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ABSTRACT 



  v 

Hindbrain glucagon-like peptide 1 (GLP-1) neurons project to numerous feeding-

relevant forebrain areas.  One such region is the lateral septum (LS), which plays a role in 

learning, motivation, and stress.  We hypothesized that stimulation of GLP-1R in the LS affects 

food intake.  Rats were implanted with unilateral cannulas targeting the LS, and intra-LS 

injections were made 30 min before dark cycle onset.  We examined the effects of the GLP-1R 

agonist Exendin 4 (Ex4) at doses subthreshold for effect when delivered to the lateral ventricle 

(0.01 or 0.025 µg).  Ex4 had no effect on feeding at 2 and 4 h into the dark phase, but the 0.025 

µg dose suppressed overnight intake.  We then assessed the effects of ventricle-subthreshold 

doses (1.0, 2.5, 5.0, or 10.0 µg) of the GLP-1R antagonist Exendin (9-39) (Ex9) vs vehicle 

injected into the LS.  Ex9 increased chow intake at 2, 4, and 20 hours post-dark onset relative to 

vehicle.  We assessed the role of LS GLP-1R in motivation for food by examining operant 

responding for sucrose on progressive ratio (PR) schedule.  Intra-LS injections of Ex9 (10.0 µg) 

or vehicle were made 45 min prior to the start of the PR session.  We also tested PR responding 

after a nutrient preload designed to maximize GLP-1 neuron activation.  The preload strongly 

suppressed PR responding, but blockade of LS GLP-1R did not affect motivation for sucrose in 

either preload condition.  The Ensure preload significantly suppressed 24-hour chow intake 

relative to no preload condition.  However, intra-LS Ex9 treatment significantly reduced this 

compensatory reduction in chow intake after the preload.   These experiments suggest that the 

LS is a relevant site for neuronal GLP-1 influence on food intake.  
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CHAPTER ONE 

INTRODUCTION 

Despite substantial progress over numerous years of research, many of the biological 

factors that control food intake have yet to be established.  Traditionally, the homeostatic 

control of eating has been the main focus of feeding related research.  It was not until more 

recently that researchers have taken a significant interest in the hedonic factors that influence 

food intake.  Homeostatic feeding, consuming food based on energy needs, relies on long-term 

signals of metabolic status and fuel storage as well as short-term signals from individual meals 

based on nutrient content (Schwartz, 2006).  However, feeding behavior in both humans and 

rats is not solely mediated by homeostatic necessity (Berthoud, 2006).  Food intake in the 

absence of homeostatic need, referred to as hedonic eating, is influenced by the rewarding value 

of food, motivation to obtain food, and associations and signals that predict food availability 

(Guyenet & Schwartz, 2012; Williams, 2014).  The neural circuits that mediate these different 

influences on feeding have most commonly studied as two distinct systems operating in 

opposition to one another (Lutter & Nestler, 2009).  Recent evidence has suggested that 

homeostatic and hedonic systems for feeding do not exist independently of one another.  Instead, 

there are neural pathways that appear to be involved in gastrointestinal satiation signaling, 

long-term signals of adiposity, as well as food reward.  In this study, we examined the role of 

central glucagon-like peptide 1 (GLP-1), traditionally considered part of the homeostatic 

circuitry, in a brain area that would be placed in the hedonic system.   

 GLP-1 and its receptors exist in both the brain as well as in the periphery.  Centrally, 

GLP-1 is produced by neurons in the caudal nucleus of the solitary tract (NTS) (Larsen et al., 

1997).  These neurons are activated by ingestion of nutrients, gastric distention, cholecystokinin 

(CCK), and vagal afferent stimulation and therefore have been implicated in the homeostatic 

control of food intake.  The role of central GLP-1 in the control of food intake is supported by 

findings that intracerebroventricular (ICV) GLP-1 effectively suppresses food intake, and even 
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more critically that food intake is increased by blocking endogenous GLP-1 action in the brain 

via administration of the GLP-1R antagonist, Exendin (9–39) (Ex9) or though central GLP-1 

mRNA knockdown (Barrera et al., 2011; Turton et al., 1996).  GLP-1 in the periphery is secreted 

by the distal intestine in response to ingested nutrients and physiologically functions as a satiety 

signal (Williams et al, 2009).  Although GLP-1 can cross the blood-brain barrier, it is improbable 

that GLP-1 from the intestine ever reaches central GLP-1 receptors because dipeptidyl peptidase 

4 (DPP-4) quickly degrades the peptide (half life <2 minutes) (Holst & Deacon, 2005).  This has 

also been supported with behavioral studies in which ICV injection of the GLP-1R antagonist 

Ex9 does not affect the ability of an intraperitoneal (IP) injection of GLP-1 to suppress intake 

(Williams et al., 2009).  Therefore GLP-1 produced by neurons in the NTS is understood to be 

the sole source of endogenous ligand for central GLP-1 receptors.         

 GLP-1 neurons in the NTS project to brain areas that have traditionally been thought to 

mediate homeostatic factors that control feeding as well as brain nuclei that play a role in 

reward and motivation (Rinaman, 2010).  Specifically, NTS GLP-1 neurons project to 

hypothalamic nuclei, including the paraventricular nucleus of hypothalamus (PVN), which is 

important in energy homeostasis.  Direct injections of GLP-1 into the PVN at doses subthreshold 

for an effect in the ventricle significantly reduced food intake (McMahon & Wellman, 1998; 

Schick et al., 2003).  Furthermore, intra-LH injection of the GLP-1 antagonist Ex9 has been 

shown to increase food intake (Schick et al., 2003).  Recent findings have shown a role for GLP-1 

in brain nuclei traditionally thought to primarily play a role in reward and motivation.  Direct 

injections of GLP-1 in the nucleus accumbens core region (NAcC) at doses subthreshold for an 

effect in the ventricle have been shown to significantly reduce chow intake, while intra-NAcC 

injections of the GLP-1R antagonist Ex9 at doses subthreshold for a ventricle effect increased 

chow intake (Dossat et al., 2011).  This direct projection from NTS GLP-1 cells to the NAcC has 

been confirmed via retrograde tracing and immunohistochemisty (Dossat et al., 2011).  Further 

anatomical analyses have provided evidence for a direct NST GLP-1 neuronal projection to the 
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nucleus accumbens shell (NAcSh) region and the ventral tegmental area (VTA), nuclei known to 

be involved in reward (Alhadeff et al., 2012).  GLP-1 receptor activation by an agonist injection 

directly into the either the VTA, NAcC, or NAcSh with the GLP-1R agonist, Exendin-4 (Ex4), 

reduced HF food and sucrose solution intake, while blockade of the GLP-1R with antagonist Ex9 

increased HF food and sucrose solution intake when directly injected into the VTA or NAcC 

(Alhadeff et al., 2012).  Together these data suggest that GLP-1 plays a physiological role in the 

control of food intake in brain areas known to play a role in reward and motivation.  

 GLP-1 receptors in the NAc and VTA can influence motivation for food reward.  A 

progressive ratio (PR) schedule can be used to measure food-motivated behavior by examining 

operant responding for a food reward.  In a PR session, a progressively higher number of 

operant responses is required for each successive reinforcement.  Breakpoint, the number of 

operant responses performed for the last reinforcer earned, is taken as an indication of 

motivation.  Pharmacological stimulation of GLP-1 receptors in the NAcSh or the VTA by the 

agonist Ex4, has been found to suppress operant responding for sucrose reinforcers on a PR 

schedule, which indicates a decrease in motivation (Dickson et al., 2012).  NAc GLP-1 receptors 

also play a role in food palatability, which can be determined via licking microstructural 

analyses.  During testing sessions, rats are licking a spout for sucrose solution while every lick is 

recorded, which allows for the pattern of licking to be analyzed in detail.  Licking is organized 

into bursts, which are a series of licks separated by short (< 1 s) pauses.  The size and duration of 

these bursts within a meal, and the rate of licking early in the meal are correlated with the 

palatability of the solution that the rats are licking, whereas variables measured later in the meal 

reflect the influence of post-ingestive negative feedback on ingestion (Spector et al., 1998).  

Licking microstructural analyses showed that NacC GLP-1R influence rats’ taste evaluation.  

Intra-NAcC Ex9 delivered before a sucrose solution meal significantly increased rats’ lick rate 

early in the meal, burst size and duration, suggesting that the rats treated a given concentration 

of sucrose as though it were sweeter when NAcC GLP-1 Rs were blocked.  These changes seen 
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during the early part of the meal suggest that an intra-NAcC injection of the GLP-1R antagonist 

Ex9 enhances the palatability of sucrose solutions, which indicates that endogenous GLP-1 in 

this site acts to reduce food palatability (Dossat et al., 2013).   

 The lateral septum (LS) is a brain area not traditionally thought of as important in 

regulating feeding behavior, yet in the rat, the LS contains both GLP-1 fibers and receptors for 

GLP-1 (Merchenthaler et al., 1999; Rinaman, 2010).  The LS has bidirectional projections to the 

LH and receives a large neural input from the hippocampus, which are both areas known to 

influence feeding (Risold & Swanson, 1997).  Early studies on the LS suggested that this brain 

area might play a role in motivation and reward.   Rats would lever press for electrical 

stimulation in the LS when electrodes were placed in the septal area (Olds & Milner, 1954).  

Recent studies have shown that neurons in the rostral LS activate orexin neurons in the LH via a 

direct connection from excitatory LS cells to the LH, which forms a circuit necessary for the 

expression of cocaine-conditioned place preference. This finding suggests that the LS plays a 

role in cocaine reward (Sartor & Aston-Jones, 2012).  The LS has also recently been shown to act 

as a relay from the CA3 dorsal region of the hippocampus to the VTA.  Inhibiting components of 

this CA3-LS-VTA pathway by a direct infusion of the GABA agonists baclofen and muscimol (B-

M) blocked evoked responses in the VTA and context-induced reinstatement of active lever 

pressing for cocaine (Luo et al., 2011).   These findings suggest that input from the hippocampus 

is processed in the LS and output from the LS to the LH or VTA seems to influence reward-

related behaviors.   

 Little attention has been drawn to the potential role of the LS on the control of food 

intake.  Scopinho and colleagues found that intra-LS injections of noradrenaline increased food 

intake, while blocking LS α-1-adrenoceptors suppressed chow intake in food-deprived rats.  This 

suggests that the LS noradrenergic system may play a role in the control of food intake 

(Scopinho, Resstel, & Corrêa, 2008).  Other than this finding, a role for the LS in the control of 

food intake has yet to be determined.   
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 In the present studies, we focused on the LS as another cite of action for central GLP-1.  

We hypothesized that activation of GLP-1 receptors in the LS would reduce food intake, and 

endogenous GLP-1 in the LS plays a role in the physiologic control of food intake.  Intra-LS 

injections of Ex4 were used to pharmacologically stimulate GLP-1 receptors.  The role of 

endogenous GLP-1 activity in the LS was examined by blocking GLP-1 receptors with the GLP-

1R antagonist Ex9.  We hypothesized that endogenous GLP-1 in the LS plays a role in motivation 

for sucrose and predicted that blocking GLP-1 receptors in the LS would increase operant 

responding for sucrose in a progressive ratio schedule.   
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CHAPTER TWO 

METHODS 

Subjects 

 Naïve male Wistar rats (Harlan) were maintained individually in temperature-controlled 

vivariums on a 12-hr light: 12-hr dark cycle in plastic cages.  Rats had ad libitum access to 

distilled water and rat chow (Purina 5001) except where otherwise noted.  They underwent daily 

handling and habituation to experimental procedures before testing began.  All experimental 

procedures were approved by the Florida State University Institutional Animal Care and Use 

Committee and conformed to the standard of the Guide for the Care and Use of Laboratory 

Animals (National Research Council 1996).  

Cannulation 

 Rats were implanted with unilateral 26G guide cannuals (Plastics One) targeting the 

lateral ventricle (LV) or the lateral septum. (LS) Coordinates for the LV were 1.5mm lateral to 

midline, 0.9mm posterior to bregma, and 2.7mm ventral to skull surface.  LS coordinates were 

0.6mm lateral to midline, 1.0mm anterior to bregma, and 4.0mm ventral to skull surface.  

Injectors (30G) that extend 2.0mm below the end of the guide cannulas were used for both LV 

and LS.  LV cannula placements were verified before the start of experiments through 

observation of water intake induced by Angiotensin II (Sigma-Aldrich).  All LS placements were 

verified histologically at the conclusion of behavioral testing.  Only data from rats with correct 

placements were included in the analysis.      

Experiment 1: LV Ex4 Dose Response 

 Before proceeding with intra-LS injections of Ex4, doses of Ex4 subthreshold for an 

effect in the ventricle were established.  This was critical for interpretation of site-specific 

injections.  An injection into the LS could potentially diffuse to the nearby lateral ventricle and 

deliver the drug widely throughout the brain via the ventricular system.  If a drug dose does not 

have an effect in the LV, then any effects observed when it is injected into a specific brain area 
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could only be mediated by local receptors in that nucleus.  Therefore, only doses that are 

subthreshold for an effect in the LV were used in the LS.  

A within-subjects counterbalanced design was used to determine the dose response for 

food intake of LV-injected Ex4 (American Peptides).  On experiment days, food was removed 4 

hours before the onset of the dark cycle. Thirty minutes before dark, rats (n = 10) received a LV 

injection of 0, 0.025, 0.05 or 0.1µg of Ex4 in 2µl of saline.  Chow was returned immediately 

before dark and intake was measured 1, 2, 4, and 20 hours later.  Body weights were recorded 

daily and drug treatments were separated by at least 48 hours. 

Experiment 2: Effects of LS GLP-1R Stimulation or Blockade on Chow Intake 

 Doses of Ex4 that did not have a significant effect on food intake in the LV dose-response 

studies were used for the intra-LS injections.  Injections and chow intake measurements were 

performed as described above, except injection volume was 0.5µl.  Rats (n = 9) received intra-LS 

injections of the GLP-1R agonist Exendin 4 (Ex4) at doses subthreshold for effect when 

delivered to the ventricle, (0.01 or 0.025µg).  In another group of rats (n = 7), the feeding 

response to ventricle-subthreshold doses (1.0, 2.5, 5.0, or 10.0 µg) of the GLP-1R antagonist 

exendin (9-39) (Ex9) vs vehicle injected into the LS was then assessed.  Doses of Ex9 

subthreshold for an effect when delivered to the LV were previously established (Dossat et al., 

2011). 

Experiment 3: Effects of LS GLP-1R Blockade on PR Operant Responding for 

Sucrose 

 Rats (n = 9) with LS cannulae were trained to lever press for 45-mg sucrose pellets 

(TestDiet, Richmond, IN) in operant conditioning chambers (Coulbourn Instruments, 

Allentown, PA) fitted with two response levers, one active and one inactive.  Presses on the 

active lever were reinforced, whereas inactive lever presses were not reinforced.  During operant 

training sessions, a cue light was illuminated above the active lever.  The locations of the active 

and inactive levers were counterbalanced across subjects.  Training began with 2 hour sessions 
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in which rats were trained to receive a sucrose pellet reinforcer on a fixed ratio continuous 

reinforcement schedule with a 5 second time-out after each reinforcement.  When rats showed 

stable responding (less than 10% day-to-day variation), they were switched to a PR schedule.  In 

a PR session, a progressively higher number of operant responses was required for each 

successive reinforcement.  Breakpoint, the number of operant responses performed for the last 

reinforcer earned, was taken as an indication of motivation.  Increases in the ratio requirement 

followed the algorithm of Richardson and Roberts (1996): 1, 2, 4, 6, 9, 12, 16, 20, 28, 36, 48, etc 

… lever presses for reinforcement.  PR sessions were terminated if the rat fails to press the active 

lever for 20 minutes, with a maximum session length of 2 hours.  For non-deprived rats, average 

breakpoint is approximately 40 lever presses, and a usual session lasts approximately 40-70 

minutes.  When rats showed stable responding on the PR schedule, rats were habituated to the 

intra-LS injection procedure by receiving 0.5µl of saline 45 minutes prior to the start of the test 

session in the operant chambers.  On experiment days, rats received an intra-LS injection of 

saline vehicle or 10.0 µg of the GLP-1R antagonist, Ex9.  All rats received both treatment 

conditions in a counter balanced order with injections separated by at least 48 hours.  Between 

drug treatment days, rats underwent identical 2-hour PR training sessions in the operant 

chambers with no injections.  After treatment days, chow intake during the 24 hour post-

injection was recorded.   

Experiment 4: Effects of LS GLP-1R Blockade on PR Operant Responding after a 

Nutrient Preload 

 Centrally, GLP-1 is produced by neurons in the caudal NTS.  These neurons are activated 

by ingestion of nutrients, gastric distention, cholecystokinin (CCK), and vagal afferent 

stimulation.  Therefore, the purpose of the preload was to increase the potential for activation of 

hindbrain GLP-1 neurons, and thus release of GLP-1 in the LS.  The same cohort of rats trained 

on the PR schedule described above were trained to drink Original Chocolate Ensure as a 

nutrient dense (1.06 kcal/ml) preload 10 minutes prior to 2-hour PR training sessions.  When 
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given 10-minute access to Ensure, rats typically consume approximately 20 grams of the liquid.  

Treatment days did not begin until rats showed stable intake (less than 10% day-to-day 

variation) of Ensure before PR training sessions.  When rats showed stable intake, rats were 

habituated to intra-LS injection procedure by receiving 0.5µl of saline 45 minutes prior to the 

start of the test session in the operant chambers.  On experiment days, rats received an intra-LS 

injection of saline vehicle or 10.0 µg of the GLP-1R antagonist, Ex9, 45 minutes before the start 

of the session.  All rats were given 10 minutes of access to Ensure 35 minutes after intra-LS 

injection.  After 10 minutes of access to Ensure, rats began the 2-hour PR testing session.  All 

rats received both treatments conditions in a counterbalanced order with injections separated 

by at least 48 hours.  Between drug treatment days, rats underwent identical 10-minute access 

to Ensure followed by 2-hour PR training sessions in the operant chambers with no injections.  

After treatment days, chow intake during the 24 hour post-injection was recorded.   

Statistical analysis 

 Data are reported as mean ± SEM.  Effects were evaluated by paired-samples Student’s t 

test or within-between-subjects one-or two-way ANOVA, as appropriate. Post hoc comparisons 

were made with Holm-Sidak or Holm-Bonferroni tests.  P-values of < 0.05 were taken as 

significant. 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

Experiment 1: LV Ex4 Dose Response 

 Intra-LV injection of 0.025, 0.05 and 0.1 µg of Ex4 had no effects on feeding at 1, 2, or 4 

hours post-dark onset.  At 20 hours into the dark phase, there was a significant main effect of LV 

Ex4 [F(3,30)=9.8, p<0.01] (See Figure 1).  Post-hoc comparisons showed that the 0.05 and 0.1 

µg dose of Ex4 reduced chow intake relative to saline vehicle at 20 hours post-dark onset (p < 

0.05), while the lower dose, 0.025 µg of Ex4 did not differ from saline.  These results informed 

our choices of doses for subsequent studies.     

Experiment 2: Effects of LS GLP-1R Stimulation or Blockade on Chow Intake 

 LS GLP-1R stimulation, at doses subthreshold for effect when delivered to the ventricle, 

significantly reduced chow intake. There was a significant main effect of LS Ex4 at 1 h 

[F(2,20)=5.3, p<0.05] (See Figure 2A).  Post-hoc comparisons showed that only the 0.01 µg of 

Ex4 significantly suppressed chow intake relative to saline at 1-hour post-dark onset (p < 0.05).  

Intra- LS injection of Ex4 had no effect on feeding at 2 and 4 hours into the dark phase at either 

dose.  At 20 hours, there was a significant main effect of LS Ex4 [F(2,20)=26.6, p<0.01]; post-

hoc comparisons showed that only the 0.025 µg Ex4 dose suppressed overnight intake (p < 0.01) 

(See Figure 2B).   

 Intra-LS injection of Ex9 did not have an effect on chow intake at 1 hour into the dark 

phase.  Blockade of LS GLP-1R significantly increased chow intake at 2, 4, and 20 hours.  A 

significant main effect of LS Ex9 was observed at 2 hours [F(4,24)=6.8, p<0.01] (See Figure 3A) 

and 4 hours [F(4,24)=6.7, p<0.01] into the dark phase (See Figure 3B).  Post-hoc comparisons 

showed that the LS injection of 1.0 and 10.0 µg Ex9 effectively increased chow intake at 2 and 4 

hours, p < 0.05, but the 2.5 and 5.0 µg Ex9 doses did not affect chow intake at these time points.  

At 20 hours there was a significant main effect of LS Ex9, [F(4,24)=4.3, p<0.01], and post-hoc 

comparisons revealed that the 1.0, 5.0, and 10.0 µg doses of Ex9 significantly increased 
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overnight chow intake p<0.05.   However, one rat was an outlier when treated with the 2.5 µg 

Ex9, only consuming 19.7 grams of chow at 20 hours park-dark onset.  This is an unusually low 

overnight food intake for male Wistar rats of this age and suggests that this rat may have been ill 

or otherwise compromised during that condition.  When this outlier is excluded from the 

analysis, there is still a significant main effect at 20 hours, [F(4,20)=8.5, p<0.01], and post-hoc 

comparisons showed that each dose of Ex9 significantly increased chow intake (p’s < 0.05) (See 

Figure 3C). 

Experiment 3: Effects of LS GLP-1R Blockade on PR Operant Responding for 

Sucrose 

 Intra-LS injection of 10 µg of Ex9 did not affect active lever presses, number of 

reinforcers earned, or breakpoint relative to saline vehicle.  Chow intake measured 24 hours 

post-treatment was not affected by the drug treatment.   

Experiment 4: Effects of LS GLP-1R Blockade on PR Operant Responding after a 

Nutrient Preload 

 Blockade of LS GLP-1R did not affect the total amount of Ensure consumed prior to the 

PR testing session (saline, 21.4 ± 0.73 grams; 10 µg of Ex9, 20.5 ± 1.41 grams).  Intra-LS 

injection of Ex9 did not have a significant effect on active lever presses, number of reinforcers 

earned, or breakpoint compared to vehicle.  LS Ex9 significantly increased 24-hour chow intake 

relative to saline vehicle [t(8)=3.7, p<0.01] (See Figure 6A).  

The results from the current preload experiment were then analyzed in a 2-way ANOVA 

along with the results from the previous study in which the same group of rats were given PR 

test sessions with no Ensure preload.  The Ensure preload suppressed PR responding.  There 

was a significant main effect of the preload on active lever presses [F(1,8)=15.0, p<0.01], 

number of reinforcers earned [F(1,8)=29.7, p<0.01], and break point [F(1,8)=15.0, p<0.01] (See 

Figures 5A, B, C).  Post-hoc comparisons revealed that the Ensure preload significantly 

decreased active lever presses, number of reinforcers earned, and break point relative to the no 
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preload treatment groups, p<0.01.  There were no significant mains effect of LS Ex9 nor 

interactions between drug and preload condition for active lever presses, number of reinforcers 

earned, or break point.  There was a significant main effect of the preload on 24-hour chow 

intake [F(1,7)=48.1, p<0.01] (See Figure 6A).  Post-hoc comparisons showed the preload 

treatment groups significantly suppressed chow intake relative to the no preload treatment 

groups, p<0.01.  There was no main effect of LS Ex9 on 24-hour chow intake, but there was a 

significant interaction between drug and preload condition, [F(1,7)=15.9, p<0.01] (See Figure 

6A).  When rats consumed the nutrient preload, LS Ex9 significantly increased 24-hour chow 

intake relative to saline vehicle, p<0.05.   

We also analyzed the total kcal consumed in both the no-preload and preload treatment 

groups.  In the no-preload condition, rats’ total kcal consumed came exclusively from chow, 

whereas in the preload condition, total kcal consumed includes kcal from both Ensure and chow.  

There was no significant main effect of preload.  There was a trend toward a significant main 

effect of LS Ex9, but this did not reach significance [F(1,7)=4.5, p=0.07].  There was a significant 

interaction between drug treatment and preload condition, [F(1,7)=11.1, p<0.05] (See Figure 6B).  

Post-hoc comparisons showed that intra-LS injection of Ex9 only increased the total number of 

kcal consumed in the preload condition, p<0.05.  There was no effect of LS Ex9 on total kcal 

when the preload was not consumed prior to the PR testing session.       

Discussion 

Our findings support the hypothesis that LS GLP-1 influences food intake.  Direct 

pharmacologic activation of GLP-1 receptors in the LS with the GLP-1R agonist Ex4, at doses 

that were ineffective when infused in the LV, suppressed chow intake at 1 and 20 hours post-

dark onset.  Intra-LS injection of the GLP-1R antagonist Ex9, at doses subthreshhold for an 

effect when delivered to the LV, increased chow intake at 2, 4, and 20 hours into the dark phase, 

suggesting that endogenous GLP-1 signaling in the LS plays a physiologic role in limiting chow 

intake under normal feeding conditions.   Although GLP-1 fibers and receptors have been known 
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to be present in the LS, this is the first demonstration of a role for this pathway in any behavior 

(Merchenthaler et al., 1999; Rinaman, 2010).   

When considering our reported effects of Ex4 on food intake, it is important to note that 

signs of visceral illness and the expression of a conditioned taste aversion (CTA) have been 

exhibited in rodents after Ex4 or GLP-1 treatment (Kanoski et al., 2012; Seeley et al., 2000), and 

in humans, nausea is the most common side effect in patients receiving Ex4 or liraglutide 

treatment (Calara et al., 2005).  However, in rats, both GLP-1 itself and Ex4 in the VTA, NAc, 

and lateral parabrachial nucleus have been shown to cause a reduction in food intake without 

inducing nausea (Alhadeff et al., 2014; Alhadeff et al., 2012; Dickson et al., 2012; Dossat et al., 

2011; Kanoski et al., 2012).  It is yet to be determined if the decrease in chow intake caused by 

intra-LS injections of Ex4 produces visceral illness in rats.  To address this issue, we can 

determine whether an intra-LS injection of Ex4, at a dose that significantly suppressed chow 

intake, could induce a CTA by pairing the intra-LS injection of Ex4 with a novel flavor.  This 

would allow us to rule out the possibility that the observed decrease in feeding after LS Ex4 

treatment is due to visceral illness.  However, the observed increase in chow intake after 

blockade of LS GLP-1R with Ex9 suggests that the LS GLP-1 system is still involved in food 

intake regardless of the mechanism through which Ex4 decreases feeding.        

A variety of factors, including motivation, preference, palatability, and stress, can 

influence food intake.  We have identified that GLP-1R in the LS affect food intake and because 

the LS is known to play a role in drug reward, we hypothesized that GLP-1R in this location are 

involved in food reward (Sartor & Aston-Jones, 2012).  We used a PR task to look at food-

motivated operant behavior.  In the PR task, break point is taken as a measure of motivation for 

the reinforcer, which in this case was sucrose pellets.  We used the GLP-1R antagonist, Ex9, to 

determine if endogenous GLP-1 action in the LS plays a role in reducing food-motivated 

behavior under normal circumstances.  Based on the effect of intra-LS Ex9 on food intake, we 

hypothesized that LS Ex9 would increase operant responding for sucrose.  However, LS Ex9, at a 
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dose previously shown to increase chow intake, did not have an effect on PR responding for a 45 

mg sucrose reinforcers, which could suggest that GLP-1R in the LS does not affect motivation to 

obtain sucrose pellets under these testing conditions.  An alternative interpretation is that LS 

Ex9 failed to affect operant responding due to no or minimal stimulation of GLP-1 neurons 

under the testing conditions.  Meal-related stimuli, such as gastric distension, activate GLP-1 

neurons (Vrang et al., 2003).  Because there was a lack of meal-related stimuli during testing, 

we hypothesized that little endogenous GLP-1 was released in the LS during the PR session.  

Therefore, we addressed this issue in the next experiment by providing a nutrient preload in the 

form of orally consumed Chocolate Ensure shortly before the PR session to increase endogenous 

GLP-1 release.   

When given the preload, rats consumed approximately 21 g (22.26 kcal) of Ensure 

(approximately 25% of a rat’s average daily caloric intake) before the test session.  The Ensure 

preload strongly suppressed PR responding compared to the no preload condition, which 

suggests that meal-related signals play an important role on the motivation to obtain sucrose 

reinforcers.  However, blockade of LS GLP-1R did not affect the motivation to obtain sucrose 

reinforcers after the preload.  While on one hand, this may suggest that endogenous GLP-1 is not 

involved in the motivation to obtain sucrose reinforcers under these test conditions, another 

possibility is that the nutrient preload was too large, and the global effect of the preload 

overwhelmed any potential affects of blocking LS GLP-1R.  The post-ingestive negative feedback 

signals generated by this preload may have been too numerous and substantial to be affected by 

blocking GLP-1R in one brain nucleus.  An alternative explanation for these results may be that 

the preload suppressed PR responding because the rats prefer the taste of Ensure to the taste of 

the sucrose pellets, which would not be affected by GLP-1.  To address these issues in future 

studies, we can infuse a nutrient preload through an intragastric catheter to control the amount, 

rate, and type of nutrient infusion.  This would provide a good way to eliminate these potential 

confounding factors.   
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 Interestingly, when chow intake was measured 24 hours post-treatment on the days that 

we tested PR responding, LS Ex9 failed to affect overnight feeding.  This was surprising because 

this dose of Ex9 was shown to increase chow intake at 2, 4, and 20 hours post-dark onset.  

However, the bulk of the effect in that study occurred during the first 2 hours of the dark phase, 

whereas in this study, rats were in the PR test session at that time and therefore had limited 

access to food.  The Ensure preload significantly suppressed 24-hour chow intake relative to the 

no-preload condition.  Rats are known to compensate for extra caloric loads by reducing chow 

intake, so the reduction in 24-hour chow intake after the preload was expected (Snowdon, 1969).  

When we compared the total 24- hour kcal intake in the no-preload condition and the vehicle 

treated preload condition (Ensure plus 24-hour chow intake), there was no significant difference 

in total kcal; all rats consumed approximately 80 kcal.  However, intra-LS Ex9 treatment 

significantly attenuated the compensatory reduction in chow intake after the preload.  When 

rats consumed the preload before the PR session and were treated with LS Ex9, we saw that 

blocking LS GLP-1R diminished the nutrient-induced reduction in food intake.  This suggests 

that nutrients in the gut during the first few hours after intra-LS Ex9 treatment are necessary for 

the drug effect on feeding.  We hypothesize that the LS GLP-1R population receives meal-related 

information through the GLP-1 projection from the NTS, and GLP-1 action in the LS after 

nutrient intake may play an important role in limiting food intake.  This is consistent with other 

reports that neurons in the LS are responsive to gastrointestinal satiation signals, including 

gastric distention (Gong et al., 2013, 2014).  Further studies are needed to determine the way in 

which LS neurons influence and coordinate the behavioral response to these gut-derived signals.   

Our findings suggest that nutrient stimulation may be required for the blockade of GLP-

1R to have effect on food intake, perhaps because the nutrient stimulation is activating the GLP-

1 neurons that release the peptide in the LS.  To further elucidate the mechanism of action 

through which LS GLP-1 affects feeding, it would be useful to analyze meal patterns to address 

whether LS GLP-1R blockade increases food intake by increasing meal size or meal frequency.  
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Meal size is a parameter indicative of satiation.  Satiation signals are released in response to the 

presence of nutrients in the gastrointestinal tract, which provide negative feedback, leading to 

meal termination (Smith, 1996).  Furthermore, the frequency of meals can be used to indicate 

satiety, which is the continued fullness after a meal.  GLP-1R blockade in the LS may increase 

food intake by reducing the response to satiation signals or by increasing the number of meals. 

These detailed behavioral analyses would allow us to determine the way in which endogenous 

LS GLP-1R stimulation influences feeding.    

The current data support a role for LS GLP-1R in the control of chow intake, but it 

remains unknown if GLP-1 in the LS affects palatable food intake.  We can evaluate this by 

examining the effect of GLP-1R stimulation or blockade on consumption of high fat diet (HFD) 

as well as sucrose solution.  There is a sizeable body of literature on the microstructure of licking 

for sugar solution, which makes examining licking behavior for sucrose a superior choice for 

detailed analysis on palatable food intake (Davis & Smith, 1988; Dossat et al., 2013; Spector et 

al., 1998).  By recording each lick and analyzing the licking microstructure after stimulation or 

blockade of LS GLP-1R, we can determine whether or not LS GLP-1R activity influences meal 

size and/or meal frequency.  This also can provide an indication whether or not LS GLP-1 action 

may influence palatability or interact with post-ingestive negative feedback signals.   

Another possibility is that LS GLP-1R activity mediates food intake by influencing food-

seeking behavior.  Food-conditioned place preference is another way to assess some aspects of 

food reward and food motivated behavior, different from the PR operant responding task in 

several ways.  Rather than working for a food reinforcer, a conditioned place preference (CPP) 

for a palatable food is a paradigm in which rats are trained in two chambers with distinguishable 

sides, connected by a computer-controlled gate.  One side of the chamber is paired with a 

palatable food, while the other side is not.  After an initial baseline side preference is established 

with the gate open and no food available, rats undergo several days of training in both the side 

with the palatable food as well as the side with no food.  After training, rats are tested with no 
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food present and the gate open.  The Animals will tend to spend more time in the chamber 

where the palatable food had been located, which is taken as an indication of food-motivated 

behavior.  Through the use of a CPP for a palatable food, we can determine if LS GLP-1R plays a 

role in preference for an environment where palatable food was previously available.  We 

hypothesize that an intra-LS injection the GLP-1 agonist, Ex4, at a dose that significantly 

decreased chow intake may also decrease food-seeking behavior. Because these is no food 

actually available during testing, the CPP allows us to determine if LS GLP-1R action suppresses 

preference for the environment in which palatable food was previously offered independently of 

satiation processing.     

Our results suggesting that GLP-1R in the LS play a role in the control of food intake may 

have clinical relevance, because degradation-resistant GLP-1 agonists such as Ex4 and 

liraglutide are currently used in humans for the treatment of type 2 diabetes and are under 

investigation for potential use in the future as a human obesity treatment.   These agonists 

readily cross the blood-brain barrier and can activate both peripheral and central GLP-1R.  Ex9 

injections to the third ventricle attenuate the intake-suppressive effects of peripherally 

administered liraglutide and Ex4 (Kanoski et al, 2011), suggesting that brain GLP-1R do play a 

role in mediating the effects of these treatments.  This raises the question of whether LS GLP-1R 

may play a role in mediating the effects of peripherally administered Ex4 or liraglutide.  

Overall, these data are provocative and substantiate a role for the LS in the control of 

feeding behavior.  The data presented here suggest that both exogenous and endogenous GLP-

1R activation in the LS influences food intake.  The LS is not a brain area that has been thought 

of as playing a functional role in the homeostatic control of food intake, yet GLP-1R signaling in 

the LS influences feeding and endogenous GLP-1 in the LS seems to limit food intake under 

normal feeding conditions.  The present data not only suggest that GLP-1R in the LS have an 

effect on food intake but also reveal something interesting about the circuitry involved.  The 

ability of LS GLP-1R blockade to attenuate nutrient-induced reductions in subsequent food 
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intake suggests that the LS is receiving information about gastrointestinal nutrient status 

through the GLP-1 projection from the NTS, and that these LS cells are involved in coordinating 

the behavioral response to these gut-derived signals.  Future studies will be necessary to 

elucidate the precise neural circuits that mediate these effects of LS GLP-1R signaling, as well as 

the specific role of the LS in feeding behavior more generally. 
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APPENDIX B  
 

FIGURES  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Dose-response function for the food intake effects of LV Ex4. *p<0.05 relative to 
saline vehicle.   
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Representative image of LS injection placement. (LV =Lateral ventricle, CC = Corpus 
callosum).  LS cannula placement was verified histologically after behavioral experiments were 
completed. Only data from subjects with correct intra-LS injection placements were included.    
 

+ 1.08 mm Bregma 
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Figure 3. A, Intra-LS injection of 0.01 µg Ex4 decreased chow intake 1-hour post-dark onset. B, 
LS injection of 0.025 µg Ex4 into the LS reduced overnight chow intake.  *p<0.05 relative to 
saline vehicle.   
   
 
 
 

 
Figure 4. A,B, At 2 and 4 hours post-dark onset, LS injections of 1.0 and 10.0 µg Ex9 increased 
chow intake.  C, Each dose of intra-LS Ex9 increased overnight chow intake. *p<0.05 relative to 
saline vehicle.   
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Figure 5. A, B, C, Effect of intra-LS Ex9 with no Ensure and with Ensure preload on active 
lever presses, number of reinforcers earned, and breakpoint while responding for sucrose on a 
PR schedule. *p<0.05 significant main effect of the Ensure preload condition relative to the no 
Ensure condition.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. A, Effect of LS Ex9 with no Ensure and with Ensure preload on 24-chow intake after 
PR testing.  *p<0.01 vs. No Ensure, #p<0.01 vs. Ensure/0 µg Ex9.  B, Effect of LS Ex9 with no 
Ensure and with Ensure preload on 24-h total kcal intake after PR testing. *p<0.05 vs. Ensure/0 
µg Ex9.  
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