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ABSTRACT

Alcohol use disorder (AUD) and cocaine use disorder (CUD) are
complex conditions with diverse neurobiological foundations. Current
treatments for AUD and CUD are suboptimal; gaining a deeper
understanding of the underlying mechanisms could aid in identifying
more effective treatment options. While various factors play a role in
AUD and CUD progression, the rewarding effect of the drug of abuse,
primarily driven by increased dopamine levels in the nucleus accumbens
(NAc), remains a central mechanism. Previous studies have
demonstrated that targeting gut-brain peptides, such as glucagon-like
peptide-1 receptor (GLP-1R) and the amylin receptor (AMYR),
decreases the intake of alcohol and cocaine through modulation of the
reward circuitry. However, there are still unexplored opportunities to
enhance the efficacy of potential treatment strategies involving GLP-1R
and AMYR for AUD and CUD. This thesis, therefore, explores the
potential of semaglutide, a highly potent GLP-1R agonist, and the
combination of GLP-1R and AMYR agonists to improve outcomes.

Additionally, this thesis investigates a brain region involved in the
reward context, the paraventricular nucleus of the thalamus (PVT), and
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the unexplored role of AMYR within this area. First, low doses of
semaglutide demonstrated a reduction of alcohol- and cocaine-related
responses in rodents, likely through its influence on the reward circuitry.
Second, a combination of GLP-1R and AMYR agonists revealed a
synergistic-like reduction of alcohol intake in male rats. Third, infusion
of sCT into the middle part of PVT reduced alcohol intake in males but
not in females, potentially due to sex-specific differences in projections
to the NAc. Together, the studies presented in this thesis provide novel
insight into enhancing the efficacy of GLP-1R and AMYR agonists in
modulating alcohol- and cocaine-related responses while also offering
new knowledge about the underlying mechanisms involved. These
findings provide the advantage of maintaining effective drug intake
reduction while enabling the use of lower doses, thereby minimizing
potential side effects. Importantly, several studies in this thesis underline
differences in responses between males and females, stressing the
importance of conducting further research that includes both sexes to
optimize treatment strategies for both men and women. In conclusion,
this thesis highlights the significant potential of GLP-1R and AMYR
agonists as therapeutic options for AUD and CUD.
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SAMMANFATTNING PA SVENSKA

“Aptitreglerande hormoner och beroendeframkallande substanser:
fokus pa GLP-1 och amylin”

Beroendesjukdomar dr ett omfattande samhéllsproblem som paverkar
inte bara den drabbade individen utan dven deras anhdriga och samhéllet
i stort. Dessa sjukdomar &r komplexa och ofta forknippade med
foljdsjukdomar och en hog dodlighet. Beroende av substanser som
alkohol och kokain har flera orsaker, dir en central drivkraft dr de
belénande effekter som dessa substanser utldser 1 hjdrnan.

I dagsldget ar alkohol- och kokainberoende utmanande att behandla,
vilket gor att det finns ett stort behov av nya farmakologiska
behandlingsstrategier.

Forskning har visat att hormoner som reglerar blodglukosnivaer och
mittnad dven spelar en avgdrande roll i moduleringen av beléning och
beroende. Aktiveringen av receptorerna for de aptitreglerande
hormonerna glukagonliknande peptid-1 (GLP-1) och amylin har visat
sig minska intaget av bade alkohol och kokain. Denna effekt tros delvis
bero pa peptidernas paverkan péd hjdrnans beloningssystem.

Det finns dock outforskade mojligheter for att forbattra effektiviteten
hos behandlingsstrategier som riktar sig mot GLP-1 receptorn (GLP-1R)
och amylin receptorn (AMYR). Denna avhandling undersoker darfor
ifall semaglutid, en substans som aktiverar GLP-1R med hdg bindnings-
och aktiveringsformédga, samt aktivering av GLP-1R och AMYR i
kombination kan forbéttra behandlingsresultaten. Utover det undersoks
ett hjairnomrade som nyligen fatt uppmirksamhet i sammanhang med
beloning, den paraventrikuldra thalamuskdrnan (PVT), och
amylinreceptorns  outforskade roll 1  detta  hjdrnomrade.
Sammanfattningsvis syftar avhandlingen till att forbattra effektiviteten
hos behandlingsstrategier som involverar dessa receptorer.

Studie 1 och 4 visade att aktiveringen av GLP-1R genom laga doser
av semaglutide minskar alkohol- och kokainintag hos gnagare, troligen
via pdverkan pa beloningssystemet. Studie 2 visade att aktivering av
GLP-1R och AMYR i kombination gav en synergistisk minskning av
alkoholintag vid doser som inte hade nigon effekt nir de anvindes
enskilt. Vidare visade studie 3 att AMYR finns i mellersta delen av PVT.
Lokal aktivering av AMYR i mellersta PVT minskade alkoholintag hos
hanar men inte hos honor. Vidare analyser visade att AMYR finns pé de
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neuron som kopplar mellersta PVT till accumbenskdrnan i hanar, men
saknas 1 honor.

Denna avhandling tillfor kunskap 1 hur aktiveringen av GLP-1R och
AMYR paverkar alkohol- och kokainintag. Effekten pa minskat
alkohol- och kokainintag kan bibehdllas med lidgre doser vilket
potentiellt ger fordelar sa som ldgre risk for biverkningar. Det bor
understrykas att flera av mina studier visar pa skillnader mellan hanar
och honor, vilket betonar vikten av att bedriva vidare forskning som
inkluderar bdda konen for att optimera behandlingsstrategier for bade
min och kvinnor. Sammanfattningsvis visar denna avhandling att
aktiveringen av GLP-1R och AMYR utgér potentiella mal for
behandling av alkohol- och kokainberoende.
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RATIONALE

This section explains the rationale behind the four articles included in
this thesis, highlighting how they collectively contribute to advancing
knowledge in the field.

Alcohol use disorder (AUD) and cocaine use disorder (CUD) are
complex, multifaceted conditions influenced by various biological,
psychological, and environmental factors (Gerring et al., 2024, Clarke
et al., 2012). Central to the development and maintenance of AUD and
CUD are the rewarding effects of alcohol and cocaine, particularly the
dopamine release in the nucleus accumbens (NAc), a key component of
the ventral striatum (Blomqvist et al., 1997, Engel et al., 1988, Chiara
and Imperato, 1988). Recent research has demonstrated that gut-brain
peptides such as glucagon-like peptide 1 (GLP-1) and amylin reduce
alcohol and cocaine-related behaviors in rodent models tentatively by
attenuating drug-induced reward (Kalafateli et al., 2021a, Egecioglu et
al., 2013a, Egecioglu et al., 2013b, Vallof et al., 2016a, Schmidt et al.,
2016). However, there are still unexplored opportunities to enhance the
efficacy of potential treatment strategies involving the GLP-1 receptor
(GLP-1R) and the amylin receptor (AMYR) for AUD and CUD.
Increased efficacy allows for effective drug intake reduction while
enabling the use of lower doses, which could potentially result in fewer
side effects. The overall aim of this thesis was to further explore the role
of GLP-1R and AMYR in alcohol and cocaine-related responses in
rodents and thereby assess their tentative potential as therapeutic targets
for AUD and CUD. One GLP-1R agonist, semaglutide, stands out for
its high potency, strong receptor affinity, and oral administration
capability, offering distinct advantages over other GLP-1R agonists
(Holst and Madsbad, 2017, Bucheit et al., 2020, Kalra and Sahay, 2020).
In order to provide insight into semaglutide’s potential as a treatment
against AUD, Paper I explored the effects of semaglutide on alcohol-
related responses in rodents. Furthermore, given the heterogeneity of
AUD, combining agents that independently reduce alcohol consumption
may provide more effective treatment strategies. In Paper II, dual
treatment with GLP-1R and AMYR agonists on alcohol intake was
examined to evaluate a potential synergistic effect as a potential
therapeutic approach for AUD. The knowledge gap concerning the
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presence of AMYR within the paraventricular nucleus of the thalamus
(PVT), a region that has recently gained interest in reward-related
research (Hamlin et al., 2009), led to the development of a study design
for the next project. Paper I1I explored for the first time the presence of
AMYR in the middle part of PVT (mid-PVT) and its potential role in
mediating alcohol-related responses. Finally, Paper IV extended the
investigation of semaglutide’s therapeutic potential to include other
substances of abuse, specifically cocaine, to assess its efficacy as a
potential treatment for CUD. This study explored semaglutide’s ability
to suppress cocaine-related responses, offering a broader perspective on
its applicability in substance use disorder (SUD).

In summary, the findings from this thesis highlight the critical role of
gut-brain peptides, particularly GLP-1 and amylin, in modulating
alcohol- and cocaine-related responses.
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INTRODUCTION

This section provides an overview of the foundational concepts that
underpin this thesis. It summarizes key research findings on the reward
system, the addictive properties of alcohol and cocaine, and the
background regarding gut-brain peptides as treatment options for
alcohol- and cocaine use disorders.

THE REWARD SYSTEM

The reward system in the brain has deep evolutionary roots, playing a
crucial role in survival by driving behaviors essential for the species.
Rewards can be categorized as natural or artificial (Kelley and Berridge,
2002). Natural rewards, like food and sex, fulfill basic biological needs
and provide inherent pleasure. In contrast, artificial rewards, such as
alcohol and cocaine, are external stimuli hijacking the brain’s reward
system, disrupting its natural functioning (Schultz, 2015). Both types of
rewards influence decision-making by activating brain regions involved
in reward processing (Skibicka, 2013, Vadnie et al., 2014, Pfaus et al.,
1990, Hernandez and Hoebel, 1988). A key component of the reward
system is the mesoaccumbal dopamine pathway, comprising
dopaminergic neurons projecting from the ventral tegmental area
(VTA), a major dopamine-projecting region, to the NAc, which is
involved in motivation and reward processing (Figure 1). NAc is divided
into two subregions, the NAc core and the NAc shell with anatomical
and functional differences (Zahm, 1999). The shell is the outer region of
the NAc, while the core is the inner substructure (Zahm and Brog, 1992).
Dopamine, a neurotransmitter in this system, is released by VTA
neurons in response to rewarding stimuli or their anticipation (Cador et
al.,, 1991, Berridge and Robinson, 1998, Berridge and Kringelbach,
2015). Research has demonstrated that both artificial and natural reward
stimuli elevate dopamine levels in the NAc (Blomgqvist et al., 1997,
Pfaus et al., 1990, Engel et al., 1988, Hernandez and Hoebel, 1988,
Chiara and Imperato, 1988), resulting in feelings of pleasure. Beyond
the projection from the VTA to the NAc, the VTA also projects to
several other brain regions involved in the reward circuitry, including
the medial prefrontal cortex, amygdala, and hippocampus, creating the
mesocorticolimbic dopamine system (Koob, 1992a). The projection
between VTA and medial prefrontal cortex supports cognitive functions
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and reward processing (Jo and Mizumori, 2016, Han et al., 2017), the
VTA-amygdala projection helps establish associations between
environmental cues and rewarding or aversive experiences (Fadok et al.,
2010) and the VTA-hippocampus projection plays a role in associating
context with reward (Loh et al., 2016). Another brain region that
recently gained interest in the reward context is the paraventricular
nucleus of the thalamus (PVT). PVT is a heterogeneous structure
consisting of distinct neuron types, which predominate in its anterior and
posterior regions (Gao et al., 2020). It is important to note that these
neuronal subtypes are not strictly confined to their respective regions
(Gao et al., 2020). Instead, they exhibit an anterior-posterior gradient,
with each subtype also present in the opposite half of the PVT (Gao et
al., 2020). Functionally, the anterior PVT is associated with appetitive
behaviors, while the posterior PVT is linked to aversive behaviors, with
the mid-PVT playing an intermediate role along this behavioral
spectrum (Barson et al., 2020). However, the PVT sends dense
glutamatergic projections to the NAc (Figure 1), particularly to the shell
region, where it innervates medium spiny neurons expressing both
dopamine 1 and 2 receptors (McDevitt et al., 2024). The PVT-NAc
pathway is involved in regulating reward and goal-directed behaviors
(Choi et al., 2019). Specifically, the PVT-NAc pathway plays a critical
role in drug-seeking, withdrawal, and relapse (Smith et al., 2020, James
et al., 2010), with drugs of abuse inducing both short- and long-term
changes at these synapses (De Groote and de Kerchove d'Exaerde,
2021). A fundamental driver of SUD is the modulation of synaptic
neurotransmission, including alterations in dopamine signaling (Poisson
et al., 2021).

The reward system and SUD pathology are deeply linked, with
substances like alcohol and cocaine hijacking the brain’s natural reward
circuitry, leading to profound changes that underlie the development and
persistence of SUD (Gilman et al., 2008, King et al., 2021).
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(NAQ) e VTA

Figure 1. Simplified schematic representation of projections within the reward
context. A well-known pathway is the projection from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc). Another region that has recently gained
attention in the reward context is the paraventricular nucleus of the thalamus (PVT),
which projects to the NAc.

ADDICTIVE SUBSTANCES

Artificial reward includes various addictive substances that influence
the reward system through different mechanisms; this thesis specifically
examines alcohol and cocaine.

ALCOHOL

Alcohol is rapidly distributed throughout the body, crosses the blood-
brain barrier, and exerts significant effects on the central nervous system
(Lee, 1962). Unlike many psychoactive substances that target specific
neurotransmitter receptors or transporters, alcohol demonstrates a
unique pharmacological profile (Gilpin and Koob, 2008) and affects
many neurochemical pathways. It acts as an allosteric modulator on
various ligand-gated ion channels, such as nicotinic acetylcholine, -
aminobutyric acida, N-Methyl-D-aspartic acid, glycine, and serotonin
type 3 receptor (Lovinger et al., 1989, Lovinger and Zhou, 1998,
Yoshida et al., 1982, Soderpalm et al., 2000, Volkow et al., 2012,
Burgos et al., 2015). Alcohol influences several critical brain regions,
including NAc and VTA (Engel et al., 1988, Di Chiara, 1997, Ericson
etal., 2003, Gessa et al., 1985), where dopamine release in the NAc shell
is believed to underlie the sensations of pleasure and euphoria often
associated with alcohol consumption (Engel and Jerlhag, 2014a, Engel,
1977a, Engel, 1977b, Engel et al., 1988). Early rodent and human
studies suggested this connection, demonstrating that inhibiting
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dopamine synthesis reduced alcohol’s stimulatory properties in rodents
(Engel et al., 1974) and diminished its euphoric effects in humans
(Ahlenius et al., 1973). Furthermore, research has demonstrated that
alcohol elevates extracellular dopamine levels in the NAc shell in
rodents (Engel et al., 1988, Imperato and Di Chiara, 1986, Larsson and
Engel, 2004, Blomqvist et al., 1993). Studies have confirmed that
alcohol elevates dopamine levels in the NAc in humans (Boileau et al.,
2003), linked with self-reported feelings of euphoria in clinical settings
(Ramchandani et al., 2011, Yoder et al., 2007). Furthermore, alcohol
infusion local in the NAc elevates dopamine levels in the same area, an
effect attenuated by blocking nicotinic acetylcholine receptors in the
anterior VTA in rodents (Ericson et al., 2008), supporting the
involvement of the mesoaccumbal dopamine pathway. However,
chronic alcohol use introduces profound changes to the brain’s reward
circuitry and neurotransmitter systems (Gilpin and Koob, 2008). These
alterations diminish executive control over decision-making and action
selection, reshaping the brain’s responses to rewards and its sensitivity
to alcohol’s effects (Renteria et al., 2018). Further, chronic alcohol use
downregulates the dopamine D2 receptor (Jonsson et al., 2014,
Feltmann et al., 2018) and diminishes dopamine release in the NAc,
potentially due to enhanced dopamine uptake (Carroll et al., 2006). In
rats, chronic alcohol intake increases the sensitivity of the VTA to the
reinforcing properties of alcohol (Rodd et al., 2005). Rats consuming
high levels of alcohol exhibit lower dopamine tone in the NAc compared
to those consuming lower amounts (Ericson et al., 2020). One additional
consequence of prolonged alcohol exposure is the disruption of
communication between the prefrontal cortex and the striatum (Renteria
et al., 2018). This disconnection impairs goal-directed behavior while
fostering habitual actions, further reinforcing addictive patterns of
consumption (Renteria et al., 2018). Moreover, chronic alcohol intake
robustly increases the expression of the transcription factor AFosB (Li
et al., 2010), a molecule that is believed to drive structural changes in
neurons, potentially leading to the lifelong persistence of these
alterations (Nestler et al., 2001). These complex and multifaceted
mechanisms illustrate alcohol’s extensive impact on the brain, driving
both its acute effects and the long-term consequences associated with
chronic use. The pharmacodynamic effects of alcohol are extensive, also
influencing reinforcement, sedation, and anxiety modulation (Engel et
al., 1992). Emerging research highlights that increased sensitivity to the
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euphoric effect of alcohol precedes the onset of AUD (King et al., 2021,
Gilman et al., 2008). This observation underscores the critical role of
reward mechanisms in both the initiation and progression of AUD.

COCAINE

Cocaine has a more direct role in the dopamine system than alcohol, by
binding with high affinity to the dopamine transporter protein (DAT).
This binding prevents the reuptake of dopamine from the synaptic cleft
which results in an accumulation of dopamine (Huang et al., 2009,
Verma, 2015). The increase of dopamine in key brain regions, especially
NAc, creates intense pleasure that exceeds natural reward (Nestler,
2005). Previous research has revealed that cocaine administration
rapidly increases extracellular dopamine levels in the NAc shell in
rodents (Egecioglu et al., 2013a, Aragona et al., 2008). Repeated cocaine
administration produces a substantial increase in the basal dopamine
release in the NAc (Weiss et al.,, 1992), and changes the synaptic
strength over time (Kourrich et al., 2007, Koya and Hope, 2011).
Furthermore, cocaine induces significant structural modifications in
NAc neurons, such as increasing the size and complexity of both
excitatory and inhibitory synapses (Blazquez-Llorca et al., 2021).
Moreover, repeated cocaine exposure decreases the excitability of
dopamine receptor-expressing neurons in the NAc (Kourrich and
Thomas, 2009, Mu et al., 2010) and dramatically reduces cocaine-
induced dopamine signaling and unbalances D1 over D2 receptor
signaling (Park et al., 2013). Similar to chronic alcohol intake,
prolonged cocaine consumption increases the expression of the
transcription factor AFosB (Nestler et al., 2001), potentially driving
structural changes in neurons and contributing to the lifelong persistence
of these alterations.

Furthermore, while direct measurements of dopamine increase in the
human NAc shell are challenging due to ethical and technical
limitations, the consistent findings across species and the known
mechanisms of cocaine action strongly suggest that cocaine increases
dopamine in the NAc shell in humans, contributing to its rewarding and
addictive properties. Supporting this, imaging studies in both cocaine-
exposed rats, non-human primates, and humans have consistently
identified hypoactivity within the ventral striatum/NAc (Porrino et al.,
2002, Macey et al., 2004, Volkow et al., 1993). Additionally, acute
electrophysiology recording studies have shown that repeated cocaine
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exposure induced hypoactivity in accumbal neurons (Thomas et al.,
2001, White et al., 1995). Altogether this suggests that reduced activity
of accumbal dopamine neurons play a role in the development and
manifestation of CUD.

Both cocaine and alcohol use are considered highly addictive substances
that can lead to SUD (Wagner and Anthony, 2002).

SUBSTANCE USE DISORDER

Various hypotheses have been proposed to explain the foundations of
SUD. The SUD process is suggested to consist of distinct stages -
preoccupation, intoxication, and negative affect - each stage reflecting
an aspect of the disorder’s progression and its impact on behavior and
neurobiology (Koob and Volkow, 2010). Preoccupation involves an
intense focus on obtaining and consuming the drug of interest, often
accompanied by cravings and a loss of control over drug-seeking
behaviors (Koob and Volkow, 2010). Intoxication refers to the phase
during and immediately after drug consumption, characterized by
pleasurable effects like euphoria (Koob and Volkow, 2010). Negative
affect encompasses the emotional and physiological distress
experienced during withdrawal or period of abstinence (Koob and
Volkow, 2010). Although individuals consume the drug of interest for
various reasons, SUD is a complex condition involving multifaceted
neurobiological processes, with reward playing a central role (Boileau
et al., 2003, King et al., 2021, Gilman et al., 2008). The rewarding
effects of an addictive drug increase the risk of developing SUD and
contribute to its persistence (Chavarria et al., 2021, King et al., 2021),
highlighting the importance of studying the mechanisms that modulate
these reward properties. By exploring this dimension, the work aims to
shed light on the neurobiological pathways that sustain SUD to find
potential therapeutic interventions.

ALCOHOL USE DISORDER

AUD is a prevalent and complex disorder, considered a socioeconomic
burden for both the individual and society at large (Ferrari et al., 2014).
Approximately 7 % of the global population, 15 years and older, was
2019 living with AUD (WHO, 2024). AUD poses a serious health risk
and is strongly associated with higher rates of mortality and morbidity
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(Lim et al., 2012). Harmful alcohol consumption is responsible for
approximately 2.6 million deaths annually worldwide while also
contributing to disabilities and poor health for millions of individuals
(WHO, 2024). Alcohol affects not only the brain but also the rest of the
body, with excessive or chronic consumption causing significant organ
damage and eventual organ failure (Fogle et al., 2010, Kawano, 2010,
Joo et al., 2020, Koning et al., 2015). The liver is particularly vulnerable,
as it plays a crucial role in detoxifying alcohol from the body (Gao and
Bataller, 2011). Furthermore, research has established links between
alcohol consumption and certain forms of cancer (WHO, 2024).
Alarmingly, even light alcohol consumption has been suggested to
increase the risk of developing specific types of cancer (Jun et al., 2023).
Additionally, excessive alcohol consumption is associated with a
heightened risk of injuries that can result in death or serious health
complications (WHO, 2024).

EXISTING TREATMENTS

Four different pharmacological treatment options are today available for
the treatment of AUD: disulfiram, acamprosate, naltrexone, and
nalmefene (Wallhed Finn et al., 2021). Disulfiram inhibits the enzyme
aldehyde dehydrogenase, which results in an accumulation of
acetaldehyde when alcohol is consumed, causing unpleasant symptoms
that aim to deter alcohol consumption (Barth, 2010). Acamprosates
exact mechanism of action is not fully understood (Witkiewitz et al.,
2012). However, acamprosate has been shown to increase dopamine
levels, serving as a substitute for the dopamine elevation induced by
alcohol (Chau et al., 2018, Ademar et al., 2022). Studies suggest that its
ability to reduce alcohol intake may stem from the effects of its calcium
and N-acetyl homotaurine components, which influence both dopamine
and taurine levels in the brain (Ademar et al., 2023, Ademar et al., 2022).
Naltrexone and nalmefene interact with opioid receptors in slightly
different ways (Swift, 2013). Naltrexone functions primarily as a
competitive antagonist at these receptors, whereas nalmefene acts as an
antagonist at p- and d-opioid receptors while also serving as a partial
agonist at the k-opioid receptor (Swift, 2013). Despite these differences,
both medications reduce the reinforcing effects of alcohol by
modulating the reward system, ultimately decreasing dopamine release
in NAc (Quelch et al., 2017, Gonzales and Weiss, 1998, Rose et al.,
2016). Studies have shown a reduced consumption of alcohol in humans
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following treatment with all four pharmacotherapies (Mason and Lehert,
2012, Christensen et al., 1991, Roerecke et al., 2015, Pettinati et al.,
2011). However, the efficacy is suboptimal even when combined with
psychosocial therapy (Anton, 2008, Nitya Jayaram-Lindstrom, 2016,
Koob, 2010).

POTENTIAL FUTURE TREATMENT STRATEGIES

Moreover, combining different pharmaceuticals may enhance treatment
effectiveness for disorders with complex neurobiology such as AUD.
Rodent studies have demonstrated that a combination of naltrexone and
acamprosate produces significantly greater suppression of alcohol
consumption than naltrexone alone (Kim et al., 2004). In contrast, the
combination of acamprosate and naltrexone demonstrated no significant
advantages in clinical settings (Pettinati et al., 2006). Other studies
suggest promising effects of combining naltrexone with varenicline or
baclofen on alcohol-related behaviors in rodents (Froehlich et al., 2017,
Stromberg, 2004). Additionally, the combination of varenicline and
bupropion, two anti-smoking agents, has shown promising results in
blocking the alcohol deprivation effect in rodents (Soderpalm et al.,
2020). Furthermore, the combination of disulfiram and naltrexone
appears to have a stronger impact on alcohol and cocaine abstinence
than either medication used individually in a clinical trial (Pettinati et
al., 2008). The disease's complexity and severity combined with
interindividual variability in treatment response (Heilig and Egli, 2006)
makes it important to find new pharmacological treatment options.

SEX DIFFERENCES

Although AUD is currently more prevalent among men, the incidence
of AUD in women is rising (Slade et al., 2016), highlighting an
emerging public health challenge. Not only the differences in prevalence
for AUD between women and men are shrinking but also drinking
patterns, hospitalizations, emergency department visits, and deaths
(White, 2020). Interestingly, among adolescents and young adults,
females are now more likely than their male counterparts to report
drinking in the past month (White, 2020). Notably, this shift is not solely
due to increased drinking among women; rather, it suggests that
drinking patterns between the two genders are becoming more similar
(White, 2020). Moreover, treatment responses in AUD are influenced
by sex, with women being less likely than men to seek treatment
(Greenfield et al., 2007, Harris et al., 2022). Women exhibit greater
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vulnerability to the medical consequences of alcohol consumption
(Agabio et al., 2017, Chambers et al., 2019). In addition, they face an
increased risk of adverse alcohol-medication interactions due to
physiological differences in metabolism and pharmacodynamics
(Sinclair et al., 2016, Agabio and Sinclair, 2019). Women achieve better
outcomes when participating in programs designed to address their
specific needs (Agabio et al., 2017, Harris et al., 2022), highlighting that
men and women require different treatment approaches. Furthermore,
preclinical findings demonstrate that female rats generally consume
more alcohol than males when adjusted for body weight, a sex difference
in alcohol consumption often emerging at puberty (Li et al., 2019, Scott
et al., 2020). Notably, approved medications for AUD have been
developed based on research conducted predominantly in male subjects,
underscoring the need to include more females in preclinical research
and to increase women’s representation in clinical trials (Harris et al.,
2022). This is crucial for developing treatment options that are effective
and tailored to women.

COCAINE USE DISORDER

CUD is a serious public health issue that has widespread negative
impacts on both individuals and society and can develop after prolonged
cocaine use (Peacock et al., 2018). Cocaine use negatively affects
millions of people worldwide, with both cocaine use and CUD on the
rise among adults and adolescents (Simpson et al., 2019, Schneider et
al.,, 2018). Those affected by CUD often suffer from dysregulated
motivation, characterized by intense cravings, compulsive drug-seeking
behavior, and a high likelihood of relapse even after periods of
abstinence (Koob and Le Moal, 2001, Dackis and O'Brien, 2001,
Leshner, 1997, Meyer et al., 2016). Similar to AUD, CUD affects not
only the brain but also various parts of the body, resulting in significant
systemic complications and organ damage (Richards and Le, 2025).
Chronic cocaine use can severely damage the heart, increasing the risk
of thrombus formation and ischemic events (Richards and Le, 2025).

EXISTING TREATMENT

Despite the severity of the disorder, no pharmaceutical treatment
currently exists (Buchholz and Saxon, 2019). Psychosocial interventions
remain the primary evidence-based treatments for CUD, and while
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current treatment can be effective for some, CUD remains challenging
to treat (Kampman, 2019).

POTENTIAL FUTURE TREATMENT STRATEGIES

Hence, there is a significant demand for novel pharmacotherapies to
treat CUD. Continued research into new pharmacological and
combination approaches is needed to improve outcomes for those
struggling with CUD. A substantial body of evidence indicates that the
brain’s dopamine system plays a pivotal role in mediating the rewarding
effects of cocaine and sustaining drug-use behaviors (King et al., 2021,
Bardo, 1998, Koob, 1992b). Consequently, numerous medications
targeting the dopamine system have been investigated with varied
results as potential pharmacotherapies for CUD (Sofuoglu and Kosten,
2005). Disulfiram which is used for AUD decreased craving for cocaine
and was associated with a greater reduction in cocaine use in a clinical
trial (Carroll et al., 1998, McCance-Katz et al., 1998).

SEX DIFFERENCES

Men represent the majority of cocaine users and tend to develop the
condition earlier than women (Requena-Ocana et al., 2021). They are
also more likely than women to engage in polydrug use (Requena-Ocaiia
et al., 2021). Even though men continue to represent the majority of
cocaine users, increasing gender equality has led to a rapid rise in the
consumption of various addictive substances among young women
(Requena-Ocana et al., 2021). This historical gender disparity in
substance use is partly attributed to social and cultural roles that
historically granted men easier access (McHugh et al., 2018). However,
neurobiological sex differences are also found, estradiol enhances
dopamine release in reward-related brain regions and facilitates
behavioral sensitization to cocaine (Hu et al., 2004). Preclinical findings
reveal that female rats acquire cocaine self-administration more rapidly
and self-administer more cocaine at a faster rate than males, even when
controlling for circulating hormones (Hu et al., 2004). This underscores
the importance of including females in both preclinical and clinical
studies, with the potential to develop sex-specific treatments tailored to
their unique needs.

Developing a deeper understanding of the complex mechanisms

underlying AUD and CUD is crucial for advancing new treatment
strategies. Notably, gut-brain peptides have been identified as
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modulators of mechanisms involved in AUD and CUD (Jerlhag, 2019,
Hernandez and Schmidt, 2019).

GUT-BRAIN PEPTIDES

Gut-brain peptides are important in signaling between the
gastrointestinal tract and the central nervous system (Wachsmuth et al.,
2022). There are several different peptides, each playing vital roles in
numerous physiological processes and being implicated in conditions
such as obesity and diabetes (Woodward et al., 2022, Boyle et al., 2018,
Jorsal et al., 2016, Erzen et al., 2024, Roth et al., 2012, Meier, 2012).

GLP-1

GLP-1 synthesis occurs mainly in the small intestine (Reimann et al.,
2008) with additional production occurring in pancreatic islets (Hugo
Mendieta et al., 2013, Tornehave et al., 2008) and the brain, primarily
in the brainstem, specifically in the nucleus of the solitary tract (NTS)
(Shughrue et al., 1996, Holt et al., 2019). GLP-1 binds to its receptor,
GLP-1R, a G-protein-coupled receptor widely expressed in the
pancreas, brain, heart, and gastrointestinal tract (Drucker et al., 1987).
GLP-1 has a short half-life due to the action of dipeptidyl peptidase IV
(DPP-1V), which plays a key role in its inactivation by cleaving the first
two amino acids. DPP-1V specifically removes dipeptides from proteins
and oligopeptides containing an alanine or proline residue at the second
position. GLP-1R agonists have been developed with modifications that
replace these amino acids, effectively prolonging their half-life and
enhancing their therapeutic potential (Baggio and Drucker, 2007). GLP-
1 is primarily recognized for regulating glucose homeostasis (Holst and
Gromada, 2004, Komatsu et al., 1989) and controlling gastric emptying
(Flint et al., 1998). GLP-1 regulates blood glucose by enhancing insulin
production and secretion (Kreymann et al., 1987) while suppressing
glucagon release (Orskov et al., 1988). Activation of the GLP-1R slows
gastric emptying, which contributes to an increased feeling of satiety.
This effect helps suppress appetite, leading to a reduction in food intake
and body weight (Ard et al., 2021). Intriguingly, rodent studies reveal
that systemic treatment with GLP-1R agonists reduces food reward
behavior and the motivation to consume palatable food (Dickson et al.,
2012). Notably, its ability to regulate glucose levels, reduce food intake,
and promote weight loss has led to the development and widespread use
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of GLP-1R agonists as an effective treatment for type II diabetes and
obesity (Nuffer and Trujillo, 2015). Multiple GLP-1R agonists are
currently available on the market, differing in their duration of action.
Exenatide is a relatively short-acting GLP-1R agonist that requires
twice-daily administration (McCormack, 2014). In contrast, liraglutide
has a slightly longer duration of action and is administered once daily
(Peterson and Pollom, 2010). Moreover, the longer-acting GLP-1R
agonists, dulaglutide and semaglutide, are administered only once
weekly (Lau et al., 2015, Tham et al., 2022).

SEMAGLUTIDE

Semaglutide is a GLP-1R agonist clinically approved for treatment
against diabetes type II (Ozempic® and Rybelsus®) and obesity
(Wegovy®) to improve blood sugar control and through increased
satiety cause weight loss (Overgaard et al., 2019, Bergmann et al., 2023,
Chao et al., 2021). Semaglutide is a modified form of natural GLP-1
designed to enhance enzymatic stability, increase albumin binding,
prolong absorption from the injection site, reduce renal elimination, and
ultimately extend the compound’s half-life (Lau et al., 2015, Overgaard
etal., 2019). These modifications make semaglutide a long-acting GLP-
1 receptor agonist with improved pharmacokinetic properties compared
to native GLP-1 (Lau et al., 2015, Overgaard et al., 2019). However, its
half-life differs between species, being considerably shorter in rats
compared to humans (Lee et al., 2023). Semaglutide produces more
significant weight loss and glucose-lowering effects than other GLP-1R
agonists, attributed to its higher potency and affinity for the GLP-1R
(Bucheit et al., 2020, Holst and Madsbad, 2017, Kalra and Sahay, 2020).
Semaglutide is available as a subcutaneous injection and is the first
GLP-1R medication that can also be administrated orally (Kommu and
Whitfield, 2024).

DULAGLUTIDE

The GLP-1R agonist, dulaglutide, is a clinically approved treatment for
diabetes type II (Trulicity) to improve glycaemic control (Fala, 2015).
Dulaglutide is a modified analog of the naturally occurring GLP-1,
engineered to exhibit enhanced enzymatic stability and reduced renal
clearance (Thompson and Trujillo, 2015). These modifications produce
a significantly prolonged half-life compared to native GLP-1, making it
suitable for once-weekly administration (Vahle et al., 2015).
Dulaglutide is available as a subcutaneous injection (Fala, 2015).
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AMYLIN

Amylin is a hormone secreted along with insulin in pancreatic B-cells in
response to food intake (Zhang et al., 2016). Amylin exerts its effect by
binding to the AMYR, a G-protein-coupled receptor closely related to
the calcitonin receptor (CTR) family (Poyner, 1995, Poyner et al., 2002),
as both share the same CTR core structure (Hay et al., 2015). The CTR
core exists in two forms: CTRa and CTRb (Poyner et al., 2002). The
AMYR includes a receptor activity modifying protein (RAMP) attached
to the core; this exists in three different forms: RAMP1, 2, or 3. RAMPs
play a critical role in modulating signalling for both amylin and
calcitonin by altering the activity of the CTR core (Hay et al., 2015, Hay
and Pioszak, 2016). A peripherally administrated AMYR receptor
agonist crosses the blood-brain barrier (Kalafateli. et al., 2020), and
AMYR is found in several reward-related brain areas (Reiner et al.,
2017, Mietlicki-Baase et al., 2015a, Mietlicki-Baase and Hayes, 2014,
Sexton et al., 1994, Kalafateli et al., 2021b). As GLP-1, amylin plays a
key role in modulating glucose homeostasis and regulating gastric
emptying (Mietlicki-Baase et al., 2015a). Specifically, amylin reduces
glucagon secretion (Gedulin et al., 1997) and inhibits the insulin release
from pancreatic o cells (Silvestre et al., 1994), leading to the
development of AMYR agonists as a treatment for diabetes type I and
IT (Erzen et al., 2024). Additionally, amylin decreases food intake and
body weight in rodents, an effect observed following both peripheral and
central administration (Lutz, 2010, Reiner et al., 2017, Roth et al., 2007).
The reduction in food intake mediated by amylin affects both
homeostatic and hedonic feeding, processes that involve the mesolimbic
dopamine system (Mietlicki-Baase et al., 2015b, Boyle et al., 2018).
This underscores amylin’s multifaceted role in regulating energy
balance and metabolism.

Interestingly, combining GLP-1R and AMYR agonists has
demonstrated synergistic-like effects in reducing food intake and body
weight in rodents (Liberini et al., 2019) and humans (Frias et al., 2023,
Wong et al., 2023).

SCT

sCT acts as a dual agonist for both CTR and AMYR (Epand et al., 1986,
Lutz et al., 2000). sCT has a crucial C-terminal proline residue that is
important for receptor binding, whereas amylin’s C-terminal tyrosine
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has little influence on binding (Lee et al., 2016). sCT binds and activates
receptors for an extended period compared to human calcitonin and
amylin (Mathiesen et al., 2020, Hay et al., 2004). Despite differences in
the amino acid sequences between amylin and sCT (Bower and Hay,
2016), several studies show that sCT mimics the role of amylin when it
comes to food intake suppression (Eiden et al., 2002, Lutz et al., 2000,
Reidelberger et al., 2007) and body weight decrease (Lutz et al., 2001,
Reidelberger et al., 2007).

However, previous findings have revealed that GLP-1 and amylin have
additional physiological functions (Nizari et al., 2021, Holt et al., 2020,
Diz-Chaves et al., 2022, Vestlund and Jerlhag, 2020, Suchankova et al.,
2015, Kalafateli et al., 2021b) beyond these well-established effects.

GUT-BRAIN PEPTIDES AND DRUGS OF
ABUSE

Research has demonstrated that gut-brain peptides play a significant role
in both natural and artificial reward processes and have substantial
effects on drugs of abuse, including alcohol and cocaine (Jerlhag, 2019,
Tufvesson-Alm et al., 2022). This association has been found for both
orexigenic and anorexigenic peptides. Ghrelin, an orexigenic peptide,
enhances the reward of alcohol and cocaine, as well as the intake
(Schuette et al., 2013, Carroll et al., 1979, Wellman et al., 2005, Jerlhag
et al., 2009). Moreover, ghrelin receptor antagonists effectively reduce
alcohol consumption in rodents (Suchankova et al., 2013). In contrast,
the anorexigenic peptides GLP-1, amylin, and Neuromedin U suppress
the rewarding effects of alcohol and other drugs of abuse, thereby
reducing intake in rodents (Schmidt et al., 2016, Egecioglu et al., 2013b,
Egecioglu et al., 2013a, Kalafateli et al., 2021a, Kalafateli et al., 2019a,
Kalafateli et al., 2019b, Vallof et al., 2017, Vallof et al., 2016b). This
thesis focuses on GLP-1 and amylin, both have demonstrated potential
as targets for modulating alcohol- and cocaine-related responses in
rodents (Kalafateli et al., 2019b, Egecioglu et al., 2013a, Kalafateli et
al., 2021a, Serensen et al., 2016, Sgrensen et al., 2015, Vallof et al.,
2020)
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GLP-1 AND DRUGS OF ABUSE

PRECLINICAL PERSPECTIVE

Extensive research has shown that GLP-1R agonists effectively
decrease voluntary alcohol consumption (Vallof et al., 2016a, Vallof et
al., 2020, Egecioglu et al., 2013b, Serensen et al., 2016) relapse-like
drinking behaviors (Vallof et al., 2016a, Thomsen et al., 2017) and the
motivation to consume alcohol (Vallof et al., 2016a, Egecioglu et al.,
2013b). Specifically, studies have demonstrated that GLP-1R agonists
effectively reduce alcohol intake across various species, including mice
(Serensen et al., 2016), rats (Vallof et al.,, 2020), and non-human
primates (Thomsen et al., 2020, Fink-Jensen et al., 2024). Additionally,
acute activation of GLP-1R suppresses alcohol’s well-known effects on
the reward system, including alcohol-induced dopamine release in the
NAc shell and increased locomotor activity (Egecioglu et al., 2013b,
Vallof et al., 2016a). Importantly, studies highlight that GLP-1R
activation within specific reward-related brain regions plays a crucial
role in modulating alcohol-related responses (Vallof et al., 2019a,
Colvin et al., 2020, Vallof et al., 2019b, Dixon et al., 2020). Similarly,
research consistently underlines the role of GLP-1R activation in
modulating cocaine-related behaviors. Activation of GLP-1Rs has been
shown to reduce both cocaine self-administration and cocaine-seeking
behaviors in rodent models (Schmidt et al., 2016, Serensen et al., 2015).
Furthermore, systemic administration of GLP-1R agonists attenuated
cocaine-induced effects on the reward system, including reduction in
elevated dopamine levels within the NAc and locomotor stimulation
(Egecioglu et al., 2013a). Additionally, systemic administration of GLP-
IR agonists impacts cocaine-induced striatal c-fos expression, further
supporting GLP-1’s influence on cocaine-related neural activity
(Serensen et al., 2015). Moreover, local activation of GLP-1Rs within
reward-related brain regions significantly reduces cocaine self-
administration and seeking behaviors (Hernandez et al.,, 2018,
Hernandez et al., 2019, Hernandez et al., 2021, Schmidt et al., 2016,
Reddy et al., 2016). Complementary evidence from GLP-1R deficient
mice, which exhibit heightened cocaine-induced locomotor responses
and conditioned place preference, underscore the critical role of GLP-
IR signaling in regulating cocaine’s behavioral and neural effects
(Harasta et al., 2015). Taken together these findings underline the
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therapeutic potential of GLP-1R agonists in addressing SUD by
targeting the neural circuits associated with reward and reinforcement.

CLINICAL PERSPECTIVE

While the effect of GLP-1R agonists on alcohol and cocaine intake has
been researched pre-clinically, clinical insights are more scarce.
However, there have been some promising clinical studies of GLP-1R
agonists for treating AUD. Recent clinical trials found that GLP-1R
agonists reduced alcohol consumption in obese AUD individuals
(Klausen et al., 2022, Quddos et al., 2023). A preliminary report on
diabetes type II patients treated with a GLP-1R agonist showed a
possible reduction of alcohol intake (Kalra et al., 2011). Furthermore,
associations between genetic variation in GLP-1R and AUD in humans
have been noted (Suchankova et al., 2015). Recent studies on
semaglutide have shown that people in a small case study experienced
decreased AUD symptoms (Richards et al., 2023) and that semaglutide
was associated with approximately 50 % lower risk of both incidence
and recurrence of AUD compared to other anti-obesity medication in a
large retrospective cohort study (Wang et al., 2024b). Supporting this, a
nationwide cohort study in Sweden found that the use of semaglutide
and liraglutide was significantly associated with a reduced risk of
hospitalization due to AUD in patients with comorbid obesity or type II
diabetes and AUD (L&hteenvuo et al.,, 2024). Furthermore, a
retrospective cohort study conducted in the United States revealed that
patients prescribed GIP and/or GLP-1 receptor agonists exhibited
significantly lower rates of alcohol intoxication (Qeadan et al., 2024). In
contrast, a GLP-1R agonist administered to individuals with CUD did
not alter the subjective responses to cocaine or cocaine self-
administration (Angarita et al., 2021) likely due to the use of low doses
and the timing of the treatment. However, more rigorous clinical trials
are needed to establish their efficacy and safety for AUD, and further
clinical trials need to investigate the potential of GLP-1R agonists for
CUD. Overall, these findings indicate that the GLP-1R represents a
promising therapeutic target for treating AUD and potentially CUD as
well.
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AMYLIN AND DRUGS OF ABUSE

PRECLINICAL PERSPECTIVE

Earlier studies have shown that both acute and repeated activation of
AMYR has an impact on alcohol-related responses in rodents (Kalafateli
et al., 2019b, Kalafateli et al., 2021c, Kalafateli et al., 2019a, Kalafateli
et al.,, 2020, Kalafateli et al., 2021b). In more detail, acute sCT
administration prevents the expression of alcohol’s rewarding
properties, which is evident as it blocks alcohol-induced locomotor
activity and dopamine release in the NAc shell (Kalafateli et al., 2019b).
Treatment with sCT attenuates alcohol intake in both low- and high-
alcohol-consuming rats - with a more distinct decrease in high-
consumers - and prevents relapse drinking (Kalafateli et al., 2019a). In
line with this, a single administration with an AMYR antagonist
increased levels of alcohol intake (Kalafateli et al., 2019a). Moreover,
treatment with a long-acting AMYR agonist decreased alcohol intake in
both male and female rats (Kalafateli et al., 2021c). Further, infusion of
sCT into reward-related brain regions reduced alcohol intake and
attenuated alcohol’s rewarding properties by blocking alcohol-induced
locomotor activity and dopamine release in the NAc shell (Kalafateli et
al., 2021b). Further evidence for AMYR’s role in the reward circuit is
the expression of the CTR on VTA dopamine neurons (Mietlicki-Baase
et al., 2015b). The fact that there is different gene expression of AMYR
components in the NAc between low and high-alcohol-consuming rats
(Kalafateli et al., 2019a) strengthens the hypothesis that AMYR plays a
significant role in the reward system and can be a suitable target for
treatment against AUD.

CLINICAL PERSPECTIVE
While the effects of AMYR agonists on alcohol-related responses have
been explored preclinically, clinical evidence remains lacking.

Although previous research has demonstrated that gut-brain peptides
attenuate drug-induced responses, significant knowledge gaps remain.
There are still unexplored opportunities to enhance the efficacy of
potential treatment strategies involving GLP-1R and AMYR for AUD
and CUD.
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AIM

The overall aim of this thesis was to further explore the roles of GLP-
IR and AMYR in alcohol and cocaine-related responses in rodents,
thereby evaluating their potential as therapeutic targets for AUD and
CUD.

SPECIFIC AIMS

Paper I Examine the potential of semaglutide to modulate alcohol-
related responses in female and male rodents

Paper 11 Investigate the effect of the combination of GLP-1R and
AMYR agonists on alcohol intake in female and male rats

Paper III  Identify whether sCT locally infused in mid-PVT
regulates alcohol-related responses in female and male

rodents

Paper IV Explore the effect of semaglutide on cocaine taking and
reward in male rodents.
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MATERIALS AND METHODS

This section provides an overview of the experimental models and
procedures employed in this thesis. Detailed information on the
methodologies and statistical analyses for each study are available in
the accompanying articles and manuscripts.

ANIMALS
RELEVANCE OF ANIMAL MODELS

In the field of addiction research, rodents serve as a suitable animal
model because the brain’s reward system and its associated structures
are highly conserved across species, making them comparable to
humans (Mullins and Mullins, 2004). No animal model can mirror SUD
fully and therefore, several different animal models are used to include
several parts of the SUD process.

CONDITIONS AND ETHICAL CONSIDERATIONS

All experiments performed were either approved by the Ethics
Committee for Animal Experiments, Gothenburg, Sweden, or the
Institutional Animal Care and Use Committee of the University of
Pennsylvania. All experiments were reported in accordance with the
ARRIVE guidelines and planned according to PREPARE guidelines.
All effort was made to minimize the number of animals used and to
reduce their suffering, adhering to the principles of the 3Rs
(replacement, reduction, and refinement).

Moreover, the validity of the models has been carefully evaluated,,
including face, construct, and predictive validity. Face validity refers to
the extent to which the animal model replicates the human condition,
encompassing both behavioral similarities and biological markers.
Construct validity assesses the degree to which the mechanisms
underlying behavior in the model align with those in the human
condition being studied. Predictive validity measures how well
treatment effects observed in the animal model translate to human
subjects. Many experiments included male and female rats, while others
included only male rats. All experiments conducted on mice were solely
performed in male mice.
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MICE

The mice used in locomotor activity tests (Papers I, III, and IV), in
vivo microdialysis (Papers I, I11, I'V), condition place preference (CPP)
(Papers I and III), palatable food intake (Paper I), and the biochemical
analysis (Paper I and III) are adult weight-matched outbred male
NMRI mice (20-25 g body weight at arrival, Charles River; Susfeldt,
Germany). This mouse strain was selected as it previously displayed
robust stimulatory response in drug-induced responses with the models
used within this thesis (Kalafateli et al., 2019b)

RATS

The rats used in the intermittent alcohol drinking paradigm (Paper I-
III) the elevated plus maze (EPM) (Paper I), the biochemical analysis
(Paper I and III), the infusion of CY3-semaglutide (Paper I), and in
vivo microdialysis (Paper II) were age-matched (8 weeks at arrival)
outbred male and female RccHan Wistar rats (weight at arrival:
approximately 250 g for males and 190 g for females, Envigo; Horst,
Netherlands). This strain displays stable alcohol intake with relevant
blood-alcohol concentration levels (Simms et al., 2008, Priddy et al.,
2017, Palm et al., 2011). For the self-administration experiments of
cocaine (Paper IV), the PICA experiments (Papers II and IV), and the
Fluorogold and RNAscope experiment (Paper III) weight-matched
Sprague-Dawley rats (225-250 g at arrival, Taconic Laboratories; NY,
US) were used. This strain has previously been found to robustly self-
administer cocaine and is commonly used for both PICA tests and
neurochemical studies (Caffrey et al., 2023, Hernandez et al., 2019).

DRUGS

ALCOHOL

Alcohol (95%, Solveco AB; Stockholm, Sweden) administered through
intraperitoneal (IP) injection (Papers I and III) was diluted in 0.9 %
sodium chloride (vehicle) and at the dose of 1.75 g/kg, 5 minutes prior
to initiation of the experiment. This dose activates the mesolimbic
dopamine system and has previously been used in alcohol-induced
locomotor stimulation, accumbal dopamine release, and CPP
experiments with successful results (Vallof et al., 2019a, Jerlhag et al.,
2009). When alcohol was voluntarily ingested (Paper I-III), 95 % of
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alcohol was diluted to 20 % v/v with tap water and was available for the
rats for 24 hours. This alcohol concentration has previously been
successfully used in studies with the same experimental model and is
preferred over other concentrations (Vallof et al., 2016a, Kalafateli et
al., 2021c, Simms et al., 2008).

COCAINE

Cocaine (National Institutes of Drug Abuse) was used for the self-
administration experiments (Paper IV). For the extinction experiment,
cocaine was dissolved in the vehicle and administered IP at a dose of 10
mg/kg as a priming injection before the experiment. During the self-
administration phase, cocaine was delivered intravenously (IV) through
a catheter (0.25 mg cocaine/59ul saline, infused over 5 secs). These
doses have been successfully employed in previous cocaine self-
administration studies (Hernandez et al., 2019). Cocaine hydrochloride
(Apoteket AB, Gothenburg, Sweden), used for cocaine-induced
locomotor stimulation, and cocaine elevated dopamine levels, (Paper
IV), was diluted in vehicle and injected IP (10 mg/kg). This dose has
previously been used in these experimental models as the dose activated
the mesolimbic dopamine system (Kalafateli et al., 2021a).

SEMAGLUTIDE

Semaglutide (Apoteket AB, Gothenburg, Sweden) was dissolved in
vehicle and injected subcutaneously (SC). In the alcohol experiments
(Paper I) two low doses (0.026 mg/kg and 0.052 mg/kg) were evaluated
to minimize the dosage. These doses represent reductions of 74% and
48%, respectively, compared to previously tested doses (Marty et al.,
2020). In the cocaine experiments (Paper IV), three doses (0.013
mg/kg, 0.026 mg/kg, and 0.039 mg/kg) were tested. These doses were
selected based on the previous study demonstrating that 0.026 mg/kg
effectively decreased alcohol intake. The other two doses were selected
to establish a broad dose interval. Semaglutide was administered 1 hour
prior to experiment initiation on the experimental day. Semaglutide has
a shorter half-life in rats than in humans (Lau et al., 2015), necessitating
its administration prior to each test session during repeated treatment
protocols.
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DULAGLUTIDE

Dulaglutide (Trulicity®; Kronans Apotek, Gothenburg, Sweden) was
dissolved in vehicle and injected SC. Dulaglutide was used at a dose
range between 0.0125 to 0.4 mg/kg once weekly one hour prior to
experiment initiation (Paper II). Dulaglutide at the dose of 0.1 mg/kg
administered one hour prior to alcohol exposure weekly, effectively
decreased alcohol intake in both male and female rats (Vallof et al.,
2020).

SCT

Salmon calcitonin (sCT) (Tocris Bioscience; Bristol, United Kingdom)
administered systemically was dissolved in vehicle and injected IP. sCT
was used at a dose range between 0.25-7 pg/kg administered 30 minutes
prior to experiment initiation at each alcohol-drinking session (Paper
IT). sCT at the dose of 5 pug/kg decreased alcohol intake in male rats in
a previous study (Kalafateli et al., 2019b). sCT infused locally into the
brain (Paper III) was diluted in Ringer solution (NaCl 140 mM, CaCl»
1.2 mM, KCI 3.0 mM, and MgCl> 1.0 mM). A volume of 0.5 ul was
administered over 60 seconds, and the cannula was left in place for
another 60 seconds to allow for complete drug diffusion. A dosage of
0.025 pg was selected for mice since initial experiments showed
decreased alcohol-induced locomotor stimulation without affecting
locomotor activity per se. In rats, a dosage of 0.05 pug was initially
chosen as it showed no impact on locomotor activity per se. An
additional dose of 0.1 pg was tested in a drinking trial with female rats,
as the lower dose failed to affect alcohol intake. Previous studies have
injected sCT into other reward-related regions using following doses;
0.005 pg bilaterally in the laterdorsal tegmental nuclei (LDTg), 0.4 ug
bilaterally in the VTA and 0.02 pg bilaterally in the NAc shell
(Kalafateli et al., 2021b).
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SURGICAL PROCEDURES
INTRACRANIAL SURGERY

Surgical procedures were used to facilitate in vivo collection of
monoamine and metabolites (Paper I-1V), measure G-protein-coupled
activation-based (GRAB) fluorescence in NAc shell (Paper IV), and
enable local injection into the paraventricular thalamus (PVT) (Paper
I1I).

GUIDE AND PROBE

The same surgical process was performed to place the guide (facilitate
local drug infusion) and probe (measurement of transmitters) on mice
and rats. The rodents were positioned in a stereotaxic frame (David Kopf
Instruments, Tujunga, CA, USA) under anesthesia with isoflurane
(Isofluran Baxter, Apoteket AB, Gothenburg, Sweden) administered via
a pump (Univentor 400 Anesthesia Unit, Univentor Ldt., Zejtun, Malta).
The rodents were maintained on a heating pad to prevent hypothermia
and pain relief was administered by local application of Xylocaine
Adrenaline (5 pg/ml; Pfizer Inc, New York, NY, USA) and SC injection
of Caprofen (5 mg/kg; Astra Zeneca, Gothenburg, Sweden). The skull
bone was exposed and holes for the guide and/or probe (see table 1 for
coordinates) and two anchoring screws were drilled. The guide was
implanted 1 mm below the surface of the brain and the probe was
immediately placed in NAc shell. Both the guide and/or the probe were
anchored to the screw and the skull bone with dental cement
(DENTALON® plus; Agntho’s AB, Lidingd, Sweden).

VIRUS INJECTION AND OPTIC FIBERS LOCATION

The rats were anesthetized with ketamine (100 mg/kg; Midwest
Veterinary Supply, Valley Forge, PA) and Xylazine (10 mg/kg; Akron
Animal Health, Lake Forest, IL). Using an 8 mm microinjector, the rat
was infused with the virus AAV9- hSyn-GRAB DA1h (500nL; nL;
1x10"? vg/mL, Addgene) into NAc shell. Optic fibers (9 mm, Doric
Lenses) were implanted 0.03 mm dorsal to the virus injection and
cemented in place. The rats were allowed 21 days of recovery from
surgery and for maximal expression of GRAB DA1h.
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Table 1. Coordinates used for each specific brain region and purpose (Paxinos and
Watson, 2007). Anterior/Posterior (AP) relative to bregma, Medial/Lateral (ML)
relative to midline, Dorsal/Ventral (DV) relative to the skull. SD (Sprague Dawley).
FG (fluorogold)

Coordinates

Gender, rodent type | Motive | AP ML DV | Paper

Male mice, NMRI Guide | -1.3 0 -3.4 |1l

PVT

Male rat, Wistar Guide | -2.5 0 -6.0 |1l

Female rat, Wistar Guide | -2.4 0 -5.5 |1l

- | Male mice, NMRI Probe | +1.3 | 0.6 |-4.7 | LIV
—
o
ﬁ Male rat, Wistar Probe |+1.85|+1.0 |-7.8 |l
2 Female/male rat, SD | Vrius +1.5 | 0.6 | -7.5 |IV
Z

Female/malerat,SD | FGinj |+1.5 |*0.6 |-7.5 [l
CATHETER SURGERY

A surgical procedure to implant a jugular catheter was performed to
allow L.V. self-administration of cocaine (Paper IV). Rats were
anesthetized with ketamine (100 mg/kg; Midwest Veterinary Supply,
Valley Forge, PA) and Xylazine (10 mg/kg; Akron Animal Health, Lake
Forest, IL). An indwelling catheter (SAI Infusion Technologies, Lake
Villa, IL) was inserted into the right jugular vein and secured with
sutures. The catheter was routed to a mesh backmount platform
implanted subcutaneously between the shoulder blades. To prevent
infection and ensure patency, catheters were flushed daily with Timentin
(0.2 ml; 0.93 mg/ml; Fisher, Pittsburg, PA, US) dissolved in heparinized
0.9 % saline.
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IN VIVO EXPERIMENTS

The present thesis used a combination of different behavioral and
neurochemical experiments as summarized in table 2.

Table 2. In vivo experiments used that are represented in the thesis

In vivo experiments
Experiment Species Sex Paper
Intermittent drinking paradigm | Rat Male/Female | I, II, llI
Locomotor activity Rat/Mouse| Male/Female| |, llI, IV
In vivo microdialysis Rat/Mouse| Male (IR
Condition place preference Mouse Male [, 1
Palatable food intake Mouse Male I
Cocaine self-administration Rat Male \Y;
Elevated plus maze Rat Male/Female| |
PICA Rat Male I, Iv

INTERMITTENT DRINKING PARADIGM

A key factor in the development of AUD is prolonged high alcohol
intake, to simulate this in a rodent model, we utilized the two-bottle
choice intermittent access paradigm with 20% alcohol, an established
model (Kalafateli et al., 2019b, Vallof et al., 2020). The model is
considered to demonstrate high face and predictive validity, accurately
reflecting the behaviors observed in humans (Nieto et al., 2021). The
effect of treatments on alcohol intake in rodents can indicate potential
therapeutic effectiveness for AUD patients, as naltrexone reduced
alcohol intake in rodent models, validating the predictive value of these
preclinical studies for human outcomes (De Oliveira Sergio et al., 2024).

Intermittent drinking paradigm were applied in Papers I-III. During
three 24-hour sessions (Monday, Wednesday and Friday) each week the
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rats were given access to two bottles — one containing alcohol and the
other containing water — at the beginning of the dark phase. Rats were
exposed to alcohol during a baseline period (5-10 weeks) before
initiation of any experiment. To ensure balanced alcohol consumption
across treatment groups, we applied a design that generated equally
sized groups with comparable baseline alcohol intake. Throughout the
drinking experiments, we measured the effects of treatment on alcohol
intake, food and water consumption, total fluid intake (water plus
alcohol), alcohol preference (the amount of alcohol divided by the total
fluid intake), and changes in body weight (calculated as post-treatment
weight minus pre-treatment weight) at 24 hours.

ACUTE TREATMENT

Acute treatment was assessed in Papers I, II, and III where the rats
were given treatment of semaglutide, combination treatment with
dulaglutide and sCT or locally infused sCT into mid-PVT on one
occasion.

REPEATED TREATMENT

Repeated treatments were conducted in Papers I and II, to assess
repeated treatment effect and potential tolerance development. Building
tolerance to treatment poses a challenge, as it can diminish the efficacy
of the intervention over time (Loscher and Schmidt, 2006). The rats
received semaglutide or the combination therapy of dulaglutide and sCT
on 5-6 alcohol-drinking sessions.

ALCOHOL DEPRIVATION EFFECT

The alcohol deprivation model was used in Papers I and II, to model
abstinence-induced/relapse-like  drinking (Vallof et al., 2016a,
Kalafateli et al., 2019a, Sanchis-Segura and Spanagel, 2006). Patients
with AUD frequently experience relapse during attempts to abstain from
alcohol, a fundamental characteristic of the AUD diagnosis (Koob,
2014). Rats were deprived from alcohol for 9 days after the baseline
drinking. The rats were then given semaglutide or the combination
therapy of dulaglutide and sCT or vehicle before alcohol exposure.

LOCOMOTOR EXPERIMENTS

Locomotor activity experiments are quick and easy to conduct,
providing an initial indication of pharmacological effects. However, it
is important to consider variability, as locomotor activity can be
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influenced by external factors such as handling, noise, and light (Klein
etal., 2022, Rinwa et al., 2024).

Locomotor experiments are in the thesis used in three different ways,
general locomotor activity, drug-induced locomotor stimulation, and
exploration/novelty seeking. The rodent was placed in the middle of an
open field box and the distance traveled, our primarily outcome, together
with other parameters, was registered with infrared laser beams or with
a camera.

GENERAL LOCOMOTOR ACTIVITY

Dose-response studies were conducted in Paper II1, mice and rats were
administered various sCT doses locally in PVT to investigate whether
sCT affected locomotion per se. Locomotor activity tests in cocaine-
experienced rats were conducted in Paper IV, to determine if the effect
of semaglutide on cocaine intake was due to general locomotor
suppression.

DRUG-INDUCED LOCOMOTOR STIMULATION

Drugs of abuse stimulate locomotion, an indication of increased
dopamine release in NAc (Blomgvist et al., 1992). Acute drug-induced
locomotor stimulation experiments were performed in Papers I, 111,
and IV, where the effect of semaglutide or sCT locally administered
into mid-PVT was evaluated on drug-induced (alcohol or cocaine)
locomotor stimulation.

EXPLORATION AND NOVELTY SEEKING

To further explore the treatment effect on dopaminergic
neurotransmission, behaviors driven by dopamine, such as exploration
and novelty seeking (Costa et al., 2014), were tested. In Paper I, were
semaglutide’s effect on exploratory behaviors and novelty-seeking
investigated. Semaglutide or vehicle was administered, and the rat was
placed in the center of the open field box. The rat was allowed to explore
the arena for 60 minutes and then removed shortly. A novel object was
placed in the center of the arena and the rats were given two minutes to
explore the arena and the novel object. Time spent in inner/novel zones
and corners, as well as zone entries, were analyzed.
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IN VIVO MICRODIALYSIS

In vivo microdialysis enables the collection of samples, in small specific
tissue regions, over extended periods in freely moving animals (Bazzu
et al., 2012). This method enables the monitoring of dynamic
neurochemical changes in the brain and makes it possible to measure a
wide range of substances, including neurotransmitters and metabolites,
without the need for genetic modifications (Bazzu et al., 2012).
However, it is important to consider that probe implantation can cause
tissue damage (Dykstra et al., 1992), which may influence the
interpretation of the results.

In vivo microdialysis was performed in freely moving rodents in Papers
I-IV, to investigate dopamine levels in the NAc shell as this area shows
a strong dopamine release in response to alcohol and cocaine (Nitya
Jayaram-Lindstrém, 2016). In Papers I, II1, and IV, alcohol or cocaine
was administered following treatment of semaglutide or sCT to evaluate
drug-induced dopamine release. In contrast, Paper II focused on the
effect of combined therapy with dulaglutide and sCT on dopamine
release per se. The animals were a couple of days after surgery
connected to the microdialysis set-up and samples were after 2 hours of
habituation collected every 20 minutes. The collected samples were
analyzed through an electrochemical detection in two HPLC
apparatuses, according to a modified protocol (Lindgren et al., 2010).

IN VIVO FIBER PHOTOMETRY

In vivo fiber photometry enables real-time imaging of neural activity and
neurotransmitter dynamics with high temporal resolution (Simpson et
al., 2024). This capability allows research to capture rapid changes in
neural signaling, making it particularly valuable for studying dynamic
processes such as reward responses (Simpson et al., 2024). However,
there are some limitations to consider, related to tethering and tissue
damage, that need to be considered in data interpretation.

Rats were catheterized and injected with AAV9-hSyn-GRAB DAlh
(500nL; nL; 1x10"!? vg/mL, Addgene) into the medial shell of the NAc
using an 8 mm microinjector (Protech International Inc.). Optic fibers
(9 mm, Doric Lenses) were stereotaxically implanted 0.03 mm dorsal to
the virus injection site in the NAc shell and cemented in place. GRAB
fluorescence was recorded for 10 min. Each session began with a 5 min
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block in which a baseline GRAB signal was recorded followed by an
1.v. infusion of vehicle or cocaine and a subsequent 5-minute block in
which GRAB signal was recorded.

CONDITION PLACE PREFERENCE

Condition place preference of alcohol reward-dependent memory
retrieval (mCPP) is a valuable model for studying drug-associated
behaviors and underlying mechanisms (Nieto et al., 2021). It provides a
quantifiable measure of context-specific drug-seeking behavior that is
widely used in addiction research (Prus et al., 2009). While CPP
effectively models how environmental context reinforces drug-seeking,
the complexity of memory formation can complicate result
interpretation (Bisaz et al., 2014). Variability from the interplay of
reward, memory, and environmental factors highlights the need for
careful experimental design (Rinwa et al., 2024).

mCPP was employed in Papers I and III. These studies evaluated the
effects of systemic semaglutide treatment or sCT locally infused into the
mid-PVT, on memory of alcohol reward. This method was conducted in
a box with distinct visual and tactile cues on each side (custom made),
which the mice learned to associate with the presence or absence of
reward in 20-minute-long sessions. The paradigm includes three phases:
pre-conditioning (day 1), conditioning (day 2-5), and post-conditioning
(day 6). The preference for the post-conditioning day was scored and the
CPP expression was calculated as the percentage difference in time
spent in the alcohol-paired (least preferred) compartment between post-
and pre-conditioning.

PALATABLE FOOD INTAKE

Palatable food consumption offers valuable insight into the potential
influence of treatment on non-drug-related forms of reward (Berridge,
1996).

The effect of semaglutide on palatable food intake was investigated in
Paper 1. Mice were pre-exposed to rewarding food such as, peanut
butter or Nutella, when group housed. On the day of the experiment,
they received an injection of semaglutide or vehicle and were then
placed in an individual cage with free access to chow and the rewarding
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food. Consumption of chow, rewarding food, preference, and caloric
intake were measured after 2- and 4 hours.

COCAINE SELF-ADMINISTRATION

Cocaine self-administration serves as a valuable model for exploring the
neurobiological mechanisms underlying reward and addiction
associated with cocaine use (Panlilio and Goldberg, 2007). It enables the
study of various aspects of addiction, including the acquisition,
maintenance, extinction, and reinstatement of drug-seeking behavior.
However, this model has limitation, as studies typically span relatively
short durations, potentially restricting its utility for long-term addiction
modeling. Additionally, the need for catheterization in animals may
introduce factors that could influence their behavior and physiological
responses.

The rats recovered for 7 days after surgery before cocaine-self-
administration started. Rats were then placed in the self-administration
boxes for 2 hours; they were allowed to lever press for intravenous
infusions of cocaine in a fixed ratio 1 (FR1) schedule. A stable response
on FRI resulted in a switch to a fixed-ratio 5 (FRS5) schedule. In all
different experiments, each rat served as its own control, using a
counterbalanced, within-subject design, as previously described
(Hernandez et al., 2019).

COCAINE SELF-ADMINISTRATION

In Paper IV, once the rats demonstrated stable responses at an FRS5
schedule, the effects of semaglutide or vehicle on cocaine self-
administration were evaluated to investigate semaglutide’s impact on
cocaine-seeking behavior.

PROGRESSIVE RATIO

The effect of semaglutide on the progressive ratio was investigated in
Paper IV to evaluate the motivation to self-administer cocaine. After
treatment with semaglutide or vehicle was the rat placed in the operant
box, and the response requirement for each subsequent infusion
increased until the rat failed to meet a requirement.

REINSTATEMENT
The effects of semaglutide on the reinstatement of cocaine-seeking
behavior were investigated in Paper IV, a defining feature of CUD is
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the high rate of relapse during periods of abstinence (Koob and Le Moal,
2001, Dackis and O'Brien, 2001). Rats were maintained without access
to cocaine until the behavior had been extinguished. Subsequently, the
rats were pretreated with vehicle or semaglutide before receiving an
acute priming dose of cocaine. Rats were placed into the operant boxes
for a two-hour reinstatement session.

EPM

Anxiety may confound the treatment’s effect on alcohol-related
responses. The elevated plus maze (EPM) assesses anxiety-related
behaviors, such as open-arm avoidance and risk assessment (Rodgers
and Dalvi, 1997, Campos et al., 2013). Testing conditions, including the
rodent’s starting position and orientation, can influence results. Proper
handling and acclimation of animals are essential for reliable outcomes
(Rinwa et al., 2024).

The effects of semaglutide on anxiety-like behavior were investigated
in Paper I. After administration with semaglutide or vehicle the rat was
placed in the center of the EPM, which consists of two closed and two
open arms. Time spent in open/closed arms and the central zones was
analyzed by Observer XT (Noldus, Wageningen, Netherlands).

PICA

Another confounding factor in assessing the effects of gut-brain peptides
on drug-induced responses is malaise (Filippatos et al., 2014, Lean et
al., 2014, Boccia et al., 2022). The PICA method evaluates emetic
potential in rodents, which lack a vomiting reflex, by providing access
to kaolin clay (Takeda et al., 1993). While this approach does not fully
replicate the complex physiological mechanisms of emesis in species
capable of vomiting, it offers valuable indications of nausea-like
behavior.

The effect of semaglutide or the combination treatment of dulaglutide
and sCT on kaolin intake was conducted in Papers II and IV. Rats were
habituated to kaolin clay in their hanging wire cages where they were
single housed. Intake of food, kaolin, and water, as well as body weight,
were measured 24h after treatment.
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EX VIVO EXPERIMENTS
QPCR

Quantitative polymerase chain reaction (QPCR) a method that measures
gene expression, and offers high sensitivity and specificity, minimizing
false-positive results (Zhang et al., 2021). This method also has high-
throughput capability, enabling the simultaneous analysis of numerous
samples (Zhang et al., 2021). However, it is expensive and highly
dependent on the quality and quantity of the samples, emphasizing the
importance of meticulous sample preparation (Zhang et al., 2021).

Gene expression was evaluated in Papers I and III by quantitative
polymerase chain reaction (qPCR). In Paper I, the expression of
dopamine-metabolizing enzymes - monoamine oxidase A (MAOA) and
B and catechol-O-methyltransferase (COMT) - as well as DAT in the
NAc and VTA, was investigated in mice treated with semaglutide +
alcohol or vehicle + alcohol. In Paper III the expression of CTR and
RAMP1 was analyzed from PVT brain punches. Low- and high-alcohol-
consuming rats were compared, to evaluate the impact of alcohol
consumption levels on the expression of CTR and RAMPI.

ELISA

Enzyme-linked immunosorbent assay (ELISA) is a widely used
technique for detecting and quantifying specific antigens or antibodies
(Alhajj et al., 2025). It is straightforward, easy to perform, and allows
for the simultaneous analysis of multiple samples. However, insufficient
blocking or cross-reactivity can lead to potential false-positive or false-
negative results, emphasizing the need for careful optimization and
validation (Terato et al., 2014, Aydin, 2015).

The effect of semaglutide on cyclic adenosine monophosphate was
measured in the NAc, amygdala, VTA, and NTS in Paper I, as it is a
key downstream signaling molecule of GLP-1R. Brain punches from
semaglutide or vehicle-treated male mice were analyzed with ELISA
(Catalog number: ADI-900-066A) according to the manufacturer’s
instructions.
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IMMUNOFLUORESCENCE

Immunofluorescence is a powerful technique for detecting and
localizing specific antigens in tissue samples (Im et al., 2019). It offers
high sensitivity and specificity, capable of identifying even low levels
of target proteins, and supports multi-color imaging for the simultaneous
visualization of multiple targets (Im et al., 2019). However, the method
is susceptible to photobleaching, which can diminish signal intensity
over time, highlighting the need for careful handling and imaging
conditions (Im et al., 2019).

A fluorescently labeled version of semaglutide (CY 3-semaglutide) was
in Paper I administered systemically to evaluate the possibility of it
reaching NAc shell. In Paper I1I a fluorescently labeled version of sCT
(FAM-sCT) was injected ICV to investigate whether sCT binds to the
AMYR in mid-PVT. Following injections in both experiments, the rats
were perfused, their brains removed and post-fixed, and subsequently
sectioned into coronal slices. In Paper I the slices were washed and
directly mounted, whereas in Paper III the slices were stained for
microtubule, neurons and cell nuclei and then mounted. The slices were
visualized using a ZEISS Axio observer microscope.

RNASCOPE

RNAscope is an advanced technique the detecting and visualizing
specific RNA molecules within intact cells and tissues (Wang et al.,
2012). This method offers high sensitivity and specificity, allowing for
the detection of single RNA molecules with precise spatial resolution
(Wang et al, 2012). It also supports multiplexing, allowing
simultaneous visualization of multiple RNA targets (Wang et al., 2012).
However, RNAscope requires thin tissue sections, specialized
equipment, and reagents making it a costly approach.

In Paper II1, retrograde trace fluorogold (FG) was injected into the NAc
shell to investigate the projection from mid-PVT to the NAc shell.
RNAscope was then used to detect CTR, GABAergic neurons,
glutamatergic neurons, and cell nuclei to identify which neurons that
project to the NAc shell and whether these neurons are co-localized with
the receptor of interest. The dissected brains were postfixed overnight,
and coronal sections of PVT were sliced using a sliding microtome
(Leica SM2000R, Leica Microsystems; Nuss Loch, Germany)

35



Gut-brain peptides and drugs of abuse: highlighting the role of GLP-1 and amylin

WESTERN BLOT

Western blot is a widely used analytical technique for detecting and
analyzing specific proteins (Gavini and Parameshwaran, 2025). Western
blot is time-consuming and generally less sensitive than ELISA, making
it more difficult to detect low-abundance proteins (Gavini and
Parameshwaran, 2025).

In Paper III, western blot was used to measure protein levels of CTRa
and CTRb in the thalamus, aiming to investigate the presence of CTR in
this region. Punches of the thalamus were homogenized, and protein
concentrations were measured. The electrophoresis was performed, and
the membrane was incubated with primary antibodies for CTRa and
CTRbD (1:1000), overnight. The reference protein used was Anti-COX
IV. The secondary antibodies (1:5000) were then incubated for 1 hour.
Following washing, the membrane was dried and visualized using a
SpectraMax i3v Platform.

STATISTICS AND VISUALISATION

All analyses were performed in GraphPad Prism (GraphPad Software
Inc; CA, USA). The western Blot membrane bands were quantified
using the ImagelJ software (public domain software, NIH; MD, USA)
before statistical analysis. The most appropriate analyses were selected
based on experimental setup and outcome variables. With two groups
included, a t-test (paired or unpaired) was performed. For comparisons
involving three or more groups, one-way ANOVA was used. When
repeated measures were involved, a repeated-measures two-way
ANOVA was applied. The most appropriate post-hoc tests were then
selected. Figures included in this thesis were created with BioRender.
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RESULTS

This section summarizes the key findings from each study included in
this thesis. Detailed descriptions of results, graphs, and statistical
analyses are available in the corresponding articles and manuscripts.

PAPERI

This study aimed to evaluate the potential of the GLP-1R agonist
semaglutide to influence alcohol-related responses in rodents and to
investigate the underlying mechanisms driving these effects. We could
reveal that semaglutide, both acutely and repetitively administrated,
decreased alcohol consumption and prevented relapse-like drinking in
male and female rats (Figure 2). Furthermore, fluorescently labeled
semaglutide was detected in the NAc shell of alcohol-drinking rats of
both sexes, and semaglutide reduced alcohol-induced locomotor activity
and accumbal dopamine release in male mice. These findings indicate
that semaglutide influences the mesolimbic dopamine system.

Semaglutide _
Alcohol intake - Alcohol-induced

dopamine release

| i
Q.

Relapse-like drinking Alcohol-induced

Fluorescent semaglutide p' locomotor stimulation
detected in NAc shell

Figure 2. Semaglutide decreases alcohol intake and relapse-like drinking in male and
female rats. Additionally, fluorescent semaglutide is detected in the nucleus
accumbens (NAc) shell in male and female rats. Furthermore, semaglutide decreases
alcohol-induced locomotor stimulation and dopamine release in NAc shell in male
mice.

Additionally, in male mice, semaglutide pretreatment before alcohol
administration increased the levels of the dopamine metabolites
DOPAC and HVA in the NAc shell. Semaglutide upregulates
expression of the genes COMT and MAOA - which encode enzymes
involved in dopamine metabolism, in mice when alcohol was onboard.
These findings suggest that semaglutide suppresses dopamine release by
enhancing dopamine metabolism. In contrast, semaglutide did not alter
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the memory consolidation of alcohol reward in male mice. This study
also revealed that acute and repeated semaglutide treatment decreased
food intake and body weight in rats of both sexes. To further
demonstrate semaglutide’s capacity to suppress reward-associated
behaviors, we found that it reduced the consumption of highly rewarding
foods such as peanut butter and Nutella, and increased dopamine-driven
behaviors such as exploration and novelty-seeking. In the study with
rewarding foods, semaglutide increased chow intake as a compensatory
response. Overall, semaglutide decreased total caloric intake and
reduced the preference for rewarding food. Activity and anxiety are
potential confounding factors in the observed reduction in alcohol
intake. Semaglutide increased locomotor activity in males and extended
time spent in the inner zone in females. While semaglutide did not affect
anxiety-like behaviors in male rats, it caused a slight increase in such
behaviors in female rats.
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PAPER I

This paper investigated the potential synergy of a GLP-1R and AMYR
agonist combination in reducing alcohol intake. An initial test revealed
that combination treatment of dulaglutide and sCT (0.1 mg/kg + 5
pg/kg) decreased alcohol intake in male rats but not in females. We,
therefore, further evaluated a potential synergistic effect in male rats.
We first defined doses of sCT and dulaglutide that did not alter alcohol
intake per se (Figure 3). Thereafter, three dulaglutide and sCT dose
combinations were evaluated (A: 0.05 mg/kg + 1 pg/kg, B: 0.05 mg/kg
+ 2 pg/kg, and C: 0.075 mg/kg + 2 pg/kg). Combinations A and B did
not alter alcohol intake, while combination C decreased alcohol intake
and prevented relapse-like drinking in male rats, suggesting a
synergistic-like effect. However, during repeated treatment over two
weeks, combination C decreased alcohol intake initially, but the effect
subsided during later sessions. Importantly, combination C did not

increase kaolin intake, a marker of malaise.
low sCT

# Alcohol intake low SCT
low dulaglutide

R Alcohol intake
Low dulaglutide
Relapse-like drinking

# Alcohol intake

Figure 3. Low doses sCT and dulaglutide monotherapy do not affect alcohol intake,
but their combination reduces consumption and relapse-like drinking in male rats.

Additionally, combinations A and C reduced food intake, whereas
combination B did not affect this parameter. All three combinations led
to a reduction in body weight. Treatment with the higher dose
combination (0.1 mg/kg + 5 pg/kg) decreased both food intake and body
weight in both sexes. Higher doses (0.2 mg/kg + 6 pg/kg and 0.4 mg/kg
+ 7 pg/kg) were tested in female rats to determine whether the lack of
response on alcohol intake in females was dose dependent. Both
combinations effectively reduced alcohol intake in female rats.
Similarly, these doses significantly decreased food consumption and led
to reductions in body weight.
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PAPER Il

This paper aimed to identify whether AMYR in mid-PVT contributes to
the effects of alcohol-related behaviors in male and female rodents.
CTR, the main component of the AMYR, was, for the first time,
identified in the thalamus and, more specifically, in the mid-PVT in both
male and female rats (Figure 4). Furthermore, locally administrated sCT
in mid-PVT decreased alcohol intake in male rats, but not in females
despite testing a higher dose in females. Further experiments revealed
that CTR was identified on glutamatergic projections from mid-PVT to
NAc in male rats, whereas this was not evident in females, suggesting a
sex-specific difference in the mechanism. Additionally, in male mice,
local infusion of sCT into the mid-PVT attenuated alcohol-induced
locomotor stimulation and dopamine release in the NAc shell. These
findings further support the role of AMYR in the mid-PVT in mediating
alcohol-related responses. Lastly, sCT locally infused in mid-PVT did
not alter the memory consolidation of alcohol reward.

Alcohol intake sCT # Alcohol intake
CTR positive cells . CTR positive cells
Glutamatergic neurons QX

) h Glutamatergic neurons
colocalized with CTR = colocalized with CTR

projecting to NAc shell projecting to NAc shell
Alcohol-induced
dopamine release

Alcohol-induced
locomotor stimulation

Figure 4. Salmon calcitonin (sCT) locally infused into the middle part of the
paraventricular nucleus of the thalamus (mid-PVT) decreased alcohol intake in male
rats but not in females. A marker for the calcitonin receptor (CTR) was found in mid-
PVT in both sexes. However, CTR was found on glutamatergic neurons projecting to
the nucleus accumbens (NAc) in male rats but not in females. Additionally, sCT locally
infused in mid-PVT decreased alcohol-induced locomotor stimulation and dopamine
release in NAc shell in male mice.

Further sex differences in responses to sCT were found as locally
infused sCT into mid-PVT decreased food intake in both sexes with
different doses acquired (0.05 pug in males and 0.1 pg in females). sCT
reduced body weight in male rats, while body weight in female rats was
unchanged with sCT treatment locally infused into mid-PVT.
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PAPER IV

This paper aimed to explore the effect of semaglutide on various
cocaine-taking behaviors and the elevation of dopamine induced by
cocaine in male rodents to determine if its promising impact on alcohol-
related responses could also extend to cocaine. Semaglutide dose-
dependently reduced cocaine self-administration, the motivation to
consume cocaine, and cocaine-seeking in male rats (Figure 5).
Furthermore, semaglutide attenuated cocaine-induced locomotor
stimulation in male mice. In vivo, microdialysis in male mice revealed
that semaglutide treatment attenuated the ability of cocaine to elevate
dopamine levels in the NAc shell. Similarly, fiber photometry in rats
demonstrated reduced cocaine-induced elevation of dopamine levels
following semaglutide treatment, providing further support for
semaglutide’s effect on reward-related responses.

Semaglutide

i i . .
Cocaine seeking Cocaine-induced elevation

chaine Q. of dopamine levels
rem'stat_ement - Cocaine-induced
Motivation to locomotor stimulation

consume cocaine

Figure 5. Semaglutide reduced cocaine self-administration, cocaine-seeking behavior,
and the motivation to consume cocaine in male rats. Additionally, semaglutide
attenuated cocaine-induced locomotor stimulation and decreased dopamine levels in
the nucleus accumbens shell.

Moreover, in cocaine-experienced rats, semaglutide decreased food
intake, body weight, and water intake without altering kaolin intake, a
measurement of malaise to exclude that as a confounding factor.
Another confounding factor is the presence of changes in locomotion,
semaglutide did not affect this parameter.

41



Gut-brain peptides and drugs of abuse: highlighting the role of GLP-1 and amylin

DISCUSSION

This section summarizes and discusses key findings from the four
studies, aiming to support the overarching conclusions outlined earlier.
It addresses the implications and limitations of these findings, focusing
on critical aspects such as drug intake, reward-related responses, food
intake, and body weight change. Additional topics discussed include
tolerance effects, synergism, sex differences, and the overlapping and
distinct mechanisms underlying drug and food intake.

EVIDENCE SUPPORTING GLP-1R AND
AMYR AGONISTS AS TREATMENT FOR SUD

Recent studies have demonstrated that gut-brain peptides play a role in
modulating alcohol- and cocaine-related responses. However, further
research is needed to develop more effective treatment approaches and
to better understand the underlying mechanisms of action. Paper I, II,
and IV in this thesis contribute to understanding how the promising
effects on drug-related responses can be maintained at treatment with
lower doses to minimize side effects. This was achieved either by
utilizing a more potent GLP-1R agonist (semaglutide; Papers I and I'V)
or by combining two gut-brain peptides (GLP-R agonist dulaglutide +
AMYR agonist, sCT; Paper II). Further, Paper III contributed to new
insights into AMYR in PVT, an area that had previously not been
studied.

VOLUNTARY INTAKE OF ALCOHOL- AND COCAINE

Semaglutide, a compound with several advantages over other GLP-1R
agonists, (Bucheit et al., 2020) shows promising results for treating
AUD and CUD (Papers I and IV). Semaglutide decreases voluntary
intake of both alcohol and cocaine. These results align with previous
studies on GLP-1R activation, both systemically and within reward-
related brain regions, where various GLP-1R agonists have been shown
to reduce alcohol and cocaine intake (Schmidt et al., 2016, Vallof et al.,
2020, Vallof et al., 2016a, Vallof et al., 2019a, Hernandez et al., 2019,
Serensen et al., 2015). Recent clinical evidence supports our findings as
semaglutide reduces alcohol consumption in individuals with type II
diabetes and/or obesity (Quddos et al., 2023, Richards et al., 2023,
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Qeadan et al., 2024, Wang et al., 2024b). However, semaglutide exhibits
higher affinity and potency for the GLP-1R compared to other agonists
(Bucheit et al., 2020), suggesting that it may have a greater effect on
reducing alcohol and cocaine intake. Our study revealed promising
reductions in voluntary intake of alcohol and cocaine with low doses,
which can offer the advantage of less side effects.

Furthermore, the complexity of AUD's underlying mechanisms
indicates that combining agents could enhance treatment efficacy. In
Paper II, the study revealed that combining a GLP-1R agonist,
dulaglutide, and an AMYR agonist, sCT synergistic-like decreased
alcohol intake in male rats. Previous studies have shown that dulaglutide
and sCT as monotherapies suppress alcohol intake (Vallof et al., 2020,
Kalafateli et al., 2019b) and that combining GLP-1R and AMYR
agonists produces synergistic effects on food intake and body weight in
rodents and non-human primates (Liberini et al., 2019, Bello et al.,
2010). In line with this, combined GLP-1R agonist and amylin analog
therapy has shown promising results in patients with obesity and
diabetes, highlighting the clinical relevance of this combination therapy
(Wong et al., 2023, Frias et al., 2023). However, in the present study,
this was the first time their potential synergism was evaluated on alcohol
intake.

Understanding the complex mechanisms underlying AUD would aid
in the development of novel treatment options. Previous research on the
PVT has demonstrated its involvement in reward-related processes. In
Paper II1, we revealed for the first time that CTR, a key component of
AMYR, is present in mid-PVT. Additionally, we found that local
infusion of sCT into the mid-PVT suppresses alcohol intake in male rats
but not in females, even when a higher dose was tested. Previous
research has demonstrated that AMYR is present in other reward-related
areas such as the LDTg, VTA, and NAc shell in male rats (Kalafateli et
al., 2021b). Studies have shown that activation of AMYR in these
regions modulates alcohol-related responses in male rodents, together
indicating that AMYR expressed in various brain regions contributes to
the regulation of alcohol-related responses.
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RELAPSE-LIKE BEHAVIORS WITH ALCOHOL AND
COCAINE

Relapse is a severe risk for individuals with SUD, as studies consistently
show high relapse rates across various substances and populations
(Mhaidat et al., 2024, Domino et al., 2005, Connor et al., 2016).
Semaglutide and the combining treatment of dulaglutide and sCT not
only reduces intake of the drug but also helps maintain abstinence by
reducing relapse behaviors. Specifically, semaglutide (Paper I) and the
combining treatment of dulaglutide and sCT (Paper II) decreased
relapse-like drinking in both male and female rats when alcohol was
reintroduced after a 10-day deprivation period. Similarly, semaglutide
(Paper IV) lowers cocaine reinstatement, a well-established model of
relapse (Shaham et al., 2003), in male rats. Previous studies support
these findings, demonstrating that GLP-1R agonists effectively reduce
relapse behaviors associated with both alcohol (Vallof et al., 2016a,
Thomsen et al., 2017, Thomsen et al., 2020) and cocaine (Hernandez et
al., 2019, Hernandez et al., 2021, Hernandez et al., 2018). Indeed,
studies with sCT have previously been shown to prevent relapse-like
drinking in rats (Kalafateli et al., 2019a).

These findings presented in Papers I, II, and IV suggest that lower
doses of GLP-1R and AMYR agonists could serve as effective treatment
options for individuals with SUD, potentially minimizing the risk of side
effects.

GLP-1R AGONISTS POTENTIAL AS TREATMENT
OPTIONS FOR OTHER TYPES OF SUD

Previous research has highlighted the potential of GLP-1R agonists as
treatment options for other types of SUD as well, such as opioid use
disorder and cannabis use disorder. Preclinical studies have
demonstrated that GLP-1R agonists can effectively reduce opioid intake
and seeking behaviors (Douton et al., 2022, Douton et al., 2021, Zhang
et al., 2020). Additionally, a retrospective cohort study revealed that
patients prescribed GIP and/or GLP-1R agonists exhibited a lower rate
of opioid overdose among those with opioid use disorder (Qeadan et al.,
2024). Moreover, a large retrospective cohort study found that
semaglutide was associated with a reduced incidence and relapse of
cannabis use disorder in patients with obesity or diabetes type II (Wang
et al., 2024a).
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These data suggest that semaglutide is not only a promising candidate
for treating AUD and CUD but may also be effective for other types of
SUD.

REWARD-RELATED RESPONSES

Both alcohol and cocaine increase dopamine levels in NAc reflecting
their rewarding properties, which are linked to hyperlocomotion in
rodents (Blomgvist et al., 1992, Di Michele et al., 1998, Imperato and
Di Chiara, 1986, Ito et al., 2000). Human studies highlight the clinical
relevance of this mechanism, as imaging research demonstrates that
drugs of abuse increase dopamine levels in the striatum, where NAc is
located (Drevets et al., 2001) linked with self-reported feelings of
euphoria in clinical settings (Ramchandani et al., 2011, Yoder et al.,
2007).

DRUG-INDUCED LOCOMOTOR STIMULATION

Papers I and IV reveal that semaglutide attenuates drug-induced
(alcohol or cocaine) locomotor stimulation in male mice. Likewise,
locally infused sCT into mid-PVT shows decreased alcohol-induced
locomotor stimulation in Paper III. This is consistent with previous
research showing that activation of GLP-1R and AMYR attenuates
alcohol and cocaine-induced locomotor stimulation in male rodents
(Egecioglu et al., 2013b, Egecioglu et al., 2013a, Kalafateli et al., 2019b,
Kalafateli et al., 2021a, Vallofet al., 2016a, Sgrensen et al., 2015, Vallof
et al., 2019a, Vallof et al., 2019b). Further evidence highlights the role
of AMYR in modulating drug-induced reward, as sCT reduces both
alcohol-induced locomotor stimulation (Kalafateli et al., 2019b), as well
as similar responses induced by cocaine (Kalafateli et al., 2021a)

DOPAMINE LEVELS IN NAC SHELL

In line with the results in drug-induced locomotor stimulation, a
reflection of increased dopamine levels in NAc, Papers I and IV
demonstrated that semaglutide attenuated drug-induced elevation of
accumbal dopamine levels in NAc shell. Likewise, locally infused sCT
into mid-PVT shows similar results in Paper III. This is consistent with
previous research showing that activation of GLP-1R and AMYR
attenuates drug-induced elevation of accumbal dopamine levels in the
NAc shell (Egecioglu et al., 2013b, Egecioglu et al., 2013a, Kalafateli
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et al., 2019b, Kalafateli et al., 2021a, Vallof et al., 2016a, Serensen et
al., 2015, Vallof et al., 2019a, Vallof et al., 2019b). Further evidence
highlights the role of AMYR in modulating drug-induced elevation of
dopamine levels, as sCT reduces alcohol-induced dopamine release in
the NAc shell (Kalafateli et al., 2019b).

Taken together, the findings found on elevated locomotor stimulation
and dopamine levels in NAc shell by drugs of abuse suggests that the
effects on alcohol and cocaine taking is modulated by reward-related
responses.

MEMORY CONSOLIDATION OF ALCOHOL REWARD

Furthermore, humans and animals quickly learn to associate cues and
context with addictive drugs (Hyman et al., 2006). Once established,
these cues strongly drive drug-seeking behaviors (Hyman et al., 2006).
In Paper I, we found that semaglutide does not alter the memory
consolidation of alcohol reward, consistent with previous studies
involving liraglutide (Vallof et al., 2016a). These findings suggest that
these treatments primarily target the acute rewarding effects of alcohol
rather than the memory processes associated with alcohol reward. In
contrast, shorter-acting agonists such as GLP-1 and Ex4 seem to reduce
the memory consolidation of alcohol reward (Egecioglu et al., 2013b,
Shirazi et al., 2013). Different GLP-1R agonists differ in their affinity
and binding for the GLP-1R, contributing to varied efficacy, duration of
action, and pharmacological profiles (Garber, 2011), a possible
explanation for different responses on the same behavior. Furthermore,
previous studies show that local activation of GLP-1R by Ex4 in the
NAc shell and NTS attenuates the memory of alcohol reward, whereas
activation in the VT A and LDTg has no such effect (Valléf et al., 2019a,
Vallof et al., 2019b), suggesting that the NAc shell and NTS play a more
critical role in modulating memory processes associated with alcohol
reward.

Moreover, results from Paper III reveal that local activation of
AMYR in mid-PVT does not alter the memory consolidation of alcohol
reward, in line with previous studies showing local activation of AMYR
in LDTg, VTA, and NAc shell. However, systemic treatment with sCT
attenuated the memory consolidation of alcohol reward (Kalafateli et al.,
2019b), suggesting that other brain regions than PVT and
neurotransmitter systems are involved in the processing of reward-
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dependent memory expression (Berke and Hyman, 2000, Hyman et al.,
2006).

POTENTIAL MECHANISMS BEHIND THE
OBSERVED EFFECTS

SUD is a complex condition, with the reasons for consuming a particular
substance varying between individuals. The mechanism through which
GLP-1R and AMYR agonists affect SUD is unlikely to involve a single
pathway; instead, a combination of different mechanisms is probably at
play. Notably, addictive drugs share the ability to influence the reward
system and increase dopamine levels in the NAc (Cheer et al., 2004,
Gooding et al., 2024, Engel and Jerlhag, 2014b, Aragona et al., 2008),
though via distinct pathways. Importantly, GLP-1R and AMYR agonists
are known to modulate drug-induced elevations of dopamine in the NAc
(Egecioglu et al., 2013b, Egecioglu et al., 2013a, Kalafateli et al.,
2019b), which may represent a key mechanism underlying their effect
on substances of abuse, a finding also observed in this thesis.
Additionally, substance use disorder is influenced by multiple pathways,
suggesting that the impact of AMYR and GLP-1R on various substances
of abuse may involve distinct mechanisms. For instance, GLP-1R
modulation may alter stress-induced drug use, as the central GLP-1
system is activated in response to stress (Holt and Trapp, 2016).
Furthermore, growing evidence  highlights the role of
neuroinflammatory processes in SUD. Substance use over a prolonged
period induces neuroinflammation, which can lead to functional and
structural neuroadaptations that perpetuate SUD (Agarwal et al., 2022).
Therefore, the anti-inflammatory effects of GLP-1R agonists may
contribute to their efficacy in treating SUD (Alharbi, 2024).
Pharmacological interventions that induce sedation or impair motor
function may reduce alcohol consumption simply by limiting the
animal’s ability to access or consume alcohol. However, motor function
studies conducted in the various experiments do not support the
presence of such effects. Further, nausea is a known side effect of both
GLP-1R and amylin agonists (Filippatos et al., 2014, Boccia et al., 2022,
Lean et al., 2014), which could potentially influence alcohol intake.
However, the studies presented in this thesis suggest that the observed
effects are not attributed to nausea or malaise, as kaolin intake, a marker
for such conditions, remains unchanged. Moreover, pharmacological
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interventions may induce behavioral changes, such as increased anxiety,
which could indirectly affect alcohol consumption. While anxiety has
not been extensively assessed in this thesis, the anxiety test conducted
in Paper I revealed no signs of anxiety in males, while semaglutide
slightly enhanced anxiety-like behaviors in female rats, potentially
influencing treatment outcomes. These studies were performed in
alcohol-naive rats, and future research should examine these effects in
alcohol-experienced rats.

SEMAGLUTIDE TENTATIVELY REDUCES
DOPAMINE LEVELS IN NAC SHELL THROUGH
ENHANCED DOPAMINE METABOLISM

Findings from Paper I suggest that alcohol-induced dopamine release
is reduced via semaglutide’s ability to enhance dopamine metabolism.
Specifically, in vivo microdialysis revealed that semaglutide enhanced
the levels of DOPAC and HVA in the NAc when alcohol was onboard.
Furthermore, gene expression analysis showed that semaglutide
increased the expression of COMT and MAOA, when alcohol was
present. These enzymes play a crucial role in the metabolism of
dopamine (Graves et al., 2020, Finberg, 2019), suggesting that
semaglutide may modulate alcohol effects by altering dopamine
metabolism in NAc shell. This mechanism may also influence cocaine-
induced dopamine levels; however, alcohol and cocaine increase
dopamine in the NAc shell through different mechanisms. Cocaine
binds to the DAT and modulates dopamine levels via this interaction
(Verma, 2015), while alcohol increases the dopamine release in NAc
shell (Boileau et al., 2003). In Paper I, we found no evidence that
semaglutide modulates the expression of DAT in the NAc or VTA when
administered prior to alcohol exposure. This suggests that semaglutide
does not alter DAT expression in these regions. It remains possible that
semaglutide affects DAT in function or through other mechanisms
within these areas. Previous research has shown that GLP-1R activation
enhances DAT surface expression and function in the lateral septum,
promoting more efficient dopamine reuptake and potentially reducing
synaptic dopamine levels (Reddy et al., 2016). Further studies are
needed to explore the mechanisms underlying semaglutide’s effect on
cocaine-related responses and to further examine its potential
mechanisms of action in alcohol-related responses.
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AMYR IN MID-PVT PLAYS A ROLE IN SUPPRESSING
ALCOHOL-RELATED RESPONSES IN MALES

For the first time, we identified the presence of CTR, a main component
of AMYR, in the PVT (Paper III), a brain region of interest in the
reward context. We initially identified CTR in the thalamus by
measuring CTR protein levels. Further analysis, including gene
expression profiling, labeled sCT binding to CTR, and RNA detection
of CTR, demonstrated that CTR 1is present in the PVT, specifically
within the mid-PVT. It is well known that PV T integrates signals related
to appetite, motivation, and energy states from various brain regions
(Millan et al., 2017, Petrovich, 2021). Furthermore, PVT neurons
respond to hunger signals and drive food-seeking behaviors through
connections with the NAc (Penzo and Gao, 2021). Previous research
shows that the PVT is involved in regulating food intake and reward
processing, functions that are heavily influenced by gut-brain peptides
(Ong et al.,, 2017, Hamlin et al., 2009, Christoffel et al., 2021).
Furthermore, prior evidence suggests the involvement of gut-brain
peptides in the PVT, with previous research identifying GLP-1R on PVT
neurons projecting to the NAc (Ong et al., 2017). The projection from
PVT to NAc is confirmed in Paper III. Moreover, Paper III further
revealed that CTR in the mid-PVT is colocalized with markers for
glutamatergic neurons rather than GABAergic neurons. These findings
align with previous studies showing that PVT-to-NAc projections are
predominantly glutamatergic (Barson et al., 2020, Zhu et al., 2016).

TOLERANCE EFFECT

Repeated treatments have been assessed in Papers I and II. We learned
that repeated treatment with semaglutide decreased alcohol intake on
several occasions in both male and female rats, consistent with other
GLP-1R agonists (Vallof et al., 2020, Vallof et al., 2016a). These
findings indicate that no tolerance is developed for the alcohol-
suppressing properties. However, the dual treatment with dulaglutide
and sCT decreased alcohol intake initially but did not persist throughout
the treatment period. Earlier studies with dulaglutide do not indicate any
tolerance effects and a prolonged decrease of ethanol intake is observed
in males following treatment discontinuation (Vallof et al., 2020). On
the contrary repeated treatment with sCT has revealed tolerance effects
when it comes to both alcohol- and food-suppressing properties
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(Kalafateli et al., 2019a, Chelikani et al., 2007). This suggests that the
observed tolerance may result from the tolerance effect of sCT.
Tolerance development often involves changes in receptor expression
or function in response to repeated drug exposure. This principle could
apply to sCT and its effect on AMYR or CTR in reward-related brain
areas. It is known that repeated calcitonin exposure downregulated the
CTR in osteoclasts (Samura et al., 2000, Wada et al., 1996). Another
possible explanation is behavioral adaptation. Organisms may adapt
behaviorally to the presence of sCT, due to compensatory mechanisms
within the reward pathway that diminish the suppressive effects of sCT
on alcohol intake. However, recent studies on other dual amylin and
calcitonin receptor agonists have shown promising results in
maintaining their efficacy over time, suggesting a potential resistance to
tolerance effects (Larsen et al., 2021, Gydesen et al., 2017, Andreassen
et al., 2014). Studies have shown that KBP-042, a dual amylin and
calcitonin receptor agonist demonstrates a more potent activation of the
amylin and calcitonin receptor than sCT (Andreassen et al., 2014). This
enhances receptor activation and thus likely contributes to the prolonged
effects observed. While these findings are promising for obesity and
type II diabetes treatment, the effects of KBP-042 on alcohol intake have
not been examined. However, another study with dulaglutide and sCT
demonstrated that adding sCT to an ongoing dulaglutide treatment
reduced alcohol intake in both male and female rats on several alcohol-
drinking sessions in contrast to when sCT and dulaglutide were initiated
simultaneously (Arands et al., 2024). These findings suggest that
altering the treatment paradigm could potentially overcome the
observed tolerance effect.

In summary, while semaglutide appears to have long-term effects on
drug-related behaviors, the combined treatment exhibits a tolerance
effect that requires further investigation and optimization before it can
be developed as a potential treatment option for SUD.

SYNERGISM

Given the complexity of the mechanisms underlying AUD, combining
therapeutic agents may enhance treatment efficacy. An advantage of a
potential synergistic effect is that it allows for the use of lower doses in
treatment, which may help minimize adverse effects. Previous research
has shown that a combination of naltrexone and/or antismoking agents
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such as varenicline or bupropion synergistically reduces alcohol intake
in rodents (Séderpalm et al., 2020, Zhou et al., 2019, Ray et al., 2021,
Nicholson et al., 2018). Moreover, treatment with tirzepatide, a
compound that targets both GLP-1R and glucose-dependent
insulinotropic polypeptide receptors (GIPR), has shown promising
results in reducing alcohol intake (Quddos et al., 2023). In contrast, the
combination of semaglutide with the antismoking agents varenicline or
bupropion did not demonstrate any superior effect on alcohol intake
compared to semaglutide alone (Arands et al., 2023). In Paper II, we
investigated the combined effects of dulaglutide and sCT, both of which
have been shown to reduce alcohol intake as monotherapies (Vallof et
al., 2020, Kalafateli et al., 2019a). Previous research demonstrated that
combining a GLP-1R agonist and an AMYR agonist produces a
synergistic-like reduction in food intake and body weight (Liberini et
al., 2019). Similarly, we found that subthreshold doses of dulaglutide
and sCT, which do not independently affect alcohol intake, produced a
synergistic-like reduction in alcohol consumption when combined
(combination C, 0.075 mg/kg dulaglutide + 2 pg/kg sCT). The same
dose combination also demonstrated an effect on relapse-like drinking,
significantly reducing alcohol intake upon reintroducing alcohol after a
period of abstinence. However, repeated treatment revealed a tolerance
effect on alcohol intake, as discussed above, likely attributed to sCT,
which has been previously shown to induce tolerance (Kalafateli et al.,
2019a). The combined treatment loses efficacy when tolerance to sCT
develops, reinforcing the evidence that dulaglutide and sCT work
synergistically to reduce alcohol consumption. This further highlights
the critical role of their synergy at these doses in achieving the observed
reduction in alcohol intake.

GLP-1 and amylin receptor agonists activate distinct yet
interconnected neural circuits. Previous research has shown that dual
activation of these receptors enhances c-Foc activation in the dorsal
vagal complex, indicating a more robust neural response (Liberini et al.,
2019). While GLP-1 and amylin exert complementary peripheral actions
— GLP-1 receptor agonists stimulate insulin secretion from pancreatic f3-
cells and amylin analogs reduce insulin requirement (Wong et al., 2023,
Roth et al.,, 2012) — it remains unclear whether these mechanisms
influence alcohol intake. Given that both amylin and GLP-1 target
reward-related brain areas (Vallof et al., 2019a, Kalafateli et al., 2021b)
combination therapy may more effectively modulate dopaminergic
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signaling in these regions, potentially contributing to reduced alcohol
consumption.

In conclusion, the insights gained from the synergistic-like effects
observed in this study could serve as a foundation for further research
into developing effective treatment options for SUD.

SEX DIFFERENCES

The discovery of neurobiological sex differences in mechanisms
associated with SUD and evidence showing that women achieve better
outcomes in programs tailored to their specific needs underscore the
importance of gender-specific treatment approaches (Harris et al., 2022,
Agabio et al., 2017). These findings highlight that men and women may
benefit from distinct strategies in addressing SUD, reflecting the
necessity of personalized care to optimize treatment effectiveness for
each group.

Several studies in this thesis include both male and female rats,
revealing potential sex-dependent effects. In Paper I, semaglutide
reduced alcohol intake both acutely, repeatedly, and after a period of
abstinence in both sexes, with similar results. However, a slight
difference in sensitivity and response magnitude was observed between
the sexes. Semaglutide significantly decreased alcohol intake during
five alcohol-drinking sessions in females compared to three in males.
Paper II revealed that higher doses of the dulaglutide and sCT
combination are required to reduce alcohol intake in female rats
compared to male rats. A previous study found that dulaglutide
treatment affected alcohol intake differently between the sexes, with
males exhibiting a more pronounced and longer-lasting reduction in
alcohol intake post-treatment compared to females (Vallof et al., 2020).
sCT treatment as monotherapy has solely been examined in male rats;
however, AM1213, a selective long-acting amylin analog, has shown an
initial decrease in alcohol intake in both sexes. Alcohol consumption
was increased at later sessions in males, while consumption in females
returned to baseline drinking (Kalafateli et al., 2021c). While
semaglutide appeared to have similar results on alcohol intake between
the sexes, dulaglutide showed a greater impact in males, underscoring
the importance of conducting sex-specific research to advance
understanding and the development of tailored treatment.
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In Paper 111, a sex difference was observed on alcohol intake and the
associated neurochemical pathway in the mid-PVT. sCT locally
administered into mid-PVT decreased alcohol intake in male rats but not
in female rats, even though a higher dose was examined. CTR was found
in mid-PVT of both sexes and no significant difference was observed
between the sexes in the expression of the receptor. However, when
analyzing the co-localization of CTR on glutamatergic neurons
projection to NAc shell was a significant difference found between the
sexes as a possible explanation for the different responses to alcohol
intake. Paper IV primarily focused on male subjects in the majority of
experiments; however, cocaine-induced dopamine levels were found to
decrease in both sexes following semaglutide pretreatment. Previous
research has found that males show a greater mesolimbic dopamine
response than females when consuming alcohol, demonstrating a higher
sensitivity to alcohol-rewarding effects (Dir et al., 2017, Becker and
Koob, 2016). Since the effects of gut-brain peptides on alcohol intake
appear to arise from their modulation of the reward circuitry, this may
provide a possible explanation for the observed sex-dependent effects of
dulaglutide and sCT having a greater impact in males than in females.
Earlier findings have demonstrated sex differences with other types of
treatment; for example, acute administration of bupropion and
naltrexone reduced alcohol intake in male mice but not in female mice
(Zhou et al., 2019). These findings are supported by some clinical
evidence showing that naltrexone is effective in men but not in women
with AUD (Garbutt et al., 2005, O'Malley et al., 2007). In contrast, other
studies have shown that women experienced significantly greater
reductions in craving scores compared to men in a study involving
extended-release naltrexone for alcohol use (Herbeck et al., 2016). This
underscores the need for further investigation into sex differences in
treatment against AUD.

Furthermore, sex-specific variations in AMYR expression have been
observed, with notable differences in CTR expression in the striatum of
zebra finches (Zachar et al., 2019). Different expression and expression
patterns of GLP-1R and/or AMYR could potentially contribute to sex-
based differences in alcohol intake responses. Another possible factor is
the pharmacokinetic properties of the drugs. A pharmacokinetic analysis
of liraglutide revealed that its exposure was 32% higher in women than
in men of comparable weight (Overgaard et al., 2016), indicating
potential differences in drug absorption or elimination between sexes.
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Additionally, sex hormones may influence the gut-brain axis, which can
impact the central nervous system and endocrine system. However,
further research is needed to fully elucidate this mechanism.

Taken together, the sex-specific effects observed in this thesis
emphasize the need to incorporate both males and females into
preclinical research for maximize benefits for both sexes.

FOOD INTAKE AND BODY WEIGHT

Gut-brain peptides are well-recognized for their role in regulating food
intake by enhancing feelings of satiety, thereby contributing to reduced
caloric consumption and subsequent decreases in body weight. In Paper
I, semaglutide reduced food intake and body weight in both male and
female rats, with a more prominent decrease in body weight in male rats
than in females, consistent with the results on the alcohol intake. These
findings are further supported by the results in Paper IV, where
semaglutide, at all doses, decreased both food intake and body weight
in male rats. Likewise, prior studies have shown that semaglutide
reduces body weight and food intake in rodents (Gabery et al., 2020). In
contrast, in clinical studies, sex differences have been consistently
observed, with women generally experiencing greater weight loss than
men (Jensterle et al., 2023). Possible explanations for the differences
observed can be that women have higher fat mass relative to lean mass,
which may contribute to a more pronounced response to treatment, as it
targets pathways involved in appetite regulation and fat metabolism
(Aldhoon-Hainerova et al., 2014). Differences in hormonal regulation
and metabolic responses between sexes may also play a role (Trevaskis
et al., 2010, Koceva et al., 2024). In Paper II, the combined treatment
of dulaglutide and sCT decreased food intake and body weight in both
sexes, demonstrating a synergistic-like effect consistent with previous
findings (Liberini et al., 2019). In Paper III, local administration of sCT
into the mid-PVT reduced body weight in males but not in female rats.
This aligns with findings using the selective long-acting AMYR agonist
AM1213, which reduced body weight in both sexes but showed a more
pronounced effect in males (Kalafateli et al., 2021c). In summary, these
findings highlight sex-specific differences in body weight loss,
underscoring the need for further investigation to optimize dosing
strategies to maximize benefits for both sexes.
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OVERLAPPING AND DISTINCT
MECHANISMS

Gut-brain peptides play a role in both homeostatic needs (hunger) and
hedonic (pleasure-driven) aspects of feeding. Gut-brain peptides convey
information about the body’s nutritional state to the brain, particularly
the hypothalamus (Li et al., 2023, Timper and Briining, 2017). Gut-brain
peptides also influence neural systems involved in reward and
motivation, thereby modulating hedonic feeding and reward of alcohol
and cocaine (Woodward et al., 2022). In Paper I, semaglutide was
shown to reduce the intake of palatable food, suggesting that it
modulates hedonic feeding. This is further supported by previous studies
reporting similar findings, such as a decrease in chocolate consumption
in mice (Gabery et al., 2020). Additionally, our results revealed an
increase in chow intake as compensation for decreased intake of
palatable food intake, aligning with prior research that observed a
nonsignificant rise in chow consumption following semaglutide
treatment (Gabery et al., 2020). These findings suggest that the
reduction in palatable food consumption is likely mediated through
reward-related mechanisms, rather than solely through GLP-1R’s
effects on satiety. This dual effect — decreasing hedonic eating while
increasing homeostatic feeding — points to a complex role of GLP-1R in
regulating both reward-driven and energy-driven food intake. In Papers
I, 11, I1I, and IV, treatment with various gut-brain peptides decreased
chow intake, suggesting an effect on homeostatic feeding. Lower doses
of the combination treatment with dulaglutide and sCT (Paper II)
reduced food intake but not alcohol intake, and local administration of
sCT into the mid-PVT (Paper III) decreased food intake in females
without affecting alcohol intake. Moreover, the lowest dose of
semaglutide examined on cocaine intake indeed decreased food intake
without altering the self-administration of cocaine intake (Paper IV).
This suggests that the anorexigenic effects of gut-brain peptides on food
consumption may involve more sensitive or distinct neural circuits than
those regulating alcohol consumption. It has been concluded that central
and peripheral GLP-1 systems independently regulate food consumption
via distinct gut-brain circuits (Brierley et al., 2021). Previous research
has demonstrated that central GLP-1 systems are involved in
suppressing alcohol and cocaine intake (Hernandez et al., 2019,
Hernandez et al., 2018, Vallof et al., 2019a). However, further studies
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are needed to determine whether both central and peripheral GLP-1
systems contribute to this effect. Moreover, with repeated treatment
using the combination of dulaglutide and sCT (Paper II), we observed
a consistent decrease in food intake and body weight across all time
points, whereas alcohol intake was only reduced initially, likely due to
a tolerance effect of sCT (Kalafateli et al., 2019a).

These findings support our hypothesis that food and alcohol intake
share some common mechanisms while engaging distinct action
pathways.

LIMITATIONS

A limitation of this thesis is the absence of female subjects in some
experiments, particularly in Paper IV. Our findings, especially in
Papers II and III, reveal several sex-dependent effects, emphasizing
the importance of investigating both sexes in future studies. Further, the
inclusion of different rat strains in Papers II and III could be
considered as a potential limitation. Similarly, the use of both mice and
rats in Papers I, III and IV may also present limitations. Another
limitation is that repeated treatment with sCT shows a tolerance effect
in Paper II, particularly in alcohol intake suppression. This limits the
long-term effectiveness of this treatment and necessitates further
exploration of strategies to mitigate tolerance development. Moreover,
Paper II suggests a potential synergistic effect from the combination of
a GLP-1R and an AMYR agonist. However, a limitation is the absence
of advanced mathematical modeling to rigorously confirm this
synergistic effect. An additional limitation in Paper II is that only the
combination treatment of Combination C was evaluated in the
abstinence-induced drinking test, while monotherapy at these doses was
not assessed for its effect on this behavior. Although semaglutide
(Papers I and IV) appears more effective than other GLP-1R agonists,
direct comparative studies between semaglutide and other GLP-1R
agonists are lacking. Furthermore, while GLP-1R and AMYR agonists
modulate alcohol and cocaine intake (Papers I and 1V), their impact on
poly-substance use remains unexplored, limiting their application in
more complex SUD scenarios. Most studies in this thesis (Papers I-1V)
focus on acute or short-term outcomes, with a limited investigation into
the long-term impact of GLP-1R and AMYR agonists on alcohol or
cocaine use. Additionally, rodent models do not fully replicate the
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complexity of human SUD, including psychological, social, and
environmental factors. The predictive validity of these models for
clinical outcomes remains a limitation, highlighting the need to examine
these substances in a clinical setting. In Paper III, mid-PVT is
investigated in behavioral studies; however, a limitation is the lack of
exploration of the anterior and posterior parts of PVT. In Papers II and
II1, sCT is used as an agonist for amylin and calcitonin receptors; its
tolerance-inducing effects pose limitations for long-term studies.
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CONCLUSION

In summary, the findings from this thesis highlight the critical role of
gut-brain peptides, particularly GLP-1 and amylin, in modulating
alcohol- and cocaine-related responses.

Semaglutide at low doses demonstrated significant potential in reducing
both voluntary intake and relapse behaviors associated with alcohol and
cocaine. Further, the combination of GLP-1R and amylin agonists
showed synergistic-like effects in suppressing alcohol intake and relapse
in male rats, suggesting a novel approach to enhancing treatment
efficacy. An advantage of using lower doses while maintaining efficacy
in reducing drug intake is the potential to minimize side effects.
Furthermore, new evidence revealed the presence of CTR in the mid-
PVT with its activation playing a role in reducing alcohol-related
responses in males. The involvement of these peptides in reward-related
responses, along with their ability to modulate dopamine levels,
provides insights into potential therapeutic strategies for SUD. Notably
the sex-specific effects observed within this thesis highlight the
importance of including both sexes in future research. Overall, the
research underscores the potential of gut-brain peptides as key players
in the development of effective treatments for AUD and CUD.
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FUTURE PERSPECTIVES

Gaining knowledge often raises new questions. Reflecting on the
findings of this thesis, there are several ways in which this work could
be further advanced.

It would be valuable to investigate further the neurocircuitry underlying
semaglutide’s effects on alcohol-related behaviors. Our findings in
Paper I suggest that reduced alcohol intake is linked to a decrease in
alcohol-induced dopamine release via increased dopamine metabolism.
This could be explored further in female rodents and possibly in alcohol-
experienced rodents of both sexes to determine whether prior alcohol
exposure influences the outcome. Additionally, as evidenced by
elevated levels of DOPAC and HVA, along with upregulated expression
of the dopamine-metabolizing enzymes MAOA and COMT, future
studies could use MAOA or COMT inhibitors to assess whether this
metabolic mechanism is critical to the observed effects. Furthermore,
we demonstrated in Paper I that a fluorescently labeled semaglutide
compound binds in the NAc. However, further studies are necessary to
determine the precise localization of semaglutide binding, such as
whether it is positioned on neurons, astrocytes, or other cell types and
whether semaglutide crosses the blood-brain barrier in alcohol-
experienced rats to reach NAc. Previous studies have indicated that
semaglutide does not cross the blood-brain barrier but can still interact
with the brain through alternative mechanisms in alcohol-naive rodents
(Gabery et al., 2020). Alcohol consumption, however, has been shown
to impair the integrity of the blood-brain barrier by disrupting tight
junction proteins, which are essential for maintaining its structure
(Carrino et al., 2021). Therefore, further research is needed in alcohol-
experienced animals to determine whether semaglutide might cross the
compromised blood-brain barrier in these cases and reach the brain.
Given semaglutide’s higher potency and affinity for GLP-1R, it would
be interesting to compare its efficacy against other GLP-1R agonists and
semaglutide administered orally to determine whether it offers a
superior reduction in alcohol intake and cocaine self-administration.
Furthermore, in Paper I, semaglutide did not alter anxiety-like behavior
in males but slightly increased anxiety-like behavior in females. This
outcome warrants further investigation in alcohol-experienced rats. In
Paper 11, further exploration of optimal dosing in female rats would be
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beneficial, as higher doses were required to reduce alcohol intake in this
group. Further research into the tolerance effect observed with sCT is
also warranted, including potential strategies to mitigate or overcome
this limitation. Additionally, evaluating other combinations of GLP-1R
and AMYR agonists, such as semaglutide paired with a more long-
acting AMYR agonist like cagrilinitide, could yield promising results.
In Paper III we found that CTR is present in PVT and through all three
different subregions (anterior, mid, and posterior) in both sexes. Despite
this, the infusion of sCT, an CTR and AMYR agonist, locally in mid-
PVT decreased alcohol intake in males but not in females probably due
to differences in the amylinergic pathway between the sexes. It would
be valuable to investigate this further, specifically examining sCT
locally administrated in anterior and posterior PVT on alcohol-related
responses in both sexes. It would further be interesting to explore the
effect of infusions of sCT in the different subregions on dopamine
release in NAc. While previous studies have established that activation
of both GLP-1R and AMYR in the NAc, and other reward-related arcas
decreases alcohol intake in male rats, it would be valuable to examine
these effects in both sexes and evaluate potential sex differences.
Investigating sex-dependent differences through measures of sex
hormones in male and female subjects, could provide deeper insights
into their influence on gut-brain peptide signaling and alcohol intake, as
sex-hormones is known to impact AUD (Erol et al., 2019). Additionally,
selecting a more selective AMYR agonist for the experiments described
above, while excluding the involvement of CTR, could provide deeper
insights into the role of AMYR in alcohol-related responses. In Paper
IV we showed that semaglutide decreases cocaine self-administration,
motivation to consume cocaine, and cocaine seeking in male rats. Future
studies should investigate the effect of semaglutide on cocaine-related
responses in female rodents. Furthermore, it would be interesting to
discover more about the neurocircuitry underpinning the results
observed in male rats in Paper IV. We demonstrated that semaglutide
decreased cocaine-induced dopamine release in both cocaine-naive male
mice and cocaine-experienced male and female rats. However, the
underlying mechanism behind the reduced dopamine levels remains
unclear. Future studies investigating semaglutide’s effect on DAT
would be valuable, as previous research has shown that GLP-1R
activation enhances DAT surface expression and function in the lateral
septum (Reddy et al., 2016). Finally, it would be intriguing to investigate
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the effects of GLP-IR and AMYR on poly-substance use. The
comorbidity between AUD and CUD can be attributed to both biological
and social factors, as pathological alcohol use enhances cocaine use, or
reverse cocaine use intensifies alcohol use (Griffin et al., 2017).
Additionally, it would be interesting to explore the role of gut-brain
peptides in other SUDs and behavioral addictions, such as gambling
disorder and gaming disorder.
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