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Chapter 5

Abstract
Aims
It has been suggested that obese individuals have increased brain reward system activation
while anticipating food intake, which may lead to cravings for food, and decreased reward
system activation during actual food consumption, which may induce overeating. Gut-derived
hormones, such as glucagon-like peptide-1 (GLP-1), are likely involved in the regulation of
food intake. GLP-1 receptor agonists, used for type 2 diabetes (T2DM), improve glycaemic
control and reduce food intake and body weight. We hypothesised that food intake reduction
following GLP-1 receptor activation is mediated through brain areas regulating anticipatory and
consummatory food reward.
Methods
As part of a larger study, we determined the effects of GLP-1 receptor activation on brain
responses to anticipation and receipt of chocolate milk vs. tasteless solution, using functional
MRI. Obese T2DM patients, normoglycaemic obese and lean subjects (n=48) underwent three
functional MRI sessions at separate visits with intravenous infusion of A) the GLP-1 receptor
agonist exenatide, B) exenatide with prior GLP-1 receptor blockade by exendin 9-39 or C)
placebo; during somatostatin pituitary-pancreatic clamps.
Results
BMI negatively correlated with brain responses to receipt of chocolate milk and positively
correlated with anticipation of receipt of chocolate milk in brain areas regulating reward, appetite
and motivation. Exenatide vs. placebo increased brain responses to receipt of chocolate milk
and decreased anticipation of receipt of chocolate milk, paralleled by reductions in food intake.
Exendin 9-39 largely prevented these effects.
Conclusions
Our findings demonstrate that GLP-1 receptor activation decreases anticipatory food reward,
which may reduce cravings for food, and increases consummatory food reward, which may
prevent overeating.
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Introduction
Considering the dramatic rise in the prevalence of obesity, further insights into the mechanisms
involved in its development are needed. Alterations in brain responses to food stimuli may play an
important role in the development of obesity, similar to brain mechanisms underlying substance
abuse (1). Studies using functional MRI (fMRI) have demonstrated that obese in comparison with
lean individuals show less activation of brain reward circuits in response to food consumption
(consummatory food reward), whereas they showed greater activation of somatosensory
cortical regions that process palatability when anticipating consumption (anticipatory food
reward) (2;3). This increased activity in brain regions that process palatability may reflect that
obese subjects favour food over other natural reinforcers, whereas decreased activation of
reward circuits by actual food consumption may induce compensatory overconsumption. The
mechanisms underlying these altered brain responses to food are unclear, but several hormonal
and metabolic factors related to food ingestion may be involved (4-6).
Glucagon-like peptide-1 (GLP-1) is a hormone secreted by intestinal enteroendocrine cells
in response to nutrient ingestion and is also produced in the nucleus of the solitary tract of
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the brainstem with projections throughout the brain (7). GLP-1 affects glucose metabolism by
stimulating insulin secretion and inhibiting glucagon release (8). Furthermore, GLP-1 enhances
feelings of satiety and inhibits food intake (9;10). GLP-1 receptor agonists, such as exenatide, are
clinically used for the treatment of type 2 diabetes (T2DM) to improve glucose control and to lower
body weight (11). Animal data suggest that central GLP-1 receptors are involved in the anorectic
effects of GLP-1 receptor agonists (12-14) and that the rewarding value of food is altered through
mesolimbic GLP-1 receptors (15). Using fMRI and acute administration of the GLP-1 receptor agonist
exenatide in a complex experimental protocol, we have previously demonstrated that exenatide
blunts hyperactivation in appetite- and reward-related brain regions in response to watching food
pictures in obese subjects and T2DM patients (16). Although the viewing of food pictures is often
used as a relatively simple and interesting food stimulus in fMRI studies investigating the regulation
of food intake and the development of obesity, the central responses to actual food consumption
(2) may be even more important from a pathophysiological perspective. During our experimental
protocol, we therefore also used a technique to measure brain fMRI responses during actual food
consumption and during anticipation of actual food consumption. We hypothesised that GLP-1
receptor agonists alter regional brain responses to anticipation and consumption of palatable
food and that these effects are GLP-1 receptor mediated. To test this hypothesis we determined
in our cohort of obese T2DM patients, normoglycaemic obese subjects and lean controls (n=48),
the acute effects of GLP-1 receptor activation on brain responses to anticipation and receipt of
chocolate milk in brain areas regulating reward, appetite and motivation.
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Methods
Participants
This study, part of a larger study (NCT01281228), was approved by the Medical Ethics
Committee of the VU University Medical Center and was performed in accordance with the
Helsinki Declaration. Effects of GLP-1 receptor activation on brain responses to visual food
cues were described previously (16). All participants provided written informed consent before
participation. We included 16 obese T2DM patients, 16 obese normoglycaemic and 16 healthy
lean individuals. Inclusion and exclusion criteria were reported previously (16). In short, inclusion
criteria included age range 40-70 years, right-handedness, body mass index (BMI) > 30 kg/m2
for obese individuals and T2DM patients, BMI < 25 kg/m2 for lean controls, normoglycaemia
for obese individuals and lean controls as defined by fasting plasma glucose < 5.6 mmol/l and
2-hour glucose < 7.8 mmol/l following a 75g oral glucose tolerance test (OGTT). For T2DM
patients, HbA1c had to be 6.0-8.5% (42-69 mmol/mol). Eight participants were treated with
metformin monotherapy and 8 used metformin in combination with a sulphonylurea.
Experimental design
The study was a randomised, placebo-controlled, crossover study. The experimental design of
the study was described in detail previously (16). In short, each participant underwent three fMRI
sessions at separate visits (with at least 1 week between visits) in random order with intravenous
infusion of A) the GLP-1 receptor agonist exenatide, B) exenatide with prior GLP-1 receptor
blockade by exendin 9-39 or C) placebo (Fig. 1A). In order to study the effects of GLP-1 receptor
activation per se, i.e. independent of hormonal or metabolic changes induced by GLP-1 receptor
activation, all measurements were performed during a somatostatin pancreatic-pituitary clamp
according to principles previously described (17). Sulphonylureas were discontinued 3 days
prior to examination and metformin on the day of examination. Further details on the design of
the study can be found in the Supplemental Methods.
Questionnaires
At 5 time points (beginning and after 50 minutes of the clamp, before the chocolate milk fMRI task,
before and after the ad libitum lunch) participants were asked to rate their hunger, fullness, appetite,
prospective food consumption, desire to eat and feelings of nausea on a 10-point Likert-scale (18).
fMRI paradigm
The chocolate milk fMRI paradigm was designed to examine anticipatory and consummatory
food reward. Subjects either received 0.4 ml of chocolate milk (Chocomel, FrieslandCampina,
86 kcal, 2.7 g fat, 11.8 g sugar per 100 ml) or 0.4 ml of a tasteless solution. The tasteless solution,
which was designed to mimic the natural taste of saliva, consisted of 2.5 mM NaHCO3 and 25
mM KCL (2). This solution has been shown to provide a superior neutral condition compared
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to water because water has a taste that activates the gustatory cortex (19-21). Subjects were
presented 2 images (an orange triangle or a blue star) that signalled impending delivery of 0.4
ml chocolate milk or tasteless solution, respectively (Fig. 1B). Images were presented in random
order for 2 seconds and were followed by 3 seconds of grey blank screen with a fixation cross
(anticipation). On 40% of the chocolate and tasteless solution trials the taste was not delivered
as expected (unpaired trials) in order to decrease the possible impact of conditioning. Further
details on the fMRI paradigm can be found in the Supplemental Methods.
Image acquisition and analysis
MRI data were acquired on a 3.0 Tesla GE Signa HDxt scanner (General Electric, Milwaukee,
Wisconsin, USA). Comparable MRI acquisition and analyses were used as described previously
(16). Functional images were analysed with SPM8 software (Wellcome Trust Centre for
Neuroimaging, London, UK). Series were corrected for differences in slice acquisition times and
were realigned and unwarped for distortion correction and concurrent motion correction. T1coregistered volumes were normalised to Montreal Neurological Institue (MNI) space, resliced to
3 x 3 x 3 mm voxels and spatially smoothed using an 8 mm full width at half maximum Gaussian
kernel. We defined the receipt of chocolate milk and tasteless solution and the anticipation of
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chocolate milk and tasteless solution receipt as events of interest (Fig. 1B). For each subject
and for each condition, contrast images were computed (chocolate milk receipt vs. tasteless
solution receipt; anticipation chocolate milk vs. anticipation tasteless solution). To determine
between-group differences (in placebo condition) and within-group differences (effects of GLP1 receptor activation), these first-level contrast images were entered into second-level randomeffects analyses using two-sample t-tests and paired-sample t-tests respectively. We analysed
the association between BMI as a continuous variable and BOLD responses in our two contrasts
of interest. To determine if neuronal response is related to BMI, first-level contrast images were
entered into one-sample t-tests and BOLD response was regressed across all subjects in a wholebrain regression analysis. T-maps were initially thresholded for display at P(uncorrected) = 0.005,
with a cluster size threshold of 5 voxels. A priori ROIs were determined based on previous studies
(i.e. insula, putamen, caudate nucleus, amygdala and OFC) (2;22). Only brain activations that
survived family-wise error (FWE, p < 0.05) correction for multiple comparisons at the voxel level
within the ROIs using a small volume correction (SVC), or across the entire brain for regions not
a priori of interest, are reported. SVC was performed using 5 mm (for amygdala) or 10 mm (for
insula, putamen, caudate nucleus and OFC) radius spheres (23;24).
Ad libitum lunch buffet
After the MRI session, while all infusions continued, participants were presented a varied choice
buffet (see Supplemental Methods) to assess energy intake, as described previously (16;25).
Participants were advised to eat as much as they wanted. They were not aware that their choices
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and food intake were being monitored. After 30 minutes the buffet was taken away and the total
kilocalories consumed were calculated.
Statistical analyses
Clinical group data are expressed as mean ± SEM (unless otherwise stated) and were analysed with
the Statistical Package for the Social Sciences (SPSS) version 20. Between-group differences in the
placebo condition were analysed with ANOVA or, in case of more than 1 time point, with repeated
measures ANOVA using time (minutes) as within-subject factor and group as between-subject factor.
Within-group differences were analysed using repeated measures ANOVA using treatment and
time (minutes) as within-subject factor. In case of a significant result, a post-hoc Bonferroni multiple
comparisons correction was used. In case of skewed data, Kruskal-Wallis test was used for betweengroup differences and Friedman test for within-group differences. In case of a significant result
Mann-Whitney U-test for between-group analysis or Wilcoxon signed rank for within-group analysis
with post-hoc Bonferroni correction was performed. P < 0.05 was considered statistically significant.

Results
Group demographics and metabolic parameters
We included 48 subjects, 16 of each obese T2DM patients, normoglycaemic obese and lean
individuals. Forty-seven subjects completed all 3 test days; one subject only completed the
exenatide and placebo test day. Due to technical problems during the chocolate milk fMRI
paradigm, one subject in the obese group had to be excluded, leaving n = 15 in the obese
group. All subjects were matched for sex and age, while T2DM patients and normoglycaemic
obese subjects were also BMI matched (Table 1).
Blood glucose was successfully clamped at approximately 5.0 mmol/l during the fMRI session
and ad libitum lunch (t=90 until t=180 min, Fig. 1A), with no statistically significant differences
in glucose levels between groups and between test days within each group (Supplemental
Table 1, Supplemental Fig. 1). As expected, lean subjects needed higher glucose infusion rates
in comparison with obese subjects and T2DM patients (P < 0.05), but there were no differences
in infusion rates between test days within each group (Supplemental Table 1, Supplemental
Fig. 1). During the clamp, insulin levels were higher in T2DM patients and obese as compared to
lean subjects (P < 0.001); glucagon levels were lower in obese compared to lean subjects (P <
0.05); non-esterified fatty acids (NEFA) levels were higher in T2DM patients in comparison with
lean and obese subjects (P < 0.006) (Supplemental Table 1). As a result of the pancreatic clamp,
there were no significant differences between the three test days within each group in circulating
hormones and metabolites (insulin, glucagon, growth hormone and NEFA) (Supplemental Table 1,
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Supplemental Fig. 2). In lean subjects a trend towards higher cortisol levels was observed during
exenatide infusion in comparison with exenatide in combination with exendin 9-39 (P = 0.12). The
infusion of exenatide resulted in pharmacologically relevant plasma concentrations, comparable
to achieved plasma levels during subcutaneous exenatide treatment (26;27), with no statistically
significant differences between the lean, obese and T2DM group (181 ± 13, 155 ± 13 and 153 ± 13
pg/ml respectively, P for between-group difference = 0.28).
Table 1 | Baseline characteristics
Lean (n=16)
Age (years)
Gender, male/female (n)

57.8 ± 1.9
8/8

Obese (n=15)
57.6 ± 2.2
8/7

T2DM (n=16)

ANOVA
P-value

61.4 ± 1.5

0.3

8/8

-

Weight (kg)

71.1 ± 2.7

100.2 ± 3.0*

97.9 ± 3.0*

<0.001

Body mass index (kg/m2)

23.2 ± 0.4

32.5 ± 0.8*

34.0 ± 0.9*

<0.001

Waist circumference (cm)

85.5 ± 1.9

111.9 ± 2.1*

115.7 ± 1.8*

<0.001

Systolic blood pressure (mmHg)

120 ± 4

126 ± 3

141± 3†

<0.001

Diastolic blood pressure (mmHg)

75 ± 2

79 ± 2

83 ± 2*

0.03

Fasting plasma glucose (mmol/l)

5.3 ± 0.1

5.3 ± 0.1

8.4 ± 0.5†

Glucose 2h after OGTT (mmol/l)

5.1 ± 0.3

5.5 ± 0.3

HbA1c (%)

5.5 ± 0.03

5.6 ± 0.07

6.9 ± 0.22†

<0.001

HbA1c (mmol/mol)

37 ± 0.3

37 ± 0.6

52 ± 2.4†

<0.001

Total cholesterol (mmol/l)

5.6 ± 0.2

5.6 ± 0.2

4.5 ± 0.3†

0.001

LDL-cholesterol (mmol/l)

3.3 ± 0.2

3.4 ± 0.2

2.3 ± 0.2†

<0.001

HDL-cholesterol (mmol/l)

1.9 ± 0.1

1.4 ± 0.1*

1.3 ± 0.1*

<0.001

Triglycerids (mmol/l)

0.9 ± 0.1

1.7 ± 0.3

1.8 ± 0.3

0.037

Fasting NEFA (mmol/l)

0.46 ± 0.04

0.45 ± 0.03

0.64 ± 0.04†

0.001

Fasting insulin (pmol/l)

35 ± 2.6

84 ± 12*

117 ± 17*

<0.001

Fasting glucagon (pmol/l)

8.5 ± 0.9

7.9 ± 0.6

11.9 ± 1.5‡

0.023

Fasting growth hormone (mU/l)

2.4 ± 0.6

1.1 ± 0.5

1.4 ± 0.6

0.3

Fasting cortisol (nmol/l)

368 ± 15

308 ± 15*

330 ± 18

0.024

Diabetes duration (years)

-

7.0 [4.25, 10.75]

-

-

<0.001

-

5

0.3

Data are means ± SEM or median [interquartile range].
*Statistically significant different from lean (post-hoc Bonferroni corrected P < 0.05)
†Statistically significant different from lean and obese (post-hoc Bonferroni corrected P < 0.05)
‡Statistically significant different from obese (post-hoc Bonferroni corrected P < 0.05)
OGTT, oral glucose tolerance test; NEFA, non-esterified fatty acids; T2DM, type 2 diabetes patients
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Figure 1 | Study protocol
(A) Study design. All subjects underwent three fMRI sessions at separate visits with intravenous infusion of
A) the GLP-1 receptor agonist exenatide, B) exenatide with prior GLP-1 receptor blockade by exendin 9-39
or C) placebo. All measurements were performed during a somatostatin pancreatic-pituitary clamp. GH,
growth hormone.
(B) fMRI paradigm. Subjects were presented 2 images (an orange triangle or a blue star) that signalled
impending delivery of 0.4 ml chocolate milk or tasteless solution, respectively. Images were presented for 2
seconds and were followed by 3 seconds of grey blank screen with a fixation cross (anticipation). On 40% of
the chocolate and tasteless solution trials the taste was not delivered as expected (unpaired trials) in order
to decrease the possible impact of conditioning. After delivery of the chocolate milk and tasteless solution
(duration 2 seconds), subjects were instructed to refrain from swallowing until the word “swallow” appeared.

Relation between BMI and brain responses to anticipation and consumption of palatable food
We focused on two main contrasts of interest, one to assess consummatory food reward
(chocolate milk receipt vs. tasteless solution receipt) and a second to assess anticipatory food
reward (anticipation of chocolate milk receipt vs. anticipation of tasteless solution receipt) (Fig. 1B).
We found no statistically significant differences between groups in BOLD responses to anticipation
and receipt of chocolate milk vs. tasteless solution in our ROIs. In line with previous studies (2;3),
we found a negative correlation between BMI and brain responses to receipt of chocolate milk
vs. tasteless solution in right putamen in placebo condition (Supplemental Table 2, Fig. 2A).
Furthermore, we found a positive correlation between BMI and brain responses to anticipation
of receipt of chocolate milk vs. tasteless solution in bilateral caudate nucleus, bilateral putamen
and right insula (Supplemental Table 2, Fig. 2B). Interaction analyses demonstrated that these
associations were not significantly different among groups (P > 0.2).
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Figure 2 | Correlation between BMI and brain responses to consummatory and anticipatory food reward.
Coronal (left) and sagittal (right) slices showing brain regions with (A) a negative correlation between BMI
and brain responses in right putamen to receipt of chocolate milk vs. a tasteless solution and (B) a positive
correlation between BMI and brain responses in right putamen to anticipation to receipt of chocolate milk
vs. a tasteless solution across all subjects. Interaction analyses demonstrated that these analyses were not
significantly different among groups (P > 0.2). Left side of the coronal slices is the left side of the brain. Y
is the MNI space Y coordinate of the coronal slice and X is the MNI space X coordinate of the sagittal slice.
The colour scale reflects the T value of the functional activity. In the graphs on the right the BOLD signal
intensity in right putamen (arbitrary units) is plotted as a function of BMI. Choco, chocolate; T2DM, type 2
diabetes patients.
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Effects of GLP-1 receptor activation on brain responses to anticipation and consumption
of palatable food
Exenatide vs. placebo increased brain activations in response to receipt of chocolate milk vs.
tasteless solution receipt (consummatory food reward) in lean subjects in right caudate nucleus, in
obese subjects in right OFC and in obese T2DM patients in bilateral putamen, left insula and left
amygdala (Fig. 3, Supplemental Table 3). Pretreatment with the GLP-1 receptor antagonist exendin
9-39 largely blocked the exenatide-induced effects on brain activations in response to chocolate
milk receipt, i.e. in lean subjects in right caudate nucleus, in obese subjects in right OFC, and in
T2DM patients in bilateral putamen, left insula and left amygdala (Supplemental Table 3).
Exenatide vs. placebo reduced brain responses to anticipation of receipt of chocolate milk vs.
tasteless solution (anticipatory food reward) in lean subjects in bilateral OFC and in T2DM patients
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in bilateral putamen, left insula and left amygdala (Fig. 4, Supplemental Table 4). Pretreatment
with the GLP-1 receptor antagonist exendin 9-39 blocked all effects of exenatide on brain
activations in response to anticipation of chocolate milk vs. tasteless solution (Supplemental
Table 4). In normoglycaemic obese subjects we found no significant effects of GLP-1 receptor
activation on brain responses to anticipation of receipt of chocolate milk, only a non-significant
reduction in brain response in left caudate nucleus by exenatide in comparison with placebo (P
= 0.13; data not shown).
Effects of GLP-1 receptor activation on ad libitum food intake and hunger-scores
As we described previously (16), there was in each group a significant difference in caloric
intake between test days (ANOVA P < 0.05), with reductions in intake during exenatide vs. saline
infusion of 23% ± 8%, 24% ± 10%, 14% ± 5% in the lean, obese and T2DM group, respectively
(Supplemental Table 5). The food intake reducing effects of exenatide were largely blocked by
prior infusion of the GLP-1 receptor antagonist exendin 9-39.
We found no statistically significant differences between groups and between conditions in
hunger, fullness, appetite, prospective food consumption, desire to eat and feelings of nausea.
Although there were no statistically significant differences in nausea scores before and directly
after the lunch (P > 0.19), 3 subjects in the lean group and 2 in the obese group experienced nausea
and vomiting on the exenatide test day after termination of all infusions and all measurements.

Discussion
In the present study we showed that BMI is positively correlated with brain responses to
anticipation of receipt of chocolate milk and negatively correlated with brain responses to
receipt of chocolate milk in brain areas regulating reward, appetite and motivation. Importantly,
this is the first study to demonstrate that GLP-1 receptor activation decreases brain responses to
anticipation of palatable food and increases brain responses to actual receipt of palatable food,
paralleled by reductions in subsequent food intake. The exenatide-induced effects were GLP-1
receptor mediated as these could be blocked by prior infusion of the GLP-1 receptor antagonist
exendin 9-39, and occurred independently of circulating metabolic and hormonal factors.
The negative correlation between BMI and brain responses to receipt of chocolate milk
(consummatory food reward) in right putamen in our study is consistent with data from previous
studies that showed blunted striatal (caudate nucleus and putamen) responses to chocolate
milkshake receipt as a function of BMI in females (2;3). It has been hypothesised that obese
subjects have to overeat to compensate for this reward deficit. Interestingly, we found that GLP-1
receptor activation increased brain responses to receipt of chocolate milk in obese T2DM patients
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Figure 3 | Effects of GLP-1 receptor activation on brain responses to consummatory food reward.
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Figure 4 | Effects of GLP-1 receptor activation on brain responses to anticipatory food reward.
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(in bilateral putamen, left insula and left amygdala) and in obese subjects (in right OFC) and in lean
subjects in right caudate nucleus, paralleled by reductions in food intake. These effects of GLP-1
receptor activation on consummatory food reward may therefore counteract overeating.
Furthermore, we found a positive correlation between BMI and brain responses to anticipation
of receipt of chocolate milk in bilateral caudate nucleus, bilateral putamen and right insula
(anticipatory food reward). It has been suggested that obese individuals experience increased
anticipation of the palatability of a food reward compared to lean individuals (28), which may
lead to cravings for food. Another theory posits that overeating leads to hyperactivation of brain
reward areas in response to anticipation of palatable food via conditioning (29). Importantly,
we found that GLP-1 receptor activation reduced brain responses to anticipation of receipt of
chocolate milk in T2DM patients in bilateral putamen, left insula and left amygdala and in lean
subjects in bilateral OFC. These effects of GLP-1 receptor activation on anticipatory food reward
may reduce cravings for food, leading to reductions in food intake.
We observed effects of GLP-1 receptor activation on brain responses to receipt and anticipation
of receipt of palatable food in lean subjects in caudate nucleus and OFC, in obese subjects in
OFC and in obese T2DM patients in putamen, insula and amygdala. The differences in identified
brain areas may reflect differences in BMI and the presence/absence of T2DM, but the underlying
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mechanisms remain to be established. All identified brain areas have been implicated in the
regulation of reward and appetite. The amygdala has a key role in emotional learning and in
encoding reward value predicted by conditioned stimuli (30;31). The putamen, caudate nucleus
and OFC are likewise implicated in reward processing (2;32) whereas the OFC is also involved in
decision making (33). The insula plays a role in the processing of food-cues and craving for food
(34) and in the devaluation of food-cues when eating to satiety (35).
Exenatide versus placebo reduced caloric intake in T2DM patients, obese and lean subjects.
This is in line with the observed weight loss during GLP-1 receptor agonist treatment in T2DM
patients and obese subjects (11). To our knowledge, the effects of long-term treatment with
GLP-1 receptor agonists have not been studied in lean individuals. In the current study GLP-1
receptor activation was associated with reduced caloric intake in lean subjects. This is in line
with previous studies, using intravenous GLP-1 administration, showing similar reductions in
caloric intake in lean and overweight individuals (10).
We found that the exenatide-induced effects on anticipatory and consummatory food reward and
subsequent ad libitum food intake were largely blocked by prior infusion of the GLP-1 receptor
antagonist exendin 9-39. This finding suggests that the effects of exenatide on brain responses are
GLP-1 receptor mediated. Whether these effects are mediated via direct or indirect actions on the
brain (i.e. via central GLP-1 receptors or via GLP-1 receptors on vagal fibers projecting to the brain)
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can not be determined from our study. Exenatide was shown to cross the blood-brain barrier (36),
but whether exendin 9-39 can cross the blood-brain barrier in humans is still under debate (37). If
we assume that exendin 9-39 is not able to cross the blood-brain barrier, this may imply that the
central effects of GLP-1 receptor activation are mostly mediated via peripheral GLP-1 receptors.
However, more information is needed regarding the contribution of peripheral and central GLP-1
receptors in the effects of GLP-1 (receptor agonists) on the brain.
We found no statistically significant effects of GLP-1 receptor activation on scores of hunger,
fullness, appetite, prospective food consumption and desire to eat, which is in contrast to
previous studies (9). Hunger scores have been shown to correlate with, but not reliably predict,
energy intake in humans in their normal environment, eating their normal diet (38). However,
these questionnaires may be less sensitive under experimental conditions, such as those in our
complex study. In addition, since we also wanted to measure hunger scores while subjects were
lying in the MRI scanner (and subjects had two intravenous catheters making it difficult to write),
subjects were asked to verbally express their feelings on a 10-point scale while in other studies
subjects filled out the questionnaire by themselves. This may have reduced the sensitivity for
detecting subjective/behavioural effects of GLP-1 receptor activation.
GLP-1 has been shown to decrease gastric emptying (39), which may contribute to its satietyinducing effects. However, it is not likely that the effects of GLP-1 receptor activation on the brain
were related to differences in gastric emptying. In our study, all measurements were performed
in fasting subjects and the total amount of chocolate milk consumed during our fMRI task was
only 8 ml. The exenatide-induced effects on gastric emptying may have caused nausea and
vomiting in some subjects after the lunch when all infusions were terminated. However, delayed
gastric emptying and nausea are not likely to be the main cause of reductions in food intake
and body weight during GLP-1 receptor agonist treatment. Weight loss during GLP-1 receptor
agonist treatment is also observed in the absence of nausea (40;41) and the effects on gastric
emptying are subject to rapid desensitization (42), while the effects on body weight persist over
periods up to 3 year (43).
In line with our findings on anticipatory and consummatory food reward, GLP-1 receptor
activation was shown to modulate the rewarding properties of amphetamine, cocaine, alcohol
and nicotine in rodents (44). Exenatide reduced motivated behaviour for a drug reward and
reduced dopamine release in the nucleus accumbens (45). Dopamine is a key neurotransmitter
involved in (drug and food) reward signalling in the brain (28;46). The mechanisms of GLP-1mediated alterations in food and drug reward are largely unknown and this field of study is in
its infancy (44). New insights into these mechanisms could provide therapeutic targets for both
obesity and substance abuse disorders.
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In this study we demonstrated acute effects of GLP-1 receptor activation on food-related brain
responses and food intake. Whether these effects are sustained during chronic GLP-1 receptor
agonist treatment cannot be determined from our study. However, the observed food intake
suppressive effect of exenatide in our study is in line with observed weight loss during chronic
treatment with GLP-1 receptor agonists (11). Long-term studies are needed to determine the
central effects of GLP-1 receptor agonists during chronic treatment.
To summarise, we found that GLP-1 receptor activation increased brain responses to receipt
of palatable food and decreased brain responses to anticipation of receipt of palatable food,
paralleled by reductions in ad libitum food intake. Our findings demonstrate that GLP-1
receptor activation decreases anticipatory food reward, which may reduce cravings for food,
and increases consummatory food reward, which may prevent overeating. These insights into
the central regulation of consummatory and anticipatory reward may help to develop new
treatment strategies for obesity.
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Supplementary Methods
Experimental design
The participants were blinded to the type of infusions. All visits commenced at 8:30 AM after an
overnight fast and participants did not exercise or drink alcohol for 24 h before the test day. In
order to study the effects of GLP-1 receptor activation per se, i.e. independent of hormonal or
metabolic changes induced by GLP-1 receptor activation, all measurements were performed
during a somatostatin pancreatic-pituitary clamp as previously described (16;17). In short,
somatostatin (Somatostatin; Eumedica) was infused at a rate of 60 ng/kg/min to suppress
endogenous insulin, glucagon, growth hormone and GLP-1 production. Human glucagon
(0.6ng/kg/min; Glucagen; Novo Nordisk), growth hormone (2ng/kg/min; Genotropin; Pfizer)
and insulin (0.6mU/kg/min; Actrapid; Novo Nordisk) were infused at constant rates to achieve
stable levels. Glucose (200 g/l) was infused at a variable rate to clamp plasma glucose at 5.0
mmol/l. Intravenous exendin 9-39 (Bachem; Clinalfa products, Switzerland) or placebo was
started 30 minutes after the start of the clamp at an infusion rate of 600 pmol/kg/min (47).
Intravenous exenatide (Byetta; Eli Lilly) or placebo infusion was started 60 minutes after the
start of the clamp at an infusion rate of 50 ng/min for 30 minutes, and was decreased to 25 ng/
min for the remaining time of the clamp procedure (48). A catheter was inserted into a cubital

5

vein for infusion of all peptides. A second catheter was inserted into a contralateral cubital vein
for blood sampling. This arm was kept in a heated box (50°C) throughout the experiment to
arterialise the venous blood (17). Plasma glucose was measured every 10 minutes using the
glucose dehydrogenase method (Glucose Analyzer, HemoCue, Ängelholm, Sweden). Blood
for measuring insulin, glucagon and exenatide levels was drawn every 30 minutes. Blood for
measuring growth hormone, free fatty acids and cortisol was drawn at t = 0 minutes (fasting)
and t = 120 minutes (during the fMRI session). Blood samples were stored at -80°C until assay
and determined as described previously (16).
fMRI paradigm
Tastes were delivered with two programmable infusion pumps (B. Braun, Infusomat P, Melsungen,
Germany), connected to the computer, to ensure consistent volume, rate and timing of taste
delivery. Syringes, filled with chocolate milk and tasteless solution, were connected to a 25foot length of Vygon tubing that was attached to the MRI head coil and terminated into the
subjects’ mouths. The tips of the tubing were placed on a consistent segment of the tongue.
There were 20 trials of both the chocolate milk and tasteless solution receipt and 12 trials of
both the unpaired chocolate milk and tasteless solution cue. After delivery of the chocolate milk
and tasteless solution (duration 2 seconds), subjects were instructed to refrain from swallowing
until the word “swallow” appeared. This was done in order to prevent the BOLD response to taste
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receipt being confounded by head motion and motor cortex activation during swallowing. The
next trial was started after a jitter of 1-7 seconds. The task was programmed using Eprime 1.2
(Psychology Software Tools, Inc., Pittsburg, PA) and cues were presented using a projector and
screen system viewed through a mirror mounted on the head coil.
Ad libitum lunch buffet
The choice buffet consisted of wholemeal bread (4 slices), white bread (4 slices), ham (2 slices),
chicken (2 slices), cheese (2 slices), margarine (3 cups), mayonnaise (20 ml), marmalade (2 cups),
peanut butter (2 cups), sliced tomato and cucumber, lettuce, strawberry yoghurt, apple, banana,
orange juice, coffee, tea, chocolate muffin, cake.
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Exe

Placebo
4.9 ± 0.06

Treatment

Glucosea (mmol/l)

11.3 ± 0.7

0.03 ± 0.01 0.03 ± 0.01

NEFA (mmol/l)

293 ± 39

Cortisol (nmol/l)

373 ± 60

1.9 ± 0.2

10.2 ± 0.8

259 ± 30

1.6 ± 0.2

0.03 ± 0.01

11.4 ± 1.0

313 ± 13

8.3 ± 0.8

4.9 ± 0.06

Ex9-39+Exe

262 ± 31

1.8 ± 0.1

0.05 ± 0.01

8.8 ± 0.6*

393 ± 16*

4.7 ± 0.5*

4.9 ± 0.05

Placebo

5.0 ± 0.4
388 ± 13
8.4 ± 0.4
0.06 ± 0.02
1.8 ± 0.1
280 ± 36

5.4 ± 0.5
398 ± 13
8.7 ± 0.6
0.05 ± 0.01
1.7 ± 0.1
312 ± 27

b

a

1.4 ± 0.2*

†

256 ± 27

1.7 ± 0.1

0.15 ± 0.03

10.8 ± 0.6

377 ± 12*

11.9 ± 0.7

374 ± 14

1.6 ± 0.2

5.0 ± 0.06

Ex9-39+Exe

321 ± 26

1.9 ± 0.1

239 ± 20

1.7 ± 0.2

0.16 ± 0.03 0.13 ± 0.03

10.5 ± 0.7

374 ± 14

1.3 ± 0.2

5.1 ± 0.16

4.9 ± 0.03

4.9 ± 0.03

5.2 ± 0.17

Exe

Ex9-39+Exe

Exe

Placebo

T2DM

Obese

Mean of time point t=90 until t=180 min (during fMRI and lunch buffet)
Mean of time point t=120 min (during fMRI)
*Statistically significant different from lean (post-hoc Bonferroni corrected p<0.05)
†
Statistically significant different from lean and obese (post-hoc Bonferroni corrected P<0.05)
GIR, glucose infusion rate; Exe, exenatide; Ex9-39, exendin 9-39; NEFA, non-esterified fatty acids

Data are presented as means ± SEM.

b

1.7 ± 0.1

Growth hormoneb (mU/l)

b

Glucagona (pmol/l)

8.1 ± 0.8
335 ± 15

8.0 ± 0.7

314 ± 12

Insulina (pmol/l)

a

GIR (mg/kg/min)

4.8 ± 0.07

Lean

Group

Supplemental Table 1 | Metabolic and hormonal parameters during fMRI session
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Supplemental Table 2 | Correlation between BMI and brain responses to consummatory and anticipatory
food reward
T

p-uncor

p-FWE

MNI
(x, y, z)

39

3.42

0.001

0.025

33, -16, -5

R

312

3.82 <0.001

0.009

18,23,4

L

42

3.24

0.036

-18,20,4

312

Contrast

Correlation

Region

Chocolate >
tasteless

Positive
correlation BMI

-

Negative
correlation BMI

Putamen

R

Caudate nucleus
Caudate nucleus

Anticipation Positive
chocolate > correlation BMI
tasteless

Negative
correlation BMI

Side Cluster

0.001

Putamen

R

3.19

0.001

0.041

33,5,1

Putamen

R

3.19

0.001

0.041

30,-10,7

Anterior insula

R

3.10

0.002

0.048

39,20,7

-

T, t-value; p-uncor, p-value uncorrected for multiple comparisons; p-FWE, p-value Family-Wise Error
corrected for multiple comparisons on the basis of cluster extent (small volume correction); R, right; L, left;
MNI, Montreal Neurological Institute coordinates in mm
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L
L
L
L
R

Anterior insula
Posterior insula
Putamen
Putamen
Amygdala
Putamen
-

L

Anterior/mid
insula

EXE > placebo

EX9-39 + EXE > placebo

L

-

-

EX9-39 + EXE > placebo

R

R

Side

Placebo > EXE

Mid OFC

EXE > placebo

-

EX9-39 + EXE > placebo
-

Caudate nucleus

EXE > placebo

Placebo > EXE

-

Placebo > EXE

Region

0.001
<0.001
<0.001
0.001

4.03
4.03
4.48
4.48
3.84
4.21

0.001

4.83

1116

32

<0.001

5.43

227

<0.001

<0.001

0.001

3.65

13

p-uncor

T

Cluster

0.020

0.008

0.014

0.014

0.016

0.027

0.004

0.004

0.05

p-FWE

T, t-value; p-FWE, p-value Family-Wise Error corrected for multiple comparisons on the basis of cluster extent (small volume correction); R, right;
L, left; MNI, Montreal Neurological Institute coordinates in mm; EXE, exenatide; EX9-39, exendin 9-39; T2DM, type 2 diabetes patients; Mid, middle

Chocolate > tasteless

T2DM

Chocolate > tasteless

Obese

Chocolate > tasteless

Lean

Comparison

Supplemental Table 3 | Effects of GLP-1 receptor activation on brain responses to consummatory food reward

27, 14, -14

-30, -7, -14

-18, 14, -8

-21, 5, -11

-45, -13, 7

-42, 14, 4

-45, 2, 7

33, 47, -2

6, 14, -2

MNI
(x, y, z)
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120
-

L
L

Putamen
Amygdala
Plac > EX9-39 +EXE

58

L

Putamen

EXE > placebo

18

L

Posterior insula

44

79

L

Anterior insula

19

25

Cluster

R

R

Side

Putamen

-

Plac > EX9-39 +EXE
Placebo > EXE

-

EXE > placebo

-

Plac > EX9-39 +EXE
-

-

EXE > placebo

Placebo > EXE

Med OFC

Placebo > EXE

Region

3.42

3.86

3.98

4.50

4.06

4.28

3.83

T

0.002

0.001

0.001

0.001

0.001

<0.001

0.001

p-uncor

0.006

0.027

0.027

0.013

0.024

0.018

0.041

p-FWE

T, t-value; p-FWE, p-value Family-Wise Error corrected for multiple comparisons on the basis of cluster extent (small volume correction); R, right;
L, left; MNI, Montreal Neurological Institute coordinates in mm; EXE, exenatide; EX9-39, exendin 9-39; T2DM, type 2 diabetes patients; Mid, middle

Anticipation chocolate > tasteless

T2DM

Anticipation chocolate > tasteless

Obese

Anticipation chocolate > tasteless

Lean

Comparison

Supplemental Table 4 | Effects of GLP-1 receptor activation on brain responses to anticipatory food reward

-30,-4,-17

-24,5,-11

-18,17,-5

-45, -19, 7

-42,14,4

24,14,-11

9,41,-11

MNI
(x, y, z)
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79.6 ± 11.0 57.1 ± 6.2*

20.4 ± 2.5

Carbohydrates (g)

Proteins (g)

628 ± 81

Ex939+Exe

<0.001

0.008

0.010

0.006

ANOVA
P-value

0.08
0.07
0.042

35.4 ± 4.3 24.8 ± 5.2 34.7 ± 3.4
92.2 ± 8.5 71.9 ± 9.3 91.2 ± 5.9
26.8 ± 2.2 22.0 ± 2.8 28.2 ± 1.9

ANOVA
P-value
0.043

607 ± 89

Exe
797 ± 55

808 ± 75

Placebo

Ex939+Exe

Obese

*Statistically significant different from placebo (post-hoc Bonferroni corrected p<0.05)
**Statistically significant different from lean and obese (post-hoc Bonferroni corrected P<0.005)

14.5 ± 1.8** 19.9 ± 2.3

73.8 ± 9.2

18.3 ± 2.2** 27.5 ± 4.4

29.1 ± 3.2

Total fat (g)

460 ± 46**

Exe

672 ± 79

Placebo

Lean

Food intake (kcal)

Treatment

Group

Supplemental Table 5 | Effects of GLP-1 receptor activation on food intake

Ex939+Exe

608 ± 61 669 ± 54

Exe

24.5 ± 2.2 21.8 ± 2.4 25.4 ± 2.3

77.4 ± 7.5 67.5 ± 6.7 71.8 ± 6.0

32.3 ± 2.8 26.7 ± 3.7 30.2 ± 3.5

714 ± 57

Placebo

T2DM

0.09

0.07

0.14

0.043

ANOVA
P-value
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Supplementary Figures

Figure S1 | Glucose levels and glucose infusion rates during the pancreatic clamp.
Mean glucose levels (mmol/l) in lean (A), obese (B) and T2DM (C) subjects.
Mean glucose infusion rate (GIR; mg/kg/min) in lean (D), obese (E) and T2DM (F) subjects.
EXE, exenatide; EX9-39, exendin 9-39
Data are means ± SEM.
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Figure S2 | Insulin and glucagon levels during the pancreatic clamp.
Mean insulin levels (pmol/l) in lean (A), obese (B) and T2DM (C) subjects.
Mean glucagon levels (pmol/l) in lean (D), obese (E) and T2DM (F) subjects.
EXE, exenatide; EX9-39, exendin 9-39
Data are means ± SEM.
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