session.  These 

effects are similar to those observed with these doses delivered to rats consuming chow during 

the test (13). 

 

Experiment 2: intra-NAcC GLP-1 dose response  

 Intra-NAc GLP-1 had a significant main effect on HFD intake at the 1 hour (F(5,30) = 

4.97, p<0.01) and 2 hour (F(5,30) = 2.56, p<0.05) measurements, with no effect at 3 hours 

(Figure 5).  At 1 hour, the 1 �g dose significantly suppressed intake relative to vehicle (p < 0.05).  

At the 2-hour measurement, intake after GLP-1 did not differ significantly from vehicle at any 

dose in the Tukey’s HSD post-hoc analysis.  However, uncorrected pairwise comparisons (t-test) 

showed that the 1 �g dose was effective (p < 0.05), thus explaining the significant main effect in 

the ANOVA. Note that this dose was also effective when administered to the LV. 

 

Experiment 3: intra-NAcC NTX dose response 

 NTX did not significantly affect HFD intake at either the 10 or 25 �g doses at any time 

examined (Figure 6).  Additionally, it was not possible to get 50 �g NTX into solution at a low 

enough volume for intra-NAc delivery. 
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Experiment 4: Role of A2 projection to NAc in energy expenditure and weight gain 

 We did not see the expected divergence in body weights across the control and DbH-sap-

lesioned groups (Figure 8). This may have been due to the small number of subject (n=4 for both 

groups), which also limited our ability to perform statistical analysis.  There was also no 

apparent effect of lesion on energy expenditure (Figure 9).  However we did observe an 

interesting trend toward an effect on locomotor activity (Figure 10). The DbH-sap-lesioned 

animals consistently appeared to be less active, most noticeably during the dark cycle.  

 

 

Discussion 

 The control of food intake stretches beyond a simple homeostatic need to regulate energy 

levels. Humans and animals alike frequently consume food because of social cues, 

environmental stimuli, stress, and for reward. This type of eating comprises the hedonic portion 

of food intake. The hedonic control system plays an important role in the regulation of intake, 

particularly that of highly palatable foods. Such foods, like high-fat and high-sugar, are often 

consumed far past the point of energy requirements. Until recently, these two systems were 

believed to act independently of one another. However recent studies (3, 13) have indicated they 

may in fact be interlinked, and the NAc has been identified as a potential location for interaction 

between these two control systems. Generally considered to be a reward nucleus in the forebrain, 

the NAc receives projections from the hindbrain through homeostatic GLP-1 and NA neurons. 

We hypothesized that these neurotransmitters were interacting with other neurotransmitters in 

the NAc, possibly affecting the hedonic value of food. 
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 In Experiments 2 and 3, we explored the mechanisms through which HFD intake impairs 

the brain’s normal ability to regulate feeding. We had planned to establish a broad range of doses 

responses for GLP-1 and NTX in the NAc, ranging from barely effective to very effective. 

Following, we would have administered various combinations of the two drugs and compared 

the results with single-drug effects through RSM. Inability to establish the dose response 

function for GLP-1 and NTX in the NAc meant we were unable to pursue the RSM analysis.   

 In Experiment 2, when the animals were on HFD, we were unable to produce significant 

reductions in intake with GLP-1 administration, except at the 1 �g dose level. As this dose was 

above the threshold for effectiveness in the LV (Figure 4), we cannot conclude that the anorexic 

response observed is attributed specifically to action in the NAc. 

 However, a comparison between HFD (Experiment 2), and chow-fed animals (previous 

study) shows a difference in the response to GLP-1 administration, supporting a potential 

interaction between MOR and GLP-1 in the NAc. Doses that had previously been shown to 

reduce chow intake were unable to significantly reduce HFD intake at 3h. We hypothesize that 

endogenous MOR stimulation in the NAc, induced by consumption of the highly palatable HFD, 

plays a role in dampening GLP-1’s ability to suppress intake through its receptors at this site. 

Because the GLP-1 dose response in the LV is not affected by HFD feeding, we suggest that this 

HFD-induced impairment in GLP-1 sensitivity is NAc-specific.  

 Due to the practical limitations we encountered in the previous experiments, we decided 

to focus on another potential link between homeostatic and hedonic systems that again is 

centered on the NAc. The NA projection of A2 neurons from the NTS to the NAc is one we 

believe to mediate the homeostatic anorexic response to CCK. Based on our preliminary data 

(Figure 7), we expected that selective lesion of this projection would be an elimination of a 
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satiation pathway and would promote over consumption of food. In Experiment 5 we failed to 

replicate the body weight effect we had seen in our pilot study (Figure 7) but we did see a trend 

toward decreased locomotor activity in the DbH-sap-lesioned group. The NAc is not normally 

associated with locomotor activity, and given the low N in our study it will be important to 

follow up and determine whether this is a reliable effect.  Should such an effect be reliably 

observed, a decreased level of locomotor activity, over time could lead to an effect on body 

weight. While no body weight effect was observed in our study, again the low n (4/group) limits 

the power of our analysis. Further study with more animals is required before any clear 

conclusion can be made. 

 To verify our original pilot experiment, in which the DbH-sap-lesioned animals gained 

significantly more weight than controls, we are currently proceeding with Experiment 6. 

Environmental factors may have played a role in the absence of a body weight effect in 

Experiment 5. The metabolic chambers, while similar to standard cages in many respects, have 

several potentially important differences. The powdered chow results in a very different eating 

experience versus the normal pellet form of chow. For example, the powder sits in a bowl and 

only need be scooped into the mouth, while the pellets have to be grasped and gnawed. In our 

current study, Experiment 6, we are using standard cages and HF pellets in order to replicate the 

conditions of our pilot study in which we saw large effects on feeding and body weight. 

 The interactions between homeostatic and hedonic systems that control food intake and 

body weight require further exploration. While the studies in this thesis did not yield conclusive 

results, investigations like these are important to understanding the controls of feeding and the 

effects of highly palatable food on those controls. The prevalence of highly palatable energy 

dense foods available to humans has serious potential health risks. Developing a better 



  22 

understanding of the mechanisms for this type of food intake and overconsumption will be 

important for understanding and addressing the associated public health concerns. 
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Figure 1 
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Fig. 1. GLP1 dose effects on HFD intake. Doses used here have been shown to be effective 

in reducing normal chow intake. However, they did not have a significant effect on HFD, 

except for the highest dose (0.25�g), which slightly reduced intake (*p < 0.05 compared to 

control treatment) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 
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Fig. 2. GLP1 and NTX effects on HF intake (A) 10.0�g NTX showed no statistical decrease 

in HF intake (B) 0.025�g GLP1 also showed no decrease (C) Cocktail of 10�g NTX and 

0.025�g GLP1 resulted in significant decrease in HF intake (*p < 0.05 compared to control 

treatment) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 
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Fig. 3. Hypothetical interaction data: 

(A)  Additive (summation of effects) 

(B)  Synergistic (greater than sum) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 
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Fig. 4. Effect of GLP-1 administration to LV on HFD intake. All dose levels significantly 

reduced intake at 1, 2, and 3 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 
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Fig. 5. Effect of GLP-1 in NAc on HFD intake. There was a significant main effect at 1 hour 

and 2 hour measurements, with no effect at 3 hours. At 1 hour, the 1 �g dose significant 

suppressed intake relative to vehicle, and at 2 hours uncorrected pairwise comparisons (t-test) 

showed that the 1 �g dose was effective. 

Note that the 1 �g dose is also effective when administered to the LV. 

 

 

 

 

 

 

 

 

Figure 6 
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Fig. 6. Effect of NTX in NAc on HFD intake. There was no significant effect at either 10 or 

25 �g doses at any time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 
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Fig. 7. Mean body weight at each week after injection of Con-Sap or DbH-Sap; mean food 

intake for days during which intake was measured over this 11-week period.  

p < 0.05 DbH-Sap vs Con-Sap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 
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Fig. 8. Mean body weight at each week post-injection of Con-Sap (control) or DbH-Sap. 

There was no significant difference in average body weights at any time point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 
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Fig. 9. Energy expenditure of DbH-Sap lesioned and Con-Sap (control). The DbH-Sap rats 

showed a slight trend towards greater energy expenditure during both dark and light phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 
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Fig. 10. Locomotor activity of DbH-Sap lesioned and control Con-Sap . The DbH-Sap rats 

showed a trend to be less active in dark and light phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 
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Fig. 11. Immunstaining for DbH in rat brain.  Panels A and B show NAc (entire image 

except for the outlined ac) while panels C and D show NTS outlined in the center.  A typical 

distribution of black DbH+ fibers is present in the NAc of a Con-Sap (control) rat shown in 

A.  The same anatomic region in a DbH-SAP rat is shown in B, clearly devoid of DbH+ 

fibers.  C shows typical distribution of black A2 DbH+ cell bodies in a Con-Sap rat, while D 

shows far fewer DbH+ cells remaining in the NTS of a DbH-Sap rat. Quantification of cell # 

and fiber density is ongoing.  ac = anterior commissure; AP = area postrema; cc = central 

canal; *=blood vessel. 
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