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ABSTRACT

Semaglutide, a glucagon-like peptide-1 receptor agonist, is an effective drug reducing body weight and
decreasing motivation for palatable food. The mechanisms underlying its effects on food reward remain unclear.
We aimed to determine the impact of semaglutide on food reward collection and dopamine-neuron activity in the
ventral tegmental area (VTA) upon exposure to a cue-induced sucrose delivery task.

Pitx3-cre mice were injected with cre-dependent GCaMP6s virus into the VTA, to measure the activity of
dopaminergic neurons in the VTA using in vivo fiber photometry. Mice were trained on a Pavlovian sucrose
conditioning paradigm in which a 5-s cue signaled a 20% sucrose reward. Upon stable performance, semaglutide
or vehicle was intraperitoneally injected during the task.

1 mg/kg semaglutide reduced the number of collected rewards and licks during the task. Semaglutide
increased VTA dopamine neuron activity during sucrose collection but not during the cue. Lower doses of
semaglutide (0.1 and 0.3 mg/kg) reduced chow intake but not sucrose intake nor VTA dopamine activity in the

task.

Semaglutide reduces appetite but increases VTA dopamine signaling during reward collection. Semaglutide
does not influence dopamine signaling during the presentation of food cues.

1. Introduction

Obesity is a global health issue and there remains a need for
improved treatments. Recent promising treatment options are glucagon-
like peptide 1 receptor (GLP-1R) agonists, which were initially devel-
oped for type 2 diabetes. Currently, two GLP-1R agonists, liraglutide and
semaglutide, are approved for obesity treatment. Semaglutide is opti-
mized for a longer half-life in humans (160 vs. 12 h) and full dipeptidyl
peptidase-4 stability (Lau et al., 2015). In randomized clinical trials,
semaglutide-treated patients with obesity lost twice as much weight as
other GLP-1R agonists (Ahmann et al., 2018; O’Neil et al., 2018; Pratley
et al., 2018).

GLP-1 is a hormone produced by intestinal enteroendocrine L-cells
and a subpopulation of hindbrain nucleus tractus solitarious (NTS)
neurons (Alvarez et al., 1996; Holst, 2007). L-cell GLP-1 is primarily
released after a meal, correlating with meal size, and quickly

metabolized by endopeptidases (Hayes et al., 2014; Holst, 2007). GLP-1
receptors (GLP-1Rs) are found in both the periphery and the central
nervous system (CNS), and GLP-1 binding elicits diverse physiological
and behavioral effects depending on the site of action (Hayes et al.,
2014). In the periphery, GLP-1 enhances glucose-dependent insulin
secretion, reduces gastric emptying and glucagon secretion (Gutniak
et al., 1992; Matsuyama et al., 1988; Schirra et al., 1997). In the CNS,
GLP-1R  agonists suppress appetite via the hypothalamus
(Lopez-Ferreras et al., 2018; McMahon and Wellman, 1998) and the NTS
(Hayes et al., 2009) to maintain energy balance.

GLP-1R agonists were found to alter reward-related behaviors.
Semaglutide reduced food cravings and the preference for fatty, energy-
dense foods in participants with obesity (Blundell et al., 2017; Masaki
et al.,, 2022). In rats, subcutaneously injected semaglutide reduced
motivation for sucrose in a progressive ratio task (Ghidewon et al.,
2022) and diminished chocolate intake (Gabery et al., 2020). Similar to
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semaglutide, other peripherally administered GLP-1R agonists,
exendin-4 and liraglutide, decreased the intake of alcohol, cocaine and,
food and reduced motivation for these substances in a progressive ratio
task (Dickson et al., 2012; Egecioglu et al., 2013a, 2013b; Sgrensen
et al., 2015; Vallof et al., 2016). Additionally, these agonists abolished
alcohol and nicotine-mediated conditioned place preference (Egecioglu
et al., 2013a, 2013b; Vallof et al., 2016).

The GLP1R agonist induced alterations in reward-related behaviors
are hypothesized to be mediated via mesolimbic areas, including the
ventral tegmental area (VTA). The VTA is a major source of brain
dopamine to projections as the nucleus accumbens (NAc) and prefrontal
cortex, is involved in food motivation and cue processing and responds
to intake of rewarding substances (Morales and Margolis, 2017; Sala-
mone et al., 2016; Schultz et al., 1997). The peripheral GLP-1 agonists
exendin-4 and liraglutide reduced extracellular dopamine levels in the
NAc after alcohol, nicotine and cocaine intake, measured per 20 min
(Egecioglu et al., 2013a, 2013b; Sgrensen et al., 2015; Vallof et al.,
2016). C-fos studies showed that peripherally injected semaglutide
activated brain areas, such as the hypothalamus, NTS and the lateral
septum, which are connected to VTA signaling (Gabery et al., 2020;
Hansen et al., 2021). Additionally, exendin-4 delivered in the brains’
ventricle reduced VTA dopamine neuron responses during a food cue
(Konanur et al., 2020). Moreover, semaglutide suppressed
alcohol-induced elevation of dopamine levels in the NAc (Aranas et al.,
2023). However, there is a gap in knowledge how
GLP1-agonist-dependent suppression of appetite is linked to DA
neuronal activity.

In order to address this we determined how peripheral semaglutide
impacts VTA dopamine signaling on a second-to-second time scale
during food reward collection. This is important to resolve as it clarifies
which aspect of food reward seeking is affected by the drug. We deter-
mined whether peripheral semaglutide affected reward collection and
VTA dopamine-neuron activity related to food-predictive cues and su-
crose rewards in mice. We used a Pavlovian sucrose conditioning task in
combination with in vivo fiber photometry and semaglutide intervention
(0.1, 0.3 and 1 mg/kg) in a within-subject design. Semaglutide is hy-
pothesized to decrease reward collection and VTA DA activity during
cue presentation and reward consumption. Semaglutide was injected
peripherally to mimic its clinical application.

2. Materials and methods

2.1. Animals

29 adult male pith-cre” ~ mice (4 months old, bred in-house)
(Smidt et al., 2012) on a C57BL/6J background, and 14 adult male
C57BL/6J mice (3.5 months old, bred in-house, originated from Jackson
laboratory strain 664) were used. The 14 C57BL/6J were used for the
food intake experiments and were co-housed in pairs with ad libitum
chow access in Type II cages (Tecniplast). The photometry mice were
individually housed after surgery in Type II cages. After surgery recov-
ery, these mice were food restricted to 90-95% of their ad libitum body
weight (CRM(E), SDS diets). The rooms were temperature (21.5 +
1.0 °C) and humidity (57.8% + 3.9%) controlled under a reversed
day-night cycle (lights off at 8.00 photometry & 12.30 for food intake).
Non-invasive handling was used to move and connect the mice. The
experiments were approved by the Dutch Central Animals Testing
Committee (AVD1150020198686), considering mild discomfort for the
food intake experiment and moderate discomfort for the photometry
mice based on the surgery, individual housing and food restriction. Five
mice in the photometry experiment did not survive the surgery. Further,
no unexpected discomfort occurred.
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2.2. Food intake

The food intake experiments were conducted in a cross-over design,
with four experimental conditions (0.1, 0.3, 1 mg/kg semaglutide and
vehicle) tested biweekly. The mice were twice habituated to the injec-
tion procedure and their test cage (type IIL cage 365 x 207 x 140 mm,
enriched with tissues). On an experimental days, the chow was removed
from the home cages during the light phase, 5.5 h before dark phase
onset. Within the first hour of the dark phase, the animals were weighed
and intraperitoneally injected (i.p.) (0.1 ml/10 g BW) with semaglutide
or vehicle. The mice were placed solitary in a test cage with a full rack of
chow. The food intake was monitored hourly until 4 h after injection, by
weighing (Sartorius, CP3202 S) the cage lid including food rack without
water bottle. After, the mice were placed in their home cage with their
cage mate.

2.3. Surgery

For the photometry experiments, a surgery was performed to enable
the photometry measurement in the VTA. The mice were anesthetized
with ketamine (75 mg/kg, Narketan 10), dexmedetomidine (1 mg/kg,
Dexdomitor) and lidocaine (7 mg/kg, B. Braun). When anesthetized, we
shaved the skin and made an incision above the skull, whereafter
phosphoric acid (ultra-etch 35%, Ultradent Products) was applied under
stereotaxic apparatus (UNO BV). Bilateral craniotomies were made
above the VTA to inject 0.5 pl of rAAV5-Syn-FLEX-GCaMP6s-WPRE-
SV40 (5 * 1078 genetic copies, Addgene) virus at coordinates AP -3.2
mm, ML +1.5 mm with a 15° angle and DV -4.8. Bilateral optical fibers
(9400 pm, Thorlabs) were inserted at coordinates AP -3.2 mm, ML +1.5
mm with a 15° angle and DV -4.7 and fixated with Superbond glue (Sun
Medical Co.) and dental cement (Fuji PLUS-capsules, G.C. corporation).
The anesthesia was antagonized with atipamezole (2.5 mg/kg, s.c.,
Alzane, Syva). Thereafter, the rats received saline (1 ml, s.c.) and car-
profen (5 mg/kg, s.c. & 0.027 mg/ml in drinking water, Carprofelican,
Dechra) to recover for seven days.

2.4. Behavioral task

fter one week of recovery, the mice were trained on a Pavlovian
sucrose conditioning task in an operant cage (L. 21.6, W 18.0 and H 12.7
cm, ENV-307W, Med-Associates (MA)), three to five times a week. The
mice were thought that after a 5-s tone (65 dB, 4500 Hz, ENV-223AM,
MA) and light (55 lux, warm white light, ENV-315, MA) cue, they
could collect an 8 pl sucrose reward (20%, Van Gilse, Oud Gastel, The
Netherlands) in the receptacle (ENV-303RMA-3, MA). To prevent that
the sucrose was pick-up at another moment, the sucrose was only
delivered if the mice licked the receptacle within 10 s after cue onset.
The mice received 80 cues (trials) on a training day with an inter-trial
interval of 35, 45, or 55 s. The task responses were recorded with the
Med-PC software (version 4.0). During trainings the mice were con-
nected to a habituation cable.

2.5. Experimental design and pharmacology

Each mouse was measured with the fiber photometry system twice
bilaterally during the training phase to determine the hemisphere with
the strongest signal. This hemisphere was chosen for the semaglutide
recordings. Eventually 10 mice were recorded on the right hemisphere
and 13 mice on the left hemisphere.

After three to four weeks training the mice reach a stable training
performance and are ready for the intervention phase of the experiment.
As the mice keep on performing stable on the task, interventions wash-
out and the photometry signal remains stable, the mice could be used in
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different experiments, reducing the number of experimental animals
needed. This resulted in 13, 28 and 31 weeks of training for the mice,
aged 8.5, 12 and 13 months, in the 1, 0.3 and 0.1 mg/kg experiment. For
the semaglutide experiment the mice were measured weekly with fiber
photometry during the sucrose conditioning task. On a measurement
day, the mice performed 20 baseline trials without intervention,
whereafter they received a semaglutide (1 mg/kg, Novo Nordisk, n =
16) or vehicle i.p. injection and continued the task after 15 min for
another 60 trials. Semaglutide was dissolved in 50 mM sodium phos-
phate, 70 mM sodium chloride and 5 mM sodium acetate (pH 7.3). After
the task, home cage chow intake was monitored for 2 h. The conditions
were blinded for the experimenter and offed in a cross-over design. The
order was determined pseudo-randomized with Excel. The experiment
included two measurements, with at least two washout training sessions
in between. Four mice needed an extra measurement one week later due
to an inaccurate amount injected or a technical failure of the photometry
system. In a separate batch of mice (n = 7), we tested lower doses of
semaglutide in separate experiments. The conditions were similar as
before, except semaglutide (0.1 and 0.3 mg/kg) or vehicle was injected
15 min before the sucrose conditioning task, without the 20 trials of
baseline before.

2.6. Fiber photometry

We used a 2-site photometry system of Doric lenses to measure the
GCaMP6s' green fluorescent protein (GFP) emitted light as an indirect
measurement of neuronal activity together with an isobestic channel to
control for non-GFP fluoresces (e.g., movement). Blue (465 nm (nm), 60
+ 5 pw) and purple (405 nm, 30 + 3 pw) light emitting diode (LED) light
was sent via a mini cube and patch cord (g 400 pm, Doric) to the mouse.
The emitted light was sent to a photodetector (AC mode, Newport) and
signaled to the console. The Doric studio software controlled the
photometry system (version 5.4.1.1) and recorded the photo- and
behavioral inputs with 227 samples/s (decimation of 50). We analyzed
the photometry data with custom-made Python scripts (version 3.7.4).
First, we removed the autofluorescence and filtered (butter low pass
filter, 6 Hz) and smoothened (50 samples) the light signals. Then the AF/
F signal was calculated around the cue and reward collection for each
trial. We included only reward trials in which the reward was collected.
We averaged the AF/F signal during the cue and around reward
collection (onset + 5 s) for both channels. As there were no group dif-
ferences in the isobestic channel, we only plotted the GCaMP channel.

2.7. Histological verification

After the behavioral experiments, the mice were perfused and the
brains were stained to determine fiber location and virus expression. We
anesthetized the mice with pentobarbital (0.1 ml i.p. of 200 mg/ml,
Euthanimal 20%, Alfasan), after which they were perfused with PBS and
4% paraformaldehyde (PFA) in PBS. We dissected the brains and let
them post-fixate overnight, followed by incubation in 30% sucrose and
freezer storage (—20 °C). The brains were sectioned (20 pm) and
captured on a microscope slide (SuperFrost Plus, VWR). The slices were
stained for GFP (component of GCaMP construct), tyrosine hydroxylase
(TH, a marker of dopaminergic neurons) and DAPI (a nuclear counter-
staining) using a standardized protocol. The staining included 1-h
blocking, overnight primary antibody incubation (1:500 rabbit-oaTH,
AB152, Millipore; 1:500 chicken-aGFP, GFP-1020, Aves), 2 h secondary
antibody incubation (1:500 goat anti-rabbit 568, ab175471 and goat
anti-chicken 488, ab150169, Abcam) and 20 min of DAPI (0.5 mg/ml).
We imaged the sections under the EPI fluorescent microscope (Axio
imager m2, Zeiss).
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2.8. Statistical analysis

The statistical tests were performed in SPSS (version 27) and
GraphPad Prism (version 9.5.0) with the individual mouse as the
experimental unit. Behavioral and photometry data were analyzed with
a paired t-test or a Wilcoxon signed-rank test, dependent on the distri-
bution of the data. The data within a session were analyzed with a two-
way repeated measures ANOVA. The responder analysis was analyzed
with a mixed model ANOVA. In all Figs, the statistical outcome is as
follows *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

3.1. Measuring VTA dopamine activity during the sucrose conditioning
task in vivo

We expressed a cre-dependent GCaMP6s virus in the VTA of pitx3-cre
mice to indirectly measure the activity of the dopamine cells (Fig. 1A)
and verified properly targeted expression with staining (Fig. 1B and C).
A fiber was implanted above the injection site, and all fiber tips were
located in or above the VTA (Fig. 1D). When the mice recovered from
surgery, they were trained on the task where a 5 s tone and light cue
predicted the availability of a 20% sucrose reward (Fig. 1E). Trained
mice lick mainly when a reward is available (Fig. 1F) and show
increased signal (AF/F) from the 465 nm (GCaMP) channel during food
cue exposure and reward retrieval (Fig. 1G).

3.2. Semaglutide increased VTA dopaminergic activity during reward
collection

Next, we studied if 1 mg/kg semaglutide influenced VTA dopamine
signaling and food reward seeking. In the first 20 trials, we measured
baseline task performance without intervention to assess responses over
weeks. The average lick and photometry responses after cue and reward
were not different between the weeks (Fig. 1H-J), as well as the number
of rewards collected and latency at the food cup (data not shown). After
the baseline measurement, we i.p. injected semaglutide (1 mg/kg) or
vehicle and continued the sucrose conditioning task 15 min after
administration (Fig. 2A). When semaglutide was injected, the mice
decreased the number of obtained rewards (Fig. 2B) [Z = —2.327,p =
0.020], although the latency to enter the food port during reward
collection was similar between conditions (Fig. 2C) [tus) = —1.588, p =
0.133]. Semaglutide lowered the total number of licks (Fig. 2D and E)
[tas) = 2.868, p = 0.012], during the food predictive cue (Fig. 2F) [tgs)
=2.969, p = 0.001], during reward collection (Fig. 2G) [Z = 2.275,p =
0.023], and in between trials (Fig. 2I) [t5) = 2.143, p = 0.049]. The
number of licks in the first bout during reward collection (a measure of
liking (Johnson, 2018)) was not altered by the semaglutide injection
(Fig. 2H) [tgs) = —0.650, p = 0.525]. Taken together, semaglutide
reduced the total number of rewards that were collected and the number
of licks during and in between reward collection was reduced.

Mice that received the semaglutide treatment had comparable VTA
dopamine neuron activity during the food predictive cue as after a
vehicle injection (Fig. 2J and K) [t(15) = -0.377, p=0.712]. However,
semaglutide increased the dopamine activity during reward collection
from an average AF/F of 0.595 + 1.960 to 1.158 + 2.037 (Fig. 2L and
M) [average t(15) = 2.794, p = 0.014; peak Z = -2.947, p = 0.003].
After the task, chow intake was monitored in the home cage. After
semaglutide, the mice decreased their chow intake (Fig. 2N) [tgs) =
6.45, p < 0.001].

Thus, 1 mg/kg of peripheral semaglutide reduced sucrose licking and
chow intake. Interestingly, the dopamine activity during sucrose
collection was increased after a semaglutide injection.
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Fig. 1. Measuring VTA dopamine activity during the sucrose conditioning task. A schematic diagram of the targeted VTA dopamine neurons (green dots) with
implanted fiber (A). An illustration of histological verification of co-localization of the GCaMP on the dopamine neurons (TH staining) (B). In all recorded animals,
the fiber placement and virus expression (C) was determined. All recorded fiber tip locations of the photometry experiments are illustrated in (D). in the experimental
task (E) the mice learned to lick after the offset of the cue (5 s) to obtain a sucrose reward. The licking pattern over trials is illustrated in (F). With simultaneous
photometry recordings (G typical example of the average signal of a session) we observed a response to a food predictive cue (0-5 s) and sucrose reward delivery
(£5-7 s). Repeating the task without interventions (baseline before semaglutide or control treatment) gave similar lick and photometry responses during cue and
reward (H-J). The lines represent the mean in line graphs, and the adjacent transparent color shows the SEM. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

3.3. Responses in the sucrose conditioning task within a session

As semaglutide is known to enhance satiation and reduce meal size,
we reasoned that it impacted later trials more than early trials. Therefore
in a secondary analysis, we studied the evolution of behavioral and
photometry responses over the session. We calculated averages of
participated trials every 20 trials, thus studying three blocks.

During a session, the number of rewards collected decreased over
trials, most strongly in the semaglutide treated group (Fig. 3A) [trials
F(2,30) = 4.574, p = 0.018; trials x treatment: F(3 309) = 7.644, p = 0.002].
The reduction in rewards obtained was most prominent in the last 20
trials [40-60 trial peorrected = 0.025].The latencies to pick up the rewards
increased during the session (Fig. 3B), although without significant
differences after semaglutide [trials F(; 350,18.903) = 18.226, p < 0.001;
trials x treatment F(3 2g) = 3.176 p = 0.057].

The general photometry demodulated signal (a measure of bleach-
ing), decreased over trials but was not affected by semaglutide (Fig. 3C)
[trials F1.028, 15.422) = 91.135, p < 0.001; trials x treatment F(y 151,
17.272) = 0.339, p = 0.599]. In the photometry signal during the cue, we
observed a decreased signal over trials which was not affected by sem-
aglutide treatment (Fig. 3D) [trials F(1.350,20.250) = 13.024, p < 0.001;
treatment F(; 15) = 0.108, p = 0.747; trials x treatment F(3 30) = 0.821, p
= 0.450]. In contrast, the photometry signal during reward collection
increased after a semaglutide injection compared to vehicle without
change over trials (Fig. 3E) [trials F(1 34317.463) = 0.579, p = 0.505;
treatment F(1 13) = 5.609, p = 0.034; trials x treatment F(; 431, 18.605) =
1.676, p = 0.215]. Additionally, the photometry signal during reward
collection was also averaged per 20 rewards collected (Fig. 3F). Here,
again a main effect of the semaglutide treatment was found, that was not
affected by previous rewards [trials F(216) = 0.961, p = 0.403; trials x
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Fig. 2. 1 mg/kg semaglutide decreased sucrose and chow intake, while VTA dopamine response was increased during reward consumption.

An illustration of the experiment (A) in which we assessed baseline responses to the sucrose conditioning task, whereafter we injected 1 mg/kg semaglutide or vehicle
and monitored their behavior and photometry responses during the sucrose conditioning task. The task performance included the number of sucrose rewards
collected (B), the average latency of food cup approach during the cue (C) and the total number of licks during the task (E). The average licks of the mice per
condition over time (D) and quantified during the cue (F), reward (G), in the first bout of reward collection (H) and in between trials (I). The average photometry
signals during cue and reward are plotted over time (J, L) and quantified (K, M). After the task, we monitored the first 2 h of home cage chow intake (N). In bar
graphs, bars represent means, and lines indicate individual values. The lines represent the mean in line graphs, and the adjacent transparent color shows the SEM. *p
< 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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We calculated a 20 trials average for participated trials in the session (A) and the latencies to retrieve the rewards (B). The average photometry signal, demodulated
(dem) signal, was plotted per 20 trials (C). The 20-trial average dopamine activity during the cues (D) was plotted. The photometry signal during reward collection
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at the specific trial block. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

treatment Fp16) = 1.482, p = 0.257; treatment F(; 8y = 6.874, p =
0.031].

Taken together, semaglutide decreased motivation for sucrose after
40 trials, while it enhanced dopamine neuronal activity during reward
collection which remained high throughout the session.

3.4. Responder vs. non-responders

A subset of the mice reacted behaviorally stronger to the semaglutide
treatment, most evident in the number of rewards obtained during the
task (Fig. 2B). As food seeking behaviour and VTA activity are causally
related (Chang et al., 2016; Steinberg et al., 2013; Van Zessen et al.,
2021), it could be that strong responsive animals drove the
semaglutide-induced differences in licks and reward photometry signal.
A mouse was allocated to the non-responder group when semaglutide
reduced the number of collected rewards by less than 5 rewards. A
mouse was allocated to the responder group when semaglutide reduced
the number of reward collected by more than 5. Most mice in the
responder group collected at least 20 rewards less after semaglutide
injection.

Statistical analysis confirmed differences in the number of rewards
collected between the responders and non-responders (Fig. 4A) [treat-
ment x responder: F(;, 14) = 34.540, p < 0.001]. Further analysis that
focused on the interaction between (non-)responders and treatment did
not reveal differences in the latency at the food cup (Fig. 4B) [F(, 14) =
2.152, p = 0.165]. The licks during cue and reward were specifically
reduced in the responder group after semaglutide treatment (Fig. 4D and
E) [licks cue F(q, 14y = 11.270, p = 0.005; licks reward F(1, 14y = 7.688, p
= 0.015]. The licks outside the cue and reward period were not differ-
ently affected between the responder groups (Fig. 4F) [F1, 14y = 0.875, p
= 0.365], nor the total licks and licks in first collection bout (Fig. 4C, G)
[total licks F(1, 14) = 3.673, p = 0.076; bout F(1, 14y = 0.076, p = 0.787].

The GCaMP activity during reward increased after semaglutide [F(j,
14) = 7.291, p = 0.017], independent of the responder group (Fig. 4H)

[Fa, 14y = 0.012, p = 0.914]. Most mice reduced their home cage chow
intake after semaglutide, also in the non-responder group. On average,
there was less chow eaten in the responder group [chow responder vs
non-responder group F(1, 14y = 6.735, p = 0.021] without significant
interaction with treatment (Fig. 41) [F(1, 14y = 1.836, p = 0.197].

We conclude that semaglutide-induced reduction in obtaining re-
wards also affected cue and reward-related licking, but not latency,
dopamine activity during reward collection and home cage chow intake.
Thus, the enhanced dopamine response during reward collection was
independent of behavioral response, whereas the dopamine activity
during cue was.

3.5. Lower semaglutide doses did not impact dopamine responses

We repeated the experiment by injecting lower doses of semaglutide
(0.1 and 0.3 mg/kg). Here we did not observe alterations in obtained
rewards (Fig. 5A and B) [0.1 mg/kg t) = —0.97, p = 0.368; 0.3 mg/kg
ts) = —0.05, p = 0.964], reward dopamine activity (Fig. 5C) [0.1 mg/kg
Z = 0.06, p = 0.949; 0.3 mg/kg t) = 1.28, p = 0.256] nor other pa-
rameters in the task (data not shown). However, the home cage chow
intake was again reduced after the task (Fig. 5D) [0.1 mg/kg t) = 2.46,
p = 0.049; 0.3 mg/kg te) = 18.66, p < 0.001]. A separate food intake
experiment ensured pharmacological responsiveness also in the first
hour after injection (Fig. 5E and F) [F(339) = 34.658, p < 0.001, post
hocs 0.1, 0.3 and 1 mg/kg all peorrected <0.001]. Lower doses of sem-
aglutide (0.1 and 0.3 mg/kg) did not alter performance in the sucrose
conditioning task nor VTA dopamine activity, while chow intake was
reduced.

4. Discussion

We find that the peripheral administration of 1 mg/kg GLP-1 agonist
semaglutide impacts on food reward-seeking and VTA dopamine
signaling during a Pavlovian sucrose conditioning paradigm.
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Fig. 4. Semaglutide-induced increased dopamine activity during sucrose was not affected by an altered behavioral response.

The mice were divided into responders and non-responders based on the difference in the number of rewards collected after semaglutide or control treatment. The
outcomes of the sucrose conditioning task are plotted here for the responder and non-responder groups, including the number of rewards obtained (A), latency at the
food cup (B), licks (C-G), and chow intake (I). Also, the photometry signal during cue reward (H) is plotted for the responder and non-responder groups. Bars
represent means, and lines indicate individual values. *p < 0.05, **p < 0.01, ***p < 0.001. *’s responder x treatment means there was a significant interaction effect.

Semaglutide reduced the number of sucrose rewards and licks in the
task. At the same time, semaglutide increased the VTA dopamine neuron
activity during sucrose collection, independent of task performance as
mice without drug-induced reduction in reward-seeking showed
increased neuronal activity during reward consumption. In contrast, the
VTA dopamine neuron activity during cue was not altered by semaglu-
tide. We conclude that semaglutide reduced appetite and reward-
seeking while it increased VTA dopamine neuron activity during
reward consumption.

By investigating semaglutides’ effect on a second-to-second time
scale, we found it to increase VTA dopamine activity during reward
collection but not during cue. This contrasts with a previous study that
found decreased VTA dopamine activity during a reward-predictive cue
after exendin-4 application in the ventricle (Konanur et al., 2020). Also
from other studies using other GLP-1 analogs, we expected rather
decreased than increased dopamine levels after semaglutide (Egecioglu
et al.,, 2013a, 2013b Fortin and Roitman, 2017; Reddy et al., 2016;
Sgrensen et al., 2015; Vallof et al., 2016, 2019). The direct administra-
tion of Exendin-4 to the brain, compared to intraperitoneal adminis-
tration may explain the difference in cue-associated dopaminergic
activity. Studies on GLP-1R binding sites and c-fos activation after pe-
ripheral semaglutide did not find evidence for direct access to the
midbrain (Gabery et al., 2020; Hansen et al., 2021), while exendin-4
does (Hernandez et al., 2018). One interpretation for the different
impact of exendin-4 compared to semaglutide on dopamine signaling is

that semaglutide indirectly activates dopamine neurons via nuclei that
are close to the brain’s circumventricular organs, such as the NTS,
arcuate nucleus of the hypothalamus (ARC) or lateral septum.

We found that semaglutide decreased chow intake while increasing
VTA dopamine activity during reward collection but not during the cue.
Dopamine is known to impact on different aspects of feeding and food-
seeking. Dopamine stimulants such as amphetamine and methylpheni-
date exert anorexigenic effects (Efron et al., 1997; Sanghvi et al., 1975),
while decreased dopamine levels are associated with increased food
intake (Cordeira et al., 2010; Verhagen et al., 2009). Additionally,
dopamine-deficient mice stop eating, which could be reversed after
injecting L-DOPA (Zhou and Palmiter, 1995). A different pattern arises
when studying food-seeking, as temporarily inhibiting VTA dopamine
neurons reduced food-seeking (Chang et al., 2016; Van Zessen et al.,
2021), while excitation of these neurons increased food-seeking be-
haviors and prevented extinction (Pan et al., 2021; Steinberg et al.,
2013). In dopamine-transporter knockouts, which have higher baseline
dopamine levels, motivation to obtain food reward is increased without
impacting on Pavlovian conditioning (Cagniard et al., 2006). In our
Pavlovian experiment, semaglutide increased dopamine activity during
reward, decreased food intake and reduced reward seeking. This chal-
lenges the current hypothesis on the causality between dopamine ac-
tivity and food-seeking behaviors. Processes underlying reward cues and
consumption are independent processes and it remains to be determined
how they impact on food-seeking.



K.L. Kooij et al.

A B

Neuroscience Applied 3 (2024) 103925

60 c .
0.1 & 0.3 mglkg - T
semaglutide 50 E 10
15 min : 2h B 2 *k
FemEEese |,
- - o
{Sﬂ trials 8 g 6 \
&30 e
Eﬂ »@ < Inter-trial interval £ 0 =
| | | 35-55 e o 2
| Cue | ixlick> Reward | L I+ g
0s ss 10s 10 E 0
©
E Control EE Semaglutide 0 = =
Dose g 4 0.3 1.0 Dose ¢4 03 1.0
(mgl/kg) (mg/kg)
D * *k* *k%
3.0
6h
25 51
5 ! L5
e 2.0 %
S -
E1s €
3 3 0.5
210 @ Control o
B 0.1 mg/kg semaglutide ('CJ
0.5 A 0.3 mg/kg semaglutide
¥ 1.0 mg/kg semaglutide
D 0.0 0.0-
ose
0.1 0.3 1.0 0-1 hours 1-2 hours 2-4 hours
(mg/kg)

Fig. 5. Lower doses of semaglutide did not alter rewards obtained and dopamine activity for sucrose, while chow intake remains reduced.

We repeated the experiment while injecting lower doses of semaglutide, whereafter the Pavlovian sucrose conditioning paradigm was performed (A). The results of 1
mg/kg serve as a reference and are from Fig. 2. The obtained rewards (B), average dopamine activity during reward collection (C) during the task and home cage
chow intake in the first 2 h after the task (D) are plotted. To ensure pharmacological efficacy during the sucrose conditioning task, we monitored chow intake in the
first 4 h after injection (E, F). The bars represent group means with individual values displayed in lines and symbols. Error bars represent SEM. *p < 0.05, **p < 0.01,

*x+p < 0.001.

Additionally, dopamine is also associated with liking and saliency of
rewards. In our study, the ’liking’ of sucrose, as measured by the number
of licks in the first bout of reward collection (Johnson, 2018), remained
unchanged after semaglutide administration. This suggests that sem-
aglutide does not alter ’liking,” even though the motivation to acquire
the reward is reduced, and dopamine activity is increased. One theory is
that the VTA DA activity during reward collection is related to salience
(Schultz, 2016), making the reward more noticeable after semaglutide.

Earlier studies suggest semaglutide cannot directly access the
midbrain but can assess brain areas such as the NTS, ARC or lateral
septum (Gabery et al., 2020; Hansen et al., 2021; Jensen et al., 2018).
These areas are previously related to influence dopamine signaling and
reward-related behaviors. GLP-1R agonists applied in the NTS affected
dopamine signaling and diminished reward-seeking behaviors (Alhadeff
et al., 2012; Richard et al., 2015; Vallof et al., 2019). Semaglutide was
found to reduce the activity of the ARC and diminish chow intake
(Ghidewon et al., 2022). The lateral septum projects to the VTA and is
involved in valence and goal-directed behaviors (Wirtshafter and Wil-
son, 2021). GLP-1 agonists in the lateral septum suppress motivation for
food and alcohol reinforcement (Terrill et al., 2019). Thus, there are
several pathways via which peripherally administered semaglutide
could impact VTA dopamine responsivity. Further studies should reveal
via which pathway the VTA dopamine activity is altered.

Semaglutide decreased total sucrose intake during the session. This is
consistent with previous literature showing that semaglutide and other
GLP-1R agonists reduced palatable food intake, such as chocolate
(Gabery et al., 2020). In addition, studies on participants with obesity
have shown that semaglutide diminished the preference for
energy-dense foods (Blundell et al., 2017). The reduction in sucrose
intake was only present after injection of the 1 mg/kg dose, while chow
intake was reduced already with a 0.1 mg/kg dose, possibly due to larger
quantity of chow provided, compared to the limited amount of sucrose
(+-10 kcal in chow vs. 0.4 kcal in the sucrose) that did not satiate.

This study has several limitations. Firstly, high doses of GLP-1 ago-
nists, including semaglutide, can induce nausea and malaise-like
symptoms (Kanoski et al., 2012; O’Neil et al., 2018). Although we did
not find any malaise signs, we cannot exclude that it may have influ-
enced our findings. Additionally, we conducted our experiments with
food-restricted, lean mice to ensure high motivation for sucrose. It
would be interesting to repeat the experiments in an ad libitum-fed state
and/or overweight mice to determine whether this mechanism also
plays a role in a satiated or obesogenic state. Thirdly, we provided little
portions of sucrose (8 pl) to keep the mice motivated throughout the
task. These quantities are unlikely to be satiating and may explain why
lower doses of semaglutide we tested did not reduce task performance
while suppressing food intake after the Pavlovian session. Lastly, we
determined the effect of semaglutide starting 15 min following intra-
peritoneal injection, which is rather fast. Although we cannot exclude
that semaglutide effects develop over later periods, we believe that an
intraperitoneal injection results in rapid distribution, which is
confirmed by its effects on motivation and cue-induced dopamine
signaling.

In conclusion, a high dose of semaglutide decreased motivation for
sucrose, while dopamine activity during reward collection increased.
Future research should investigate the underlying mechanisms that
mediate these effects. Overall, our study contributes to understanding
the GLP-1R agonist semaglutide on reward-related behaviors and
neuronal signaling in mice.
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