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Summary

Binge eating disorder (BED) received recognition as a specific eating disorder in 2013 in
the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5). It is characterized by
consumption of large amounts of food within a short period of time. Individuals report
feelings of distress and lack of control. Bingeing must occur at least once a week over 3
months for the individual to be diagnosed with binge eating disorder. Recent studies have
described close similarities between BED and substance use disorders (SUD) but there is no
clinical agreement on “food addiction”. Nevertheless, some neurobiological and behavioral
adaptations are common to both disorders. Implication of the endogenous opioid and
endocannabinoid systems in such adaptations has been proposed. This may help to explain the
comorbidity of BED and SUD, with a particularly high prevalence of alcohol use disorder
(AUD). Recently evidence points to increases in neuroinflammatory processes within specific
brain regions of the reward pathway following consumption of abused drugs. In the same
manner, foods high in sugar and fat, which are consumed during binge episodes, also induce
neuroinflammation in regions of the reward pathway. These close similarities between BED
and SUD led us to investigate neuro-immune signaling in a mouse model of BED. As with all
mental health conditions, comorbidity of conditions can reduce efficiency of treatments and
increase the risk of relapse. Thus, identifying common mechanisms of BED and SUD may
improve therapeutic options and increase the efficacy of targeted or combined treatments.
The goals of our study was to look at neuroinflammatory processes in brain reward regions,
examine the role of mu opioid (MOP) and cannabinoid 1 receptors, and evaluate EtOH reward
and sensitivity to thermal and mechanical stimuli in animal models of BED. For the latter, we
will compare results with those from a binge alcohol model, based on evidence that BED
patients often present with clinical signs of increased pain.

Please note that some elements of the manuscript are translated in French to follow the
rules of ED 414 of the University of Strasbourg.
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Résumé

L'hyperphagie boulimique (BED) a été reconnue comme un trouble alimentaire spécifique
en 2013 dans le Manuel diagnostique et statistique des troubles mentaux 5 (DSM-5). Elle se
caractérise par la prise de grandes quantités de nourriture dans un court laps de temps. Les
individus rapportent un sentiment de détresse et une perte de controle. Les épisodes
d’hyperphagie boulimique doivent de produire au moins une fois par semaine pendant 3 mois
pour qu’un individu soit diagnostiqué. Des études récentes ont décrit des similitudes entre le
BED et I’abus de substances addictives, mais il n'y a pas d'accord clinique sur la "dépendance
alimentaire". Néanmoins, des adaptations neurobiologiques et comportementales sont
communes aux deux troubles. L implication des systémes endogénes opioide et cannabinoide
a été proposée. On s'intéresse depuis peu aux processus neuroinflammatoires associés a la
consommation de drogues dans des régions cérébrales impliquées dans le circuit de la
récompense. De la méme maniére, les aliments riches en sucre et en graisse, qui sont
fortement consommés pendant les épisodes de frénésie alimentaire, induisent également une
neuroinflammation dans les régions du circuit de la récompense. De telles similitudes entre
I'hyperphagie boulimique et 1’abus de substances addictives nous ont amenés a étudier la
neuroinflammation dans un modeéle murin de d’hyperphagie boulimique. Les comorbidités
peuvent réduire I'efficacité des traitements et augmenter le risque de rechute. Les personnes
peuvent aussi souffrir de dépendance aux drogues, avec une prévalence €levée de troubles liés
a l'alcool. Elles rapportent également des douleurs chroniques. Les objectifs de notre étude
sont d'examiner les processus neuroinflammatoires dans les régions cérébrales de la
récompense, d’évaluer le role des récepteurs mu opioide (MOP) et cannabinoide 1 (CB1), de
mesurer la récompense a I'EtOH et la sensibilité aux stimuli thermiques et mécaniques dans
des modeles animaux de BED. Pour ce dernier point, nous comparerons les résultats avec

ceux obtenus dans un modele de binge alcool.

A noter que certaines parties du manuscrit sont traduites en francais a la demande de

I'école doctorale 414 de I’Université de Strasbourg.
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Introduction

I.1 Addiction and eating disorders

1.1.1.  Addiction: definition

There is a high comorbidity between eating disorders and substance use disorders
(SUD) (Root et al., 2010). One hypothesis is that drug addiction reflects the development of
impaired brain reward circuit function. This is based on evidence that repeated drug use alters
dopaminergic signaling in the mesocorticolimbic pathway, as well as other systems including
endogenous opioid and cannabinoid systems that mediate reward. Impairments in these
systems are thought to underlie the transition to addictive behavior. BED may also be due to
reward dysfunction as the behavior is associated with dysfunction in the dopaminergic,
opioid, and endocannabinoid systems. Moreover, neurobiological and behavioral similarities
of addiction and binge eating suggest that therapeutic advances for BED could be informed by

addiction research.

“Addictions involve persistent, compulsive and uncontrolled behaviors that are both
maladaptive and destructive” (Adinoff, 2004). Interestingly, the term addiction comes from
the Latin, “addicere”, which means “assigned to” and was used to designate slaves. It
therefore represents a lack of independence and subservience to a master. In the Diagnostic
and Statistical Manual 5 addiction is defined as SUD (Table 1), combining criteria from
substance abuse and substances dependence categories in the previous edition (DSM-IV):

1- Hazardous use

2- Social/interpersonal problems related to use

3- Neglected major roles to use

4- Withdrawal

5- Tolerance

6- Used larger amounts/longer

7- Repeated attempts to quit/control use

8- Much time spent using

9- Physical/psychological problems related to use

10- Activities given up to use

11- Craving
Table 1 DSM-5 SUD 11 criteria. The subject has to demonstrate 2 or more SUD criteria within a 12 months
period.

The international classification of diseases by the world health organization also
developed its own diagnostic tool, the last version being ICD-11 released in 2016, replacing

substance use disorder term with substance dependence.
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.1.2.  Neurobiology of reward

.1.2.1.  Brain circuits of reward

Activation of dopamine (DA) neurons play a critical role in the process of reward as
shown by pharmacological and neurochemical studies using inhibitors of dopamine reuptake
and electrochemical procedures to monitor extracellular dopamine (Le Moal & Simon, 1991).
The mesocorticolimbic system is central to reward processing with dopaminergic neurons
shown to be specifically important. The ventral tegmental area (VTA) in the midbrain
contains a high density of dopaminergic neurons sending projections to the ventral and dorsal
striatum (DS), the amygdala (Amy), the hippocampus (Hipp) and the prefrontal cortex (PFC)
(Volkow & Morales, 2015). These neurons are activated by motivationally-salient stimuli,
informing the organism that they are encountering rewarding or aversive events. The nucleus
accumbens (NAcc) is the main target of the dopaminergic projections from the VTA. DA
release in the NAcc is increased in response to reward, with the amplitude of release being
correlated with reward expectancy (Volkow & Morales, 2015; Zweifel et al., 2009). The Amy
is involved in reward valuation (Wassum & Izquierdo, 2016), whereas the Hipp also encodes
drug related memories in contextual control of reward seeking (Goodman & Packard, 2016).
The DS is involved in goal directed behavior and habitual control of behavior (Malvaez &
Wassum, 2019) and the PFC regulates executive control (Juarez & Han, 2016). Taken
together, these brain regions produce a coordinated response to environmental stimuli that

signal reward.

Drugs of abuse also act on the mesocorticolimbic system to increase DA signaling (Juarez
& Han, 2016). Repetitive drug exposure rewires brain signaling and underlies the
neurobiological transition from adaptive to maladaptive responses by modulating the

dopaminergic system (i.e.: addiction) (Volkow & Morales, 2015).

The neurobiology of drug reward may be described in terms of two dissociable processes.
While DA is an essential component of “wanting” drugs (and other rewarding stimuli), the
opioid system is an essential component of “liking” (Berridge, 2009). The endogenous opioid
system consists of 3 main receptors: the mu, delta, kappa and receptors (MOP, DOP, KOP)
and a forth receptor was cloned later on presenting strong homology with the opioid receptor
but less than the homology presented between the 3 main receptors (Toll et al., 2016). These
receptors belong to the G-protein coupled receptor family (GPCR) with coupling Gi/Go
proteins. Binding to these receptors reduces neuronal excitability and neurotransmitter

release). Four main endogenous opioid ligands: beta-endorphin, enkephalin, dynorphin and
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nociceptin have been described, each released from post-translational cleavage of the
precursor  proteins  proopiomelanocortin,  preproenkephalin,  prodynorphin  and
prepronociceptin respectively (Gavériaux-Ruff C., 2013) and is implicated in diverse
functions such as pain, reward and affective processing. Opioid receptors and opioid peptides
are expressed throughout the nervous system including in regions of the mesocorticolimbic
reward pathway, where they modulate dopaminergic signaling . In the VTA, MOPs are
localised, primarily, on GABA presynaptic terminals that normally inhibit DA neuronal
activity (Steffensen et al., 2006). As a result, activation of all three opioid receptors potentiate
DA release within the NAcc, as evidenced by in vivo microdialysis studies (Devine & Wise,

1993).

As with endogenous opioids, the endocannabinoid system (ECS) has a modulatory effect
on DA reward systems (Befort, 2015). The ECS contains 2 main receptors: the cannabinoid 1
receptor (CB1) and the cannabinoid 2 receptor (CB2). Both belong to the GPCR family with
coupling Gi/Go proteins. CB1 is one of the most abundant GPCR in the brain (Howlett &
Abood, 2017). Binding to these receptors reduces neuronal excitability and neurotransmitter
release. This system also comprises endogenous ligands: N-arachidonylethanolamide, named
anandamide (from the Sanskrit word Ananda meaning joy/bliss) and 2-arachidonoylglycerol
(2-AG). In the same manner as opioids, cannabinoids inhibit GABAergic transmission in the
VTA, leading to increased release of DA (Szabo et al., 2002). Systemic administration of an
anandamide analog increases NAcc DA levels (Solinas & Justinova, 2006) whereas CB1

antagonists block DA release in rats following drug administration (Cheer et al., 2007).

The opioid and endocannabinoid systems interact and, interestingly, are both located in
brain reward regions, such as in the NAcc. Supporting the idea that neural systems of liking
and wanting are distinction, DA depletion does not suppress ‘liking’ responses to rewarding
stimuli, such as sucrose. In contrast, liking is modulated by the opioid and endocannabinoid

systems at the levels of hedonic hotspots (Mitchell et al., 2018).

.1.2.2.  Behavioral tasks to measure reward
Investigations into the neurobiology of reward are informed by animal behavioral
experiments that measure reward processes. Reward components may be into motivation,
learning and affect (Berridge & Robinson, 2003). We will focus on one of the most
commonly used experiment to measure drug reward, which is the conditioned place
preference (CPP) paradigm that is based on principles of Pavlovian conditioning (Tzschentke,

1998) and measures associative learning of conditioned and unconditioned stimuli. The CPP
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procedure involves conditioning sessions in which one environment is paired with a drug
injection and another is paired with a neutral (vehicle) injection. During testing, animals are
allowed to freely explore the two environments. Increased time spent in the drug-paired
compartment is a measure of the rewarding properties of the drug. Importantly, there is strong
concordance between drugs that produce a CPP and those that support self-administration. In
1940, the earliest CPP experiment was used to assess the rewarding effects of morphine in
dependent chimpanzees (Szabo et al., 2002). The SA paradigm in rodents was first used by
Weeks (1962) to study addictive like responses to morphine. Measuring drug intake at
different doses allowed researchers to assess physical dependence when the drug was

removed and withdrawal like symptoms were measured (Weeks, 1962).

1.1.3.  History gnd concept of food addiction
An increased number of public reports (Figure 1) and scientific (Figure 2) support the

idea that maladaptive eating, including binge eating, can be conceptualized as an addictive

/ ‘ (s I"‘(\\'ﬂmh '}
-

il

Figure 1 Public reports on food addiction. There is a strong public interest of the concept of food
addiction a. “Le sucre, la nouvelle drogue douce » ( Derniéres nouvelles d’Alsace, December 2017). b.
« La nourriture peut-elle étre a I'origine d’une addiction ? » (Sciences et Vie, December 2019).

behavior. Within the scientific community, however, the concept of food addiction is still
debated (Fletcher & Kenny, 2018). The recognition that food addiction may explain at least
some components of eating disorder will affect the policy, prevention and therapeutic

programs to treat these disorders.
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Figure 2 Number of scientific publications on addiction. The graphs shows the number of scientific articles on
the topic of food addiction published each year over a 25 year period. The database used to perform the
research was Web of Science. The search term was “food addiction” as a topic (graph from Meule, 2015).

The term addiction when referred to food has already been used in the past by the
scientific community, before gaining public interest, reflected by an increase in media reports
of scientific findings (Meule, 2015). The “Journal of inebriety” in 1890, was the first
scientific journal mentioning dependence to chocolate. In 1970, Thorner describes a behavior
reminiscent of drug addiction in which individuals with bulimia feel trapped in a vicious cycle
of eating more and more to escape anxiety but with no feeling of satisfaction (Thorner, 1970).
Furthermore, Thorner describes his concerns of overeating as an addictive disorder: “There is
also another problem which I can only touch on; the relationship between overeating and
addiction. Overeating has been called addiction to food. It is true that there are some
elements which both food and drug addiction have in common, i.e. the compulsive character.
But there are other elements which differentiate overeating from drug addiction ; the manic
element, on which Freud lays great stress, and idealization of the object of addiction are

missing. Also, the intoxicating effect of the drug is not present in overeating.”

The psychoanalytic theory describes overeating as an oral conflict (Meule, 2015). It is
according to Wulff in 1932, an oral erotic introjection of a genital relationship. Freud
describes eating disorders as an unconscious sexual conflict, representative of an “oral

sadistic, cannibalistic oral fantasy”.
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In 1956, Randolph introduces food addiction to the scientific literature. He contrasted the
concept of “food addiction” with “food sensitivity”. According to his definition, food
sensitivity, also known as an allergic reaction, causes an immediate sharp reaction. On the
other hand, food addiction causes reversal delayed effects that he calls “food addiction
hangover”. As an example of hangover symptom he describes: “The milk-sensitive patient,
for instance, often learns that raiding the icebox for a piece of cheese is more effective in her
case than sleeping pills.” Interestingly, and in line with current debate of food addiction,
Randolph points out that according to the individuals, some addictive eating behaviors lead to
obesity and others to binge eating putting forwards the non-constant relationship between
binge eating and obesity. Moreover, he compares addiction to refined and non-refined food. A
point that is all the more relevant because today there is a debate whether food addiction
should rather be called eating addiction described as a behavioral addiction since there is a
lack of evidence on specific macronutrient addiction in humans (Hebebrand et al., 2014). He
says that the food used to produce the addicted alcoholic beverage can reproduce the same
hangover symptoms however in a slower manner since absorption is much faster for alcohol

(Randolph, 1956).

Finally, some argue even though food addiction is not in the DSM-5, diagnosing patients
as food addicts seems to improve compliance according to his observations. This is also
another important point because it has been observed with the Overeaters anonymous
program bringing support to individuals who perceive themselves as overeaters (Rodriguez-
Martin & Gallego-Arijiz, 2018).

1.1.4.  Addiction traits in eating disorders

Overeating episodes in eating disorders patients are usually directed towards calorie dense
and highly palatable foods (Hill & Peters, 1998). To explain this behavior, evolutionary
biologist have proposed 3 theories of overeating:

1- The thrifty gene hypothesis by James Neel (1962) suggests that genes which were

historically advantageous became detrimental with time e.g. genes which predisposes
to diabetes (Meule. 2015).

2- The drifty gene hypothesis by Speakman (Speakman, 2008) contradicts the thrifty
gene hypothesis. According to the author, the thrifty gene hypothesis insinuates that
we should all be obese and diabetic by now. He suggests that the removal of predation
as an upper boundary in energy intake and expenditure is one of the reasons for the

genetic drift to consume highly palatable foods.
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3- Hales and Baker (Hales & Barker, 2001) argue that a nutrient-poor intrauterine
environment engages the development of an adaptation that increases the risks of

chronic diseases such as obesity and diabetes.

Across time, the term food addiction was used to explain obesity or overeating but
also eating disorders such as anorexia nervosa (AN) and bulimia nervosa (BN). AN is
characterized by persistent refusal of food, excessive fear of weight gain, refusal to maintain
minimally normal body weight, disturbed perception of body image and amenorrhea. BN
involves recurrent episodes of binge eating followed by inappropriate compensatory
behaviors (e.g.: self-induce vomiting, misuse of laxatives, fasting, excessive exercise)
(American Psychiatric Association, 2013). In these disorders, the role of the endogenous
opioid system was already reported. AN was first described as a starvation dependence and
this idea was subsequently supported by the elevated endogenous opioid activity in the
cerebral spinal fluid, described as the auto addiction opioid theory by keeping on a negative
energy balance to avoid depletion of opioids (Marrazzi & Luby, 1986). AN individuals also
show increases in plasma circulating AEA (Monteleone & Maj, 2009) as well as an increase
of CB1 in discrete brain regions Gerard 2011. BN is characterized by excessive eating
Individuals manifests an increase of opioids following eating suggesting a deficiency of the
opioid system activity (Gillman, 1986). ECS is also implicated in BN with increased CB1 in
the insular cortex (Monteleone & Maj, 2009). In contrast, personality assessments do not
support the idea of addictive personality traits in women with BN, having significantly lower

scores than women with drug abuse (Hatsukami et al., 1982).

The Yale Food Addiction Scale (YFAS) tool is used to assess food addiction based on
the DSM-IV substance abuse diagnostic criteria. It measures 7 symptoms, if at least 3
symptoms are met with clinical impairment or distress, food addiction is diagnosed. This scale
has been used to diagnose BED and may represent a subgroup of more disturbed BED
individuals since they presented more severe symptoms (Linardon & Messer, 2019).
Therefore, BED is an eating disorder that shows addiction traits, at least according to this

criterion, which will be explored in the following section.
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Figure 3 Food addiction across time. Psychological, neurochemical and neuroimaging studies bringing supportive evidence for food addiction overtime.
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1.1.5.  BED: Definition, epidemiology and neurobiology

1.1.5.1.  Definition and epidemiology

Binge eating disorder received formal recognition in 2013 by the DSM-5 with its own

diagnostic criteria (American Psychiatric Association, 2013):

DSM-5 diagnostic criteria for Binge Eating Disorder
Criterion A. Recurrent episodes of binge eating. An episode of binge eating is characterized by both
of the following:

1. Eating in a discrete period of time (e.g.: within any 2-hour period) an amount of food that
is definitely larger than what most people would eat in a similar period of time under
similar circumstances

2. A sense of lack of control over eating during the episode (e.g.: a feeling that one cannot
stop eating or control what or how much one is eating)

Criterion B. The binge eating episodes are associated with 3 (or more) of the following:

1. Eating much more rapidly than normal

2. Eating until feeling uncomfortably full

3. Eating large amounts of food when not feeling physically hungry

4. Eating alone because of feeling embarrassed by how much one is eating
5. Feeling disgusted with oneself, depressed, or very guilty afterward

Criterion C. Marked distress regarding binge eating is present
Criterion D. The binge eating occurs, on average, at least once a week for 3 months
Criterion E. The binge eating is not associated with the recurrent use of inappropriate compensatory
behavior as in bulimia nervosa and does not occur exclusively during the course of bulimia nervosa
or anorexia nervosa
Severity grading.
Mild: 1 to 3 episodes per week
Moderate: 4 to 7 episodes per week
Severe: 8 to 13 episodes per week
Extreme: 14 or more episodes per week
Table 2 Diagnostic criteria for BED according to the DSM-5 (adapted from Berkman).

Its prevalence exceeds that of AN or BN ranging from 1.4% to 3.5% and is most common

amongst women (Hudson et al., 2008; Kessler et al., 2013a). However, these results are

obtained according to criteria from DSM-IV which has different criterion for frequency and

duration (at least 2 days a week for 6 months) and does not include severity (Table 2). A more

recent study was able to show that the prevalence rate of BED was higher when considering

DSM-5 criteria than DSM-IV (Cossrow et al., 2016).
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.1.5.2.  The control of food intake
a) Homeostatic signals from the periphery
The regulatory control of food intake is influenced by satiation signals controlling the size
of the meal which is regulated by gastric and intestinal mechanisms. Satiety signals control
time intervals between meals and are regulated by gut hormones transmitted via the vagal
nerve and the spinal nerve as well as fat storage signals which act over a longer term (Figure
4).

3, Satiation: controls size of the

meal

-physiological signals from the GIT,
stomach, proximal intestine and colon
-psychological mechanisms

Hunger

Satiety: controls intervals between

meals

-short term signals from GIT

-long term signals from body energy
stores

Figure 4 The food cycle of satiation and satiety ( adapted from Abdalla M.M.I, 2021)

Mechanisms of satiation have been proposed (Figure 5): the gastric distension is
communicated to the brain through the nerves. In the gastrointestinal tract, the gut peptide
hormone cholecystokinin (CCK) is secreted postprandially by small intestinal cells and its
action is mediated through the CCK1 receptor on vagal nerve afferent. It reaches a peak 15
minutes after the meal. The short term signals of satiety involve ghrelin, the only known gut
peptide hormone to have an orexigenic action. It directly acts on its receptor in the
hypothalamus, the growth hormone secretagogue receptor. However, ghrelin can also
influence long term energy balance since it is inversely correlated with body fat mass.
Glucagon-like peptide-1 (GLP-1) is expressed in the intestine and influences increase of
insulin secretions as an incretin. It binds to its receptors in the hypothalamus and acts on the
nucleus solitary tract through the vagal nerve. There are also satiety signals that communicate
fat storage, which is a long term signal. Leptin, a peptide hormone, is expressed in the adipose
tissue and can directly inhibit orexigenic neurons and stimulate anorexigenic neurons in the

hypothalamus. Insulin is a peptide hormone expressed by B-cells of the pancreas, it has a short
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term action by rapidly increasing following food intake to control glycemia and has a long

term effect by increasing levels with weight (Benelam, 2009; Marx, 2003).

b) Neural circuits involved in homeostatic and hedonic control of feeding
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Figure 5 Appetite controllers. The body produces peptide hormones that regulate hunger and satiety in the central
nervous system. Insulin and leptin are anorexigenic peptide hormones. Insulin derives from the pancreas and leptin
from the adipose tissue. Cholecystokinin is a gut hormone peptide with anorexigenic properties. Most of the
information are transmitted through the vagus nerve to the brain stem. (Adapted from abdelhay 2017)

The hypothalamus is the main region of the brain involved in homeostatic control of food
intake and integrates the peptide hormone signals from the periphery (Morton et al., 2014). It
contains many nuclei, including:

-The arcuate nucleus (ARC) that contains orexigenic neurons co-expressing agouti related
peptide (AgRP) and neuropeptide Y (NPY) and anorexigenic neurons co expressing cocaine
and amphetamine related transcript (CART) and pro-opioimelanocortin (POMC). AgRP/NPY
neurons are activated by ghrelin and inhibited by leptin, insulin and glucose. POMC/CART
neurons are activated by leptin and inhibited by ghrelin and insulin (Figure 5). Both neurons
send projections to second order neurons of the dorsomedial nucleus (DMN), the

paraventricular nucleus of the thalamus (PVT) and the lateral hypothalamus (LH).
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-The LH contains orexin/melanin concentrating hormone (MCH) expressing neurons involved
in increased feeding and are targeted by the AgRP/NPY and POMC/CART cells of the ARC.
It also contains neurons expressing the anorexigenic neuropeptide neurotensin. This peptide
has also been found to be expressed in the gastrointestinal tract.

-The PVT contains a high population of glutamatergic neurons and receives major input from

the LH orexin and ARC NPY/AgRP neurons.

As shown in Figure 6, hypothalamic regions involved in food intake also communicate
with regions from the reward system such as the VTA, DS and NAcc. The VTA contains 70%
of DA neurons, 30% of GABA neurons and 2-3% of glutamate neurons approximately. The
LH can control the DA neurons activity of the VTA thanks to GABA, glutamate, orexin and
neurotensin neurons and promotes incentive, reinforcing and motivational aspects of food
intake (Palmiter, 2007). Interestingly, the VTA can directly respond to neuropeptide
hormones from the periphery. Ghrelin can activate DA neurons and favor palatable food
intake over regular chow (Egecioglu et al., 2010). After binding to its receptor, leptin inhibits
DA neurons activity and decreases food intake (Hommel et al., 2006). GLP-1 and insulin also
inhibit DA neuron of the VTA and decrease high fat food intake and response to food
associated cues respectively (Labouebe et al., 2013; Wang, 2018). The striatum contains two
major populations of medium spiny neurons that express dopamine 1 receptors (D1) and D2
and are involved in the direct and indirect pathway respectively. Briefly, the direct pathway
promotes motor activity while the indirect pathway inhibits it (Macpherson et al., 2014). The
DS is involved in the initiation of feeding behavior whereas the NAcc is involved in food
rewards and associated cues. These behaviors can be stimulated by the glutamatergic

projection coming from the PVT.
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Figure 6 Schematic representation of regions and projections involved in homeostasis and
motivation.ARC, Arcuate nucleus; BLA, basolateral amygdale; CART, cocaine- and
amphetamine-regulated transcript; CIN, cholinergic interneuron; GIN, GABAergic interneuron;
Glu, glutamate; HIP, hippocampus; MCH, melanin-concentrating hormone; NPY, neuropeptide
Y; PFC, prefrontal cortex; VP, ventral pallidum, CIN: cholinergic neurons; GIN: GABAergic
neurons. (image adapted from Ferrario et al., 2016)

The ECS also plays a critical role in the regulation of feeding. Cannabis users often
report increased appetite, “munchies”, suggesting the implication of the ECS in food intake
and energy balance (Williams & Kirkham, 1999). Several studies have shown its implication
in food intake by modulating signaling in the hypothalamus and in in regions of the
mesocorticolimbic pathway (Lau et al., 2017). At the level of the ARC, CB1 agonists can
modulate POMC activity in a bimodal manner. Endocannabinoids can mediate depolarization-
induced suppression of inhibition on GABAergic and or depolarization-induced suppression
of excitation glutamatergic neurons In the LH, leptin inhibits CB1R-mediated DSI by
reducing endocannabinoids post synaptic synthesis (Jo et al., 2005). ECS can modulate
feeding via actions in the NAcc, since direct brain microinjection of AEA or 2-AG elicits
food intake (Kirkham et al., 2002; Mabhler et al., 2007). ECS also interacts with insulin
signaling in the VTA by inhibiting glutamate neuronal activity since insulin activates the
synthesis of endocannabinoids which will then participate in insulin induced long term

depression (LTD) (Labouébe et al., 2013).

Several studies have shown the interrelationship between the opioid system and

homeostatic signals. Indeed, opioid signals may regulate antagonist of melanocortin 3
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receptor (MC3R) and MC4R and maintains food intake. After blockade of the MOP using
naltrexone, a non-selective opioid receptor antagonist, AgRP activity was suppressed
(Brugman et al., 2002). It was also shown that AgRP promotes the intake of preferred food
rather than normal food, and therefore displays similar functions as opioids (Wirth & Giraudo,
2001). So, despite its implication of satisfying energy needs, AgRP might also have opioid
like effects due to its interaction with the opioid signals. There is evidence that the opioid
system regulates food intake through orexin signaling. Indeed, after selective and non-
selective blockage of the opioid receptors using selective and non-selective antagonists, food
intake decreased as did the mRNA levels of prepro-orexin (mRNA precursor of OX-A and
OX-B) in the LH. Therefore, OX induced intake is prevented by the opioid system blockade.
There is growing evidence that OX is implicated in feeding regulation of hedonic food.
Indeed, it is shown that OX neurons project to hedonic hotspot of the NAcc and enhance

hedonic reactions.

Microinjections of OX elicited positive reactions to sweet taste in rats in the same way
as opioid stimulation (Castro et al., 2016; Castro & Berridge, 2014). These findings suggest
that opioids interact with orexigenic peptide activity and regulate food intake through
homeostatic signals and that orexigenic peptides also have a role in the reward value of food
and palatable food intake. Opioids and endocannabinoids can also interact with each other at
the level of the hypothalamus as shown by Koch and colleagues. Another similarity is the
presence of endocannabinoid and opioid hedonic hotspots localized in the orbitofrontal
cortex, the insula, the NAcc shell, the VP and the parabrachial nucleus (Morales & Berridge,
2020).

.1.5.3.  Shared characteristics between BED and addiction from preclinical and
clinical studies

Why individuals eat outside of the homeostatic hunger is still under investigation.
However, as described in the previous paragraph this may reflect close interactions between
regions involved in homeostatic control of food intake with those involved in hedonic control.
The balance between those two regulatory systems may be hijacked by food and specifically
calorie dense food (usually high in fat and/or sugar). These mechanisms are observed in
obesity but also in eating disorder and share similarities with dysregulations observed in drug

addiction. There are several factors involved in the loss of a food intake balance. There are
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first environmental factors such as increased availability of food and size of meal. These can
lead to increased food intake which can perturb the homeostatic regulation over the long term
(Rolls, 2003). The palatability of food also has a role in increased food intake, as the French
expression foes “I’appétit vient en mangeant” (Sclafani, 2018). These palatable foods are
more and more available and accessible. However they can lead to increased intake by
activating specific regions of the brain involved in hedonic pathway in a manner that
increases desire for food, hunger and craving (Cocores & Gold, 2009; Pelchat et al., 2004;
Wang et al., 2004).

Binge eating shares many characteristics with addiction criteria, including reward
dysfunction, craving, emotion dysregulation and impulsivity (Schulte et al., 2017). In terms of
reward rewards, the reward deficiency theory in addiction, proposed in the 1980s, might
explain overeating and eating disorders (Blum et al., 2000). This theory contains 2 main
hypotheses, that people experience hypo- or hyper responses to reward. According to the
hyporesponse theory, individuals will seek for drug rewards to reach same level of reward
related neural circuit activation reached in other individuals with less potent rewards. This is
also correlated with adaptations at the neurobiological level, since carriers of the DR2 Al
allele have reduced receptor availability (Volkow, Logan, et al., 1999a). Interestingly, the
allele is related to compulsive overeating and is found in individuals with BED (Davis et al.,
2008). In line with the reward deficiency syndrome, individuals with addiction show
diminished brain activity in specific regions during reward anticipation observed in alcoholics
and pathological gambling which is also observed in BED individuals by functional magnetic
resonance imaging (fMRI) (Balodis et al., 2013). The hyperesponsive theory supports the idea
that individuals that show high response to drug related cues are more prone to develop
addiction. This would happen in brain areas such as the dorsolateral anterior cingulate cortex,
the dorsal and medial precortices known to be important in executive function such as
inhibitory control, the DS involved in automatic drug intake behavior for smoking cues and
the VTA and the PFC for heroin associated cues (Engelmann et al., 2012; Yang et al., 2009).
In parallel to these observations, BED individuals showed increased striatal dopamine activity
in response to food stimuli (Wang et al., 2011). There are also similarities observed in obese
patients with BED with patients presenting opioid addiction such as the presence of the MOP
allele A118G (Tagqi et al., 2019). A recent review summarizes the effects of opioid antagonists
in BED as potential treatments (Valbrun & Zvonarev, 2020). Antagonism of MOP in BED

animals models (Giuliano et al., n.d.; Katsuura & Taha, 2014a) and opioid antagonist
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(GSK1521498 with higher selectivity for MOP than DOP and KOP) in obese individuals with
BED (Ziauddeen et al., 2013) reduced binge eating. The ECS is also modulated in BED.
Human studies show an increase of plasma AEA (also in AN). The ECS in BED has been
more studied in preclinical studies. Pharmacological blockade of CBI1 reduces fat or
sweetened fat intake in binge rat models (Parylak et al., 2012; Scherma et al., 2013).
Endocannabinoid AEA levels decreased in brain related reward regions (DS, Amy and Hipp)
and CB1 density decreased in PFC and the NAcc shell (Satta et al., 2018) and its expression
decreased in the cingulated cortex (Bello et al., 2003).

Recent evidence shows that BED may be underlined by unbalanced regulation
between the homeostatic and hedonic network regulating food intake. These alterations may
lead to neurochemical and behavioral alterations similar to those observed in drug addiction.
Opioid and endocannabinoid systems are involved in hedonic eating and BED through

signaling in regions of the reward pathway.

Il. Neuroinflammation

[I.L1 The immune system (periphery)

Innate immunity is the first line of defense against pathogens. This occurs through a
complex interplay of factors that collectively work to reduce invasion. For example,
phagocytes recognize pathogen associated molecular patterns (PAMPS) or damaged
associated molecular patterns (DAMPS), eliminate foreign substances by phagocytosis and
present the antigens to antigen presenting cells which include macrophages, monocytes,
dendritic cells and B lymphocytes. In addition, toll like receptors (TLRs) recognize the major
PAMPS and DAMPS which activate downstream pathways of two major proteins MyD88
and TRIF. The cytoplasmic domain of TLRs recruits the TIRAP/MyD88/IRAK/TRAF6
complex or the TRAM/TRIF/TRAF6 complex which can activate the nuclear factor Kappa B
(NFkB) signaling pathway or the JUN kinase, which activates the transcription factor
activator protein (AP-1). Activation of these downstream signaling pathways are required for

the induction of pro-inflammatory gene expression.
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I.L1.1.  Glia (brain)

In addition to the neurons which represent barely half of the cells of the central
nervous system (CNS), glia including astrocytes, microglia, oligodendrocytes, and
ependymocytes participate in the protection of the CNS. Astrocytes have many cytoplasmic
extensions. They regulate the setting up of synapses and their stabilization, produce enzymes
that allow neurotransmitters to be unhooked from receptors, control the blood supply to
neurons and prevent diapedesis by participating in the formation of the BBB. The origin of
astrocytes is ectodermal. Microglia function as phagocytes, they remove debris from dead
brain cells and they detect the first signs of pathogenic invasion. The origin of the microglia is
mesodermal and they migrate to the brain parenchyma before the formation of the blood brain

barrier.

I.L1.2.  Neuroinflammatory signaling in the brain (astrocytes and microglia)

The circumventricular organs (CVO) are devoid of blood brain barrier (BBB), so
PAMPS, bacteria or other pathogens can circulate freely between the periphery and brain. The
microglia and recruitment of macrophages that access the brain at CVO are activated and
express cytokines and chemokines. This neuroinflammatory response is mediated mainly by
TLRs expressed on neurons, astrocytes, microglia and oligodendrocytes. They are the main
pathogen recognition receptors (PRR) able to recognize various ligands such as RNA, heat
shock proteins and so on (Figure 7) (Ashayeri Ahmadabad et al., 2021; Downes & Crack,
2010). The inflammatory response can progress into the parenchyma by activating brain
resident microglia. The immune response is mostly mediated by microglia. There is also cross
talk between microglia and astrocytes. This cross talk has not been studied as thoroughly but
there is evidence that astrocytes are activated later than microglia (Kim & Son, 2021).
Another pathway involves the afferent nerves, such as the vagal nerve that leads to cytokine

synthesis in response to visceral inflammation (Dantzer et al., 2008).
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Figure 7 Toll like receptors signaling in central nervous system cells. a. TLRs are a class of PRR. They are
expressed in neurons, oligodendrocytes, microglia and astrocytes. TLRs usually activate two signaling pathways.
The MyD88 pathway that activates the transcription factor NF-kB and induces the production of various pro-
inflammatory cytokines, such as TNFa, IL1B, IL6, IL8, and IL12. The TRIF which activates IRF regulating the
transcription of interferons. TLR: toll like receptor; PRR: pattern recognition receptors; MyD88: myeloid-
differentiation primary response gene 88; NF-kB :nuclear factor-kappa B; IL: interleukin; TRIF: TIR-domain-
containing adapter-inducing interferon-B; IRF : interferon regulatory factor (modified from (Paschon et al.,
2016)

Activation of TLRs leads to expression of both anti- and pro-inflammatory cytokines.
An incorrect balance between anti and pro-inflammatory activity of microglia can lead to a
delayed recovery and even detrimental consequences (Figure 8). Traditionally microglia were
classified as M1 or M2 phenotype in parallel to the Th1l and Th2 phenotype of the T cells in
the periphery. These represent two distinct states according to Hortega’s first description.
However, microglia have a range of activated states, although these phenotype or expression
profiles can differ according to the brain region (De Biase et al., 2017; Tan et al., 2020).
Microglia are the first immune reactive cells in case of neuroinflammation and transition from
M2 (neuroprotective phenotype and ramified morphology) to M1 (proinflammatory
phenotype and amoeboid morphology). Microglial activation and polarization influence

astrocytic phenotype between A2 (neuroprotective) and Al (neurotoxic) (Liu et al., 2020).
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Figure 8 Astrocyte and microglia polarization. Microglia are sensitive to PAMPS, DAMPS or damage. The M2 phenotype of
microglia is neuroprotective and the M1 phenotype is neurotoxic. The circulating mediators, such as cytokines, promote the
polarization of microglia between M1 and M2. The local environment and the microglia polarization influence astrocytic
phenotypes between A2 (proinflammatory) and Al (neuroprotective).

I.1.3.  Neuroinflammation in psychiatric disorders

Inflammation in the periphery has been shown to produce lethargy, depression, anorexia,
heightened pain or cognitive impairment (Dantzer et al., 2008). In the case of depression,
Smith (1991) postulates that major depressive disorder (MDD) is due to excessive
macrophage activity and inflammatory cytokine synthesis, specifically noting that infections,
tissue damage, and antigens found in food can trigger depression (Smith, 1991). In addition,
some patients on immunotherapy with IL-12 and IFN-gamma develop MDD after the
treatment. Finally, levels of serum cytokine IL1 beta may predict depression severity because

there is a positive correlation between IL1beta circulating serum and depression scores
(Levine et al., 1999).

I1.1.3.1.  Immune signaling in drugs of abuse

It is now believed that drugs of abuse also act on the glia, and that neural-glial interactions
participate in behavioral and neurochemical adaptations following drug exposure. Drugs of
abuse increase the CNS immune signaling by acting on glial cells, which then increase the
release of pro inflammatory cytokines (Lacagnina et al., 2017). Indeed, upon activation, glial
cells express cytokines and chemokines facilitate intercellular communication and modulate
protein expression. However, drugs can interact with this tripartite synapse (Figure 9).
through an overactivation of glial cells that increase pro-inflammatory cytokine release. This
overactivation dysregulates neurotransmitter homeostasis in the synaptic cleft, and initiates

inflammatory reactions (Harricharan et al., 2017).
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Figure 9. The tripartite synapse. Glutamate is released from the presynaptic cell.The
neurotransmitter is taken up by the postsynaptic cell and by astrocytes.Binding to glial receptor

activates signaling pathway by production of inositol 1,4,5-triphosphate and mediating intracellular
calcium elevation and triggers the release of glutamate. (Sotero & Martinez-Cancino, 2010).

There is increasing evidence that alcohol dependence may involve neuroimmune
signaling that contributes to molecular, cellular and behavioral adaptations associated with
this condition. The mechanisms underlying the inflammatory responses are explained by
increased leaky gut allowing the presence of gut derived products that activate immune
responses. The circulating inflammatory molecules can induce neuroimmune activation by
entering the CNS through leaky BBB induced by alcohol, by the CVO, through cytokine
transporters or through the efferent vagal nerve (Erickson et al., 2019). Interestingly,
macroarray analysis on alcoholic human brain autopsy showed a group of altered gene
expressions responsive to alcohol and involved in myelination and immune/stress response

(Liu et al., 2020).

A number of human studies tried to identify neuroimmune genes involved in alcohol
use disorder (AUD). An increase in microglia associated mRNA in parallel to a decrease of
neuron associated mRNA was observed, with increases of translocator protein 18 kDa (TSPO)
and CCL2 interpreted as an increase of activated microglia (Ponomarev et al., 2013). These
observations suggest neurodegeneration and proliferation of microglia manifested in alcohol
dependence. There is an association between immune gene polymorphism and AUD. The
relationship was confirmed in a study reporting increased levels of TNF-a-238 tumor necrosis
factor (TNFa) polymorphism, 2 single nucleotide polymorphism (SNP) of IL1 beta, in alcohol
dependent individuals (Kebir et al., 2011; Liu et al., 2009). Moreover, 12 SNPs identified in
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NFkB were associated with high risk and early onset of alcoholism (Edenberg et al., 2008).
These studies show that gene profiling is a promising strategy to develop better therapeutic

drugs even which is developed to be applied to psychiatric illnesses.

Preclinical studies have identified specific cell alterations in alcohol induced
neuroimmune responses. In the cortex and the dentate, increases of microglial (CD11b, IBA1)
and astrocyte (GFAP) specific markers were identified following both short- and long-term
intragastric EtOH treatment (Alfonso-Loeches et al., 2010; Qin & Crews, 2012). These
occurred through activation on NFkB signaling pathway and was reversed in TLR4 knock out
(KO) mice or by small interfering TLR4 RNA (Alfonso-Loeches et al., 2013). EtOH
consumption was decreased in TLR2 KO mice in a 4 day limited access paradigm whereas
only male MyD88 KO mice increased their alcohol intake (Y. A. Blednov et al., 2017). This
suggest that gene involvement in alcohol intake varies according to sex. Mice with a KO of
the chemokine network, such as C-C chemokine receptor 2 (CCR2) and chemokine ligand 2
(CCL2), also showed a decrease in EtOH consumption and preference, but only in females

whereas both males and females with CCL3 KO were affected (Y. Blednov et al., 2005).

There is also growing evidence of region specific neuroimmune activation following
EtOH exposure. EtOH drinking in mice increased expression of pro-inflammatory cytokines
(IFN-gamma; IL1beta; [L.17, TNFa) and chemokines (CCL2, MIP1alpha, CX3CL1) (Pascual
et al., 2014). In the VTA, small interfering RNA of TLR4 and CCL2 in neurons of the VTA
decreases binge drinking in alcohol preferring rats which initially had elevated levels of TLR4
and CCL2 (June et al., 2015). Post-mortem analysis of humans alcohol brains revealed
disruption of BBB in the dorsolateral PFC because of reduced immunoreactivity of membrane
proteins (Rubio-Araiz et al., 2017). Sex differences within the NAcc shell were observed
following administration of short hairpin RNA inducing a decrease of ethanol intake in
alcohol preferring rats (Franklin et al., 2015). As mentioned earlier only female mice show
reduced EtOH consumption and preference after CCR2 and CCL2 deletion (Y. Blednov et al.,
2005). Taken together, these findings support the notion of alcohol-induced alterations of

neuroimmune responsces.

Neuroimmune activity has also been observed following alcohol withdrawal. This
includes an Increase of pro inflammatory cytokines and chemokines, molecules that were up-

regulated after 24 hours of withdrawal (Pascual et al., 2014). Interestingly, inducing
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neuroimmune responses with LPS administration accelerates anxiety like behavior in rats
withdrawing from alcohol (Breese et al., 2008). This provides the involvement of

neuroinflammation in negative affect associated to withdrawal.

[1.1.3.2. Neuroinflammation in BED?

Considering the fact that bingeing episodes usually occur on foods high in fat and sugar, it
is not surprising that proinflammatory responses in specific brain regions are linked to
ingestion of palatable diets. For example, long term consumption of a hyper-lipidic diet (16
weeks) promotes regulation of immune related proteins including the pro-inflammatory
cytokines TNFa, IL1-Beta and IL-6, and interacts with metabolic regulation (De Souza et al.,
2005b). Specifically, in the ARC and the LH, the hyperlipidic diet promoted an increase of
TNFa in neuron bodies. Furthermore, proinflammatory cytokines increase c-Jun N-terminal
kinase (JNK) induced insulin resistance following hyperlipidic diet by modulating insulin
receptor tyrosine phosphorylation and promoting serine phosphorylation of key elements of
the insulin signaling pathway, phosphoinositide 3 kinase (PI3K) or protein kinase B (AKT).
Insulin resistance was also demonstrated at a behavioral level with no change in food intake
following intracerebroventricular injections of insulin. Insulin resistance induced by the
hyperlipidic diet was restored by reducing immune signaling pathway by inhibiting JNK
(refer to signaling pathway in Figure 7). In parallel, leptin resistance was observed following
a hyperlipidic diet, an effect produced through increased levels of suppressor of cytokine
signaling 3 (SOCS3) and decreased phosphorylation of leptin receptor tyrosine
phosphorylation. These mechanism were reversed by acting on immune signaling through
JNK inhibition. These results provide evidence for a close interaction between food intake
and neuroinflammation through insulin signaling in the hypothalamus, a primary region in

energy homeostasis (De Souza et al., 2005b).
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Figure 10 Insulin and leptin signaling pathways. Insulin activates IRS-PI3K
resulting in downstream activation of its target Akt. Akt’s phosphorylation of the
transcription factor forkhead box protein 1 (not shown) suppresses the
expression of orexigenic neuropeptides. After binding to its receptor, leptin
activates JAK2-STAT3, MAPK or IRS-PI3K pathway. The activation of JAK2 permits
STAT3 phosphorylation, nuclear translocation and acts as a transcription factor.
(modified from (Reinehr & Roth, 2018).

Hypothalamic inflammation is also observed following 2 months of a sucrose diet with an
increase of TNFa mRNAs (Fuente-Martin et al., 2013). Even though there was no increase in
the number of astrocytes, there was a decrease in the number of projections in the arcuate
nucleus and a decrease of the glutamate transporter 2 (GLT2) in astrocytes. These results
could be associated with decreased glucose tolerance observed in these animals, since
astrocytes are involved in glucose metabolism (Camandola, 2018). As seen -earlier,
proinflammatory cytokines can increase levels of JNK and NFkB, activation which is
observed following sucrose access and could lead to insulin resistance. Furthermore, increase
of hypothalamic mRNA levels SOCS3, which are inhibitors of leptin and insulin signaling

pathways, was measured (Fuente-Martin et al., 2013).

It seems however that microglia and astrocyte reactivity depends on the source of
palatable food. Indeed, mice following high fat diets showed increased GFAP
immunoreactivity after 4 weeks but only those with access to both high fat and high
carbohydrates had increases in IBA1 (Gao et al., 2017). These differences are explained by

increased advanced glycated end products (AGEs), which are glycated proteins after exposure
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to sugar. When AGES bind to their receptors they can induce oxidative stress and
inflammation (Rowan et al., 2018). AGES, such as N-epsilon-(carboxymethyl) lysine (CML),
and methylglucoxal (MG-H1), are expressed in POMC and NPY neurons of the ARC.
Interestingly their receptors, RAGE, are only expressed in microglia, and following infusion
of CML in the hypothalamus this led to increases of IBA1-immunoreactivity. Moreover, mice
lacking AGE receptors are resistant to body weight gain, glucose intolerance, and food intake.
They also show that mice under a high fat high carbohydrate diet as well as decreased
microglial ibal-immunoreactivity have lower fat and lean mass. These results show that
hypothalamic microglia might be key mediators of high carbohydrate/high fat diet induced

obesity and metabolic disorders.

The NAcc regulates feeding behavior by receiving inputs from hypothalamic regions and
can respond to peptide hormones involved in energy intake and expenditure such as insulin
(Ferrario et al., 2016) (Figure 6). Mice on a high fat diet show increased expression of
neuroinflammatory genes (GFAP, Iba-1, IL1-Beta, IL1Beta, IFN gamma, CD45, CDI11b,
Vimentin, TNFo, HSP-72) that was reversed by viral inhibition of NFkB signaling (Décarie-
Spain et al., 2018). In another study, sucrose bingeing in rats increased levels of TSPO, a
biomarker of neuroinflammation expressed in microglia and astrocytes, in the motor cortex,
the hippocampus, the thalamus and the DS (Patkar et al., 2021). In the same study
microgliosis was observed in the hippocampus, hypothalamus and the Amy with no changes
in astrocytes. Therefore, neuroinflammatory responses are observed following high sucrose

and/or high fat diets in pivotal regions of reward and energy balance.

Similar to the CNS, high fat diets increase plasma leptin levels in the periphery, an effect
that was increased in high fat/high carbohydrate groups (Gao et al., 2017). Interestingly, a
sucrose enriched diet increased visceral fat mass while decreasing weight and increasing
TNFa mRNA in the adipose tissue. Knowing these animals had hypothalamic inflammation,
points to non-obesity dependent inflammatory signaling (Fuente-Martin et al., 2013). This is
interesting because systemic inflammation in obese individuals is at the origin of infiltrating
immune molecules and cells in the brain. However, in this study hypothalamic inflammation
occurs without an obese phenotype suggesting that it might be at the origin of abnormal
eating. In the plasma of rats fed a high fat diet (palm oil), inflammatory cytokines were

significantly higher than controls (Décarie-Spain et al., 2018). Finally the same study showed
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that sucrose bingeing in rats led to increased innate immune cells in the blood (Patkar et al.,

2021).

I1.1.3.3.  Neuropathic pain and immune signaling

Neuropathic pain is caused by injury or disease of the nervous system. It can originate
from nerve compression, nerve trauma, immune dysregulation, etc. (Campbell, 2006). The
burden of neuropathic pain is related to its complex etiology and symptomatology, affecting 7
to 10% of the general population. The pathobiological mechanisms of neuropathic pain are
not fully understood but include local changes in the anatomy, neurochemistry and gene
expressions of the nerve as well of alterations in the dorsal root ganglion (DRG) and spinal
cord. Individuals suffering from neuropathic pain show an amplification of responses to

noxious stimuli (hyperalgesia) or to an innocuous stimuli (allodynia).

An animal model of neuropathic pain, sciatic nerve injury (SNI), reveals that the
development of neuropathic pain is associated with neuroimmune mechanisms including
degranulation of mast cells at the site of the nerve lesion. Mast cells release TNFa and
histamine that have the ability to sensitize receptors and increase cell firing rates (Sorkin et
al., 1997). In addition, serotonin that is released in response to neuropathic pain binds to
receptors on afferent fibers leading to increased firing rates of C fibers (Sommer, 2004).
Neutrophils, another cell type of the innate immune system, are recruited at the site of injury
by chemo-attractants. These release immune molecules such as cytokines TNFa, IL6,
IL1Beta. Neuronal excitation by TNFa injection at the site of injury (Sorkin et al., 1997) and
in the DRGs in both uninjured and rats and those with spinal nerve ligation (Schafers et al.,
2003). Resident macrophages are recruited later and are involved in tissue regeneration but
overactivation can induce neuropathic pain since inhibition of IL1 beta and macrophage
inflammatory protein alpha following nicotine injection (suppressor of macrophage
activation) prevents tactile allodynia and thermal hyperalgesia (Kiguchi et al., 2010). In
addition to cell activation, TLRs are also involved in neuropathic pain since TLR4 -/- rat

models of L5 spinal nerve transection show reduced thermal hypersensitization.

In addition to the peripheral nervous system, glia in the CNS are also involved in
neuropathic pain. Indeed, specific inhibition in the spinal cord leads to the same attenuation
of mechanical and thermal hypersensitivity (Tanga et al., 2005). Following spinal nerve
transection, microglial marker (CD11b) increased during the initial phase of pain (day 3 to
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day 7) and maintained by astrocytes recruitment (increase of GFAP) (Tanga et al., 2005).
Microglia also change phenotype from resting to surveying (Cao et al., 2010). Moreover,
disruption of microglial metabolism by fluorocitrate reduces mechanical hyperalgesia and
microglial activation (Clark et al., 2007). The most abundant glial cells in the CNS,
astrocytes, maintain neuropathic pain since their activation occurs later than microglia (Tanga
et al., 2005). This suggests that microglia are involve in the acute phase and astrocytes in the
maintenance phase of neuropathic pain.

Neuroimmune interaction in neuropathic pain also affects cortical and subcortical regions
of the brain. In fact, pain can impact brain reward regions in that peripheral nerve injury
increases IBA1 gene expression in the VTA, NAcc, thalamus and prefrontal cortex of male
mice (Taylor et al., 2017). The chronic constriction injury neuropathic pain model also shows
evidence of glutamate signaling and neuroimmune interaction in the hypothalamus and the
periaqueductal gray regions. In contrast, memantine, an N-methyl-D-aspartic (NMDA)
receptor antagonist decreased glial cell activation and mechanical allodynia (Takeda et al.,
2009). Even though neuroinflammation in brain regions has not been identified in humans,
there is evidence from PET scan studies that individuals with trigeminal neuropathic pain

have decreased MOP binding in the NAcc (DosSantos et al., 2017).

11.1.3.4.  Neuropathic pain and alcohol use disorder

Alcohol misuse is commonly associated with pain (Boissoneault et al., 2019). Alcoholic
neuropathy is a devastating condition since it affects 65% of alcoholic use disorder (AUD)
patients in the USA and is largely resistant to treatment (Zeng et al., 2017). Preclinical animal
models of alcoholic neuropathy have shown possible mechanisms in the periphery such as
reduced density of unmyelinated or small myelinated fibers (Koike et al., 2001), decreased
nerve conduction (Bosch et al., 1979), and increased number of glial cells in the spinal cord
(Narita et al., 2007). Pain increases microglia (Hore & Denk, 2019) and peripheral pain
activates the reward circuit (DosSantos et al., 2017; Taylor & Cahill, 2017) and the
hypothalamus through neuroinflammation (Ellis, 2013; Fakhoury et al., 2020). In a mouse
model of peripheral nerve injury, increases in IBA1 gene expression were observed in the
PFC, NAcc, Amygdala and thalamus was observed (Taylor & Cahill, 2017). In another study,
an increase of IBA1 immunoreactivity in the infralimbic cortex was observed in a mouse
model of SNI (Chu Sin Chung et al., 2017). Therefore, immune signaling in the brain might

have a function in neuropathic pain and may explain comorbidity with AUD.
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[I.2 Mini review on BED and pain

We previously showed that there is compelling evidence of neuroinflammation due to
high amounts of palatable food intake in brain regions of reward. In the following review we
summarized evidence that neuroinflammation could be observed in BED and chronic pain.

Furthermore, we proposed that individuals with BED could develop neuropathic pain.
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Les douleurs neuropathiques comprennent des sensations de
briilure spontanées, une hyperalgésie et une allodynie, qui
sont particulierement invalidantes. Cependant, les mécanis-
mes physiopathologiques ne sont pas bien compris et les
thérapies ne sont que partiellement efficaces. Parmi les
mécanismes propose€s, la microglie, constituée de cellules
responsables de la réponse immunitaire innée dans le sys-
téme nerveux central, serait impliquée. L’activation micro-
gliale, ou neuro-inflammation, pourrait jouer un réle dans la
mise en place de ces douleurs en induisant I’expression de
facteurs pro-inflammatoires a des niveaux toxiques. Ces
cytokines, en périphérie et au niveau central, peuvent engen-
drer une hyperalgésie ou une allodynie, en augmentant la
sensibilité des neurones sensitifs impliqués dans la transduc-
tion d’un signal douloureux [1,2].

L’obésité est considérée comme une pathologie caractéri-
sée par un trouble chronique léger de I’inflammation. De
plus, les individus ayant une surcharge pondérale sont parti-
culierement affectés par des douleurs chroniques. Des études
précliniques ont examiné I’effet de I’exacerbation d’une
inflammation dans un modéle animal d’obésité engendrée
par la délétion du récepteur a la leptine, une hormone de
satiété. Ces animaux obéses montrent une plus grande sensi-
bilité a un stimulus douloureux, a la fois mécanique et ther-
mique [3]. Cet effet est associé a une dérégulation de mar-
queurs pro-inflammatoires dans la moelle épiniére, ou anti-
inflammatoire dans le tissu adipeux. Cependant, les risques
de douleurs chroniques seraient plut6t liés au type de régime
alimentaire plutot qu’a la prise de poids. En effet, des ani-
maux suivant un régime obésogeéne riche en graisses (high
fat diet), mais résistants a la prise de poids, présentent éga-
lement une sensibilité a la douleur, associée a une infiltration
augmentée des macrophages dans les ganglions rachidiens
[4]. De plus, un régime obésogene chez le rat peut entrainer
I’expression de facteurs pro-inflammatoires dans 1’hypotha-
lamus latéral, région cérébrale impliquée dans la régulation
homéostasique [5].

Ainsi, une nourriture déséquilibrée, qu’elle induise ou
non de I’obésité, est associée a une réaction immunitaire.
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Une prise insuffisante de fruits et 1égumes, notamment, favo-
rise I’expression de facteurs pro-inflammatoires pouvant
entrainer de la douleur [6]. Chez des jeunes enfants souffrant
de perte de controle de prise alimentaire, une augmentation
du niveau de leptine a été observée [7] et pourrait étre mise
en lien avec I’implication de cette hormone de satiété dans
I’activation microgliale, dans les douleurs neuropathiques
[8]. De plus, les troubles alimentaires sont définis par une
prise excessive de nourriture hédonique caractérisée par
une perte de contrdle, une envie irrépressible (craving) et
une prise augmentée au cours du temps, malgré les effets
néfastes. Sur la base d’indicateurs de dépendance [9],
I’ensemble de ces symptomes suggerent donc que les trou-
bles de I’alimentation représentent une forme d’addic-
tion, phénomeéne actuellement débattu [10]. Parmi les méca-
nismes sous-jacents a la mise en place de 1’addiction,
des processus neuro-inflammatoires sont proposés [11].
Ces processus pourraient expliquer 1’apparition de douleurs
neuropathiques observées par exemple chez des patients
souffrant d’addiction a I’alcool [12,13]. Ainsi, I’ensemble
de ces observations, a la fois physiologiques et comporte-
mentales, suggérent que les troubles du comportement ali-
mentaire pourraient jouer un role dans le développement
de douleurs neuropathiques.

Examiner les mécanismes impliqués dans une neuro-
inflammation associée & des douleurs chroniques, dans
le cas de troubles de 1’alimentation, permettrait de mieux
comprendre la part du déréglement physiologique et/ou
comportemental impliqué et permettrait de proposer des
approches thérapeutiques ciblées.

Liens d’intéréts : les auteurs déclarent ne pas avoir de lien
d’intérét.
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lll. BED and sweeteners
lll.1.1. Generdlities on sweeteners
Non-nutritive sweeteners (NNS) are commonly used as sugar substitutes. They can either
have a synthetic or natural origin (Error: Reference source not found). Their very attractive
advantage is that they provide high sweetness with low calories and is an interesting answer to

the growing rates of obesity. Paradoxically not all studies show positive associations between

NNS and weight loss.

Dextrose
Fructose

High fructose syrup
Sucrose

Erythritol
Maltitol
Sugar alcohol Mannitol
Sorbitol
Xylitol
Acesulfame K (potassium)
High intensity Advantame
artificial Apactane
cla Neotame
sweeteners Saccharin
Sucralose
High intensity Stevioside
Luo Han Guo
natural Thaumatin
sweeteners Glycyrrhizique

Table 3 Sweeteners are divided into 2 categories:
nutritive sweeteners and non-nutritive sweeteners
including sugar alcohols and high intensity artificial
sweeteners.
Ill.1.2. Sweeteners and weight gain

Animal studies usually show an increase in weight gain (Swithers et al., 2009), despite
same levels of calories intake (Feijo et al., 2013; Fowler, 2016). This could be explained by
reduced energy expenditure and/or increase of fluid retention. But in human studies the results
are contradictory (Fowler, 2016; Mooradian et al., 2017) and when weight gain was observed
it was not associated to changes in food patterns (Stellman & Garfinkel, 1988). In the latter
study, NNS users show preference for low caloric diets. However it is purely observational
and the serving sizes have not been reported. There are marked discrepancies in animal
studies, during exposure to NNS, some showing an increase of food intake (Tordoff, 1988)
and in others similar amounts compared to controls (Feijé et al., 2013; Swithers et al., 2009).
But human studies show no changes and sometimes reduced intake of food in the long term
for NNS users (Mattes & Popkin, 2009). However, the controversy surrounding artificial
sweeteners and weight gain is difficult to resolve in humans because diet is influenced by a

combination of confounding physiological, social and subjective factors.
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Sweetness perception is conditioned by the activation of taste 1 receptors T1R2 and
T1R3. They recognize artificial sweeteners and are located in the oral cavity, the
gastrointestinal epithelial and endocrine cells, the pancreatic islets, the respiratory tissues and
the genitourinary structures and send signals through afferent nerve fibers to brain structures
mainly the hypothalamus involved in energetic balance. Depending on the NNS, they can
stimulate the T1Rs. Via the receptors, NNS induce physiologic changes as summarized in

Error: Reference source not found.

Sucrose, fructose,
sucralose, aspartame, Sucrose
neotame, saccharin, Glucose

acesulfam-K, sucmiom Sucralose

Figure 11 Schematic presentation of the sweet taste GPCR receptor. There are various agonists binding sites of the sweet
taste receptor. Upon binding, the G protein is activated, stimulates increase of calcium in the cytoplasm and depolarizes the
cell. Cranial nerve allow signal transduction to the nucleus tractus solitarus and then the information is relayed to upper
brain regions. (adapted from Smith NJ 2020).

l.1.3. Sweeteners and inflammation
Not mentioned in the book chapter, NNS can also induce inflammatory responses by
changing the gut microbiota composition. Stevia, a natural NNS of high intensity, 18 weeks of
access to stevia and sucralose induced transminitis just like sucrose but also increased pro-
inflammatory cytokine in the serum (Farid et al., 2020). In another study, Balb/c mice models
of inflammatory bowel disease with 7 days of stevia administration showed a decrease of

clinical signs.
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NNS

Effect on inflammation

Actions via taste receptors

Acesulfam-K

associated to oxidative stress (Ashok &
Sheeladevi, 2015).

e Long term access:
C57BL6/J + 8 weeks Acesulfam-k 150

mg/Kg: inflammatory cytokines in intestinal

microvessels (Hanawa et al., 2021).

(ADI by FDA)
e Short term access: e Short and long term access:
Balb/c IBD mice model + 7 days access to CD1 mice + 6 or 12 weeks of stevioside
stevioside (50mg/Kg): clinical symptoms access (4,16 mg/mL) access increases
Stevia (Alavala et al., 2019) insulin, leptin, GIP secretions and higher
e Long term access: glycemia (Hanawa et al., 2021).
Balb/c mice + stevioside 18 weeks (4,2
mg/mL daily): increased inflammation +
transaminitis in liver (Farid et al., 2020)
e Short term access: Sprague Dawley rats 0,3% saccharin 3
Rattus Norvegicus rats + 30 days of days/week: impaired glucose homeostasis
saccharin access (low: 10mg/Kg; high: 500 | (higher) and GLP-1 release following test
mg/Kg) meal (Swithers et al., 2009).
Saccharin e Long term access:
C57BL/6J male mice + 6 months access:
hepatic inflammation induced by altered gut
microbiota to 0,3 mg/mL saccharin (Bian et
al., 2017).
e Long term access: The key enzyme expressed from mid to
Wistar rats + 90 days of aspartame access 40 = distal section of small intestine so
Aspartame mg/Kg: aspartame and metabolites aspartame can bind to sweet receptors of

the proximal region (Basson et al., 2021).

Table 4 NNS: non-nutritive sweeteners; ADI: acceptable daily intake; FDA: food and drug administration; IBD:
inflammatory bowel disease; GLP-1: glucagon like peptide 1; GIP: glucose insulinotropic dependent peptide.

l.1.4. Sweeteners and food intake regulation

NNS can also increase the desire to eat through hypoglycemic response after ingestion

(Dhillon et al., 2017; Just et al., 2008), or by increased appetite for sweet foods (Bellisle,

2015) Indeed, the idea of addiction has been used to explain danger of sweet food by the Plan

National Nutrition Santé, suggesting that NNS prevents “withdrawal” from sweetness

(http://www.mangerbouger.fr/bien-manger/

ue-veut-dire-bien-manger-127/les-9-reperes/

produits-sucres-a-limiter.html). However, a review in 2015 concluded that most of the studies

show decreased sugar intake in NNS consumers (Bellisle, 2015). What about consumers with

eating disorders with BED ?
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(French version)

Généralités sur les édulcorants

Les édulcorants sont couramment utilisés comme substituts au sucre. Ils peuvent étre
d'origine synthétique ou naturelle (tableau 3). Leur avantage tres attractif est qu'ils procurent
un pouvoir sucrant élevé avec peu de calories et constituent une réponse intéressante aux taux
croissants d'obésité. Paradoxalement, toutes les études ne montrent pas d'association positive

entre les édulcorants et la perte de poids.

Edulcorants et prise de poids

Les études animales montrent généralement une augmentation de la prise de poids
(Swithers et al., 2009), malgré des niveaux d'apport calorique identiques (Feijo et al., 2013 ;
Fowler, 2016). Cela pourrait s'expliquer par une réduction des dépenses €nergétiques et/ou
une augmentation de la rétention d'eau. Mais dans les ¢tudes humaines, les résultats sont
contradictoires (Fowler, 2016 ; Mooradian et al., 2017) et lorsqu'une prise de poids est
observée, elle n’est pas associée a des changements dans les habitudes alimentaires (Stellman
& Gartfinkel, 1988). Dans cette derniere étude, les utilisateurs d’édulcorants montrent une
préférence pour les régimes hypocaloriques. Cependant, il s'agit d'une étude purement
observationnelle et les tailles des portions n'ont pas été rapportées. Il existe des divergences
marquées dans les études animales, lors de I'exposition aux édulcorants, certaines montrent
une augmentation de la prise alimentaire (Tordoff, 1988) et d'autres des quantités similaires
par rapport aux témoins (Feijo et al., 2013 ; Swithers et al., 2009). Mais les études humaines
ne montrent aucun changement et parfois une réduction de la prise alimentaire a long terme
chez les utilisateurs d’édulcorants (Mattes et Popkin, 2009). Cependant, la controverse autour
des édulcorants artificiels et de la prise de poids est difficile a résoudre chez I'homme car le
régime alimentaire est influencé par une combinaison de facteurs physiologiques, sociaux et
subjectifs confondants.

La perception du golit sucré est conditionnée par l'activation des récepteurs du gott 1
T1R2 et T1R3. Ils reconnaissent les édulcorants artificiels et sont situés dans la cavité
buccale, les cellules épithéliales et endocrines gastro-intestinales, les 1lots pancréatiques, les
tissus respiratoires et génito-urinaires. IlIs envoient des signaux par des fibres nerveuses
afférentes a des structures cérébrales, principalement I'hypothalamus, impliquées dans
'équilibre énergétique. Selon les édulcorants, ils peuvent stimuler les T1R. Par l'intermédiaire
des récepteurs, les édulcorants induisent des changements physiologiques comme le résume le

tableau 4.
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Edulcorants et inflammation
Non mentionnés dans le chapitre du livre, les édulcorants peuvent également induire
des réponses inflammatoires en modifiant la composition du microbiote intestinal. Le stévia,
un édulcorant naturel de haute intensité, 18 semaines d'accés au stévia et au sucralose ont
induit une transminite tout comme le saccharose mais ont également augmenté les cytokines
pro-inflammatoires dans le sérum (Farid et al., 2020). Dans une autre étude, des modeles de
souris Balb/c de maladies inflammatoires de l'intestin avec 7 jours d'administration de stévia

ont montré une diminution des signes cliniques.

Les édulcorants et la prise alimentaire
Les édulcorants peuvent également augmenter le désir de manger par une réponse
hypoglycémique apres l'ingestion (Dhillon et al., 2017 ; Just et al., 2008), ou par une
augmentation de 'appétit pour les aliments sucrés (Bellisle, 2015) En effet, 1'idée d'addiction a
été utilisée pour expliquer le danger des aliments sucrés par le Plan National Nutrition Santé,

n

suggérant que les édulcorants empéche le retrait " du golt sucré
http.//www.mangerbouger.fr/bien-manger/que-veut-dire-bien-manger-127/les-9-reperes/produits-

sucres-a-limiter.html. Cependant, une revue en 2015 a conclu que la plupart des études
montrent une diminution de la consommation de sucre chez les consommateurs d’édulcorants
(Bellisle, 2015). Qu'en est-il des consommateurs souffrant de troubles du comportement

alimentaire avec BED ?
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i. Summary/Abstract

Rising rates of obesity in most industrialized countries are a major cause of serious medical
conditions, including diabetes, heart disease, and mental health disorders. Binge eating,
characterized by excessive consumption of highly palatable food within a short period of
time, contributes significantly to these problems, even in individuals who are not diagnosed
with binge eating disorder (BED). Over the last half century, the use of non-nutritive
substitutes has been promoted as a means to reduce fat and sugar consumption, potentially
minimizing obesity-related illnesses. Paradoxically, increased intake of artificial sweeteners is
associated with weight gain, which may be linked to alterations in metabolic processes.
Artificial sweeteners also increase food intake in both humans and rodents, raising intriguing
possibilities that these substances are altering biological processes that underlie the
homeostatic control of feeding. We explore this idea by summarizing the clinical and
preclinical literature on behavioral and biological mechanisms of artificial sweeteners. As a
starting point, we review evidence that non-nutritive sweeteners are rewarding in rodent
models, then provide a comparison of neural systems mediating the rewarding properties of
natural and artificial sweeteners. We then summarize data pointing to sexual dimorphism in
behavioral and biological responses to sucrose, with preliminary evidence suggesting that
responses to artificial sweeteners may follow a similar pattern. Finally, we provide an
overview of the relationship between binge eating and substance use disorders, noting

findings from animal studies that artificial sweeteners could contribute to this comorbidity.

ii. Keywords:

feeding, reward, dopamine, opioid, sucrose, saccharin



1. Introduction

Binge eating disorder (BED), the most common of all eating disorders (1), is
characterized by consumption of large amounts of food within a discrete period of time in the
absence of compensatory behaviors (2). According to World Health Organization estimates,
the lifetime prevalence of BED is 1.9%, with a median onset age of 20 years old (3). Not
surprisingly, BED is more common in women than men, although these ratios are distributed
more evenly than in other eating disorders (3). Binge eating is highly comorbid with a number
of medical conditions, other psychiatric disorders (4), and a reduced quality of life (5). Of the
medical conditions associated with BED, obesity is one of the most prevalent, likely due to
the lack of purging or exercise following binge intake (6). Adult patients with BED have
significantly higher obesity rates than individuals with no eating disorder (7), and even those
who are not obese are distressed by their bingeing behavior.

Many patients with obesity and BED attempt to limit caloric intake and counter weight
gain by adopting hypocaloric diets, specifically restricting highly palatable foods (8). This is
generally ineffective, as individuals who are food restricted tend to binge on foods that are
high in sugar and/or fat, ingesting significantly more calories than non-restricted individuals
(9). The pattern is exacerbated in modern society with the prevalence and availability of
highly palatable food. Consumption of these foods activates brain reward circuits (10),
increasing the probability that behaviors leading to their intake will be repeated. These factors
undoubtedly contribute to growing rates of obesity (11), which have tripled since 1975
(WHO). Obesity dramatically increases the risk of medical conditions such as type 2 diabetes,
hypertension, and dyslipidaemia, although these metabolic syndrome disorders may develop
in BED patients, even in the absence of obesity (12).

Artificial sweeteners are an appealing alternative to restrictive diets in that they allow

individuals to consume highly palatable food with minimal calories. If bingeing in humans is



a reaction, at least in part, to restriction of forbidden ‘pleasure’ foods, consumption of these
commodities should reduce binge eating. Weight gain should also be minimized when
individuals opt for artificial, over natural or processed, sugars simply due to a reduction in
calorie intake. It is therefore surprising, that the two have grown in parallel: higher rates of

obesity and higher use of artificial sweeteners.

1.1. Animal models of binge eating

Despite the prevalence and associated problems, the etiology of BED is not clearly
understood (13). Animal models provide a means to unravel the causal mechanisms of this
disorder as rodents, like humans, exhibit binge eating when they are provided with
intermittent access to highly palatable food or when they undergo periods of food restriction
and stress (14). The intermittent access protocol (12 hr food deprivation followed by 12 hr
access to sucrose or glucose and food) simulates behavioral aspects of BED, including
escalation of intake and withdrawal-like symptoms (15, 16). This pattern reflects eating
patterns of BED as patients often display excessive food intake during the evening after self-
imposed restriction during the day (17). Importantly, the rat intermittent access model
produces compulsive responding for palatable food, mimicking the loss of control over food
intake that characterizes patients with BED (18). Caloric restriction, itself, is not a necessary
pre-requisite for bingeing in that fat bingeing occurs when access to this commodity is
limited, but regular chow is freely available (19).

Stress is also a potent trigger of binge eating, particularly when it is combined with
restriction of palatable food (20, 21). For example, manipulations, such as tail pinch, induce
hyperphagic for palatable food (22) and increased consumption of standard chow (23).

Females may be more sensitive stress-induced feeing, showing more rapid increase of



palatable food intake than males (24). Developmental factors, including level of maternal care
and exposure to stressors during adolescence, also increase vulnerability to binge intake (25).
Few studies have investigated the impact of artificial sweeteners on binge eating: in
most animal studies access to these substances is a control condition, used to separate intake
that is driven by caloric versus hedonic properties of food (26-29). Nonetheless, inspection of
data from these control groups reveals unique patterns of intake associated with access to
artificial sweeteners. For example, intermittent access to saccharin produces binge-like intake
in mice (26, 29), an effect that appears to be absent in rats (18, 28). In addition to species
differences, the concentration of saccharin may be a critical factor in the elicitation of
bingeing behaviour, as this was much higher in the rat experiments. Moreover, a 0.4%
saccharin solution induced bingeing in rats that matched the intake of rats given access to an
isohedonic sucrose solution (4%) (30). Both groups exhibited more rapid escalation of intake
than control groups given unlimited access to either solution. Importantly, either intermittent
or unlimited access to an isocaloric solution, maltodextrin, that provides calories with no
sweet taste did not induce binge intake. Below, we describe the rodent model of intermittent
access (14) that produces binge-like eating in both rats and mice.
2. Materials and Methods

2.1 Equipment and setup

2.2 Behavioral Procedure

2.3 Data Analysis
Consumption of food, water, and sweetened solutions should be presented as a percentage of
body weight, particularly as baseline differences in this measure be related to sex, genotype,

strain, or other variables of interest.



3. Artificial sweeteners
3.1 History of artificial sweeteners

Figure 1 provides a brief overview of the history of natural and artificial sweetener use
in Western countries. Artificial sweeteners were introduced to the public on a large scale to
deal with sugar rationing during WWII. The use of these compounds expanded in the latter
part of the 20™ century to address growing rates of obesity, which are often attributed to the
overconsumption of added sugars. Health directives generally recommend a maximum sugar
consumption of 10% of total calorie intake per day (31, 32), whereas most adults in
industrialized countries consume between 15% and 21% of their daily calories in sugar. The
proportion of sugar intake in children is even higher (16%-26%) (33). Fructose may be a
primary culprit in sugar overconsumption, particularly with the increased use of high fructose
corn syrup as a sweetener beginning in the 1970s (34). Fructose is particularly detrimental to
secondary medical conditions, such as diabetes, because it increases insulin resistance,

oxidative stress, and inflammatory responses (35).
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Figure 1. Historical timeline of natural and artificial sweetener availability



Non-nutritive Sweetening strength

sweetener compared to sugar
Acesulfame Potassium 200x
Aspartame 200x
Cyclamate 40x
Neotame 8000x
Saccharin 300x
Sucralose 600x

Table 1 Relative sweetening strength of non-nutritive sweeteners

Note: In animal studies, the concentration of a sugar solution is usually 4% - 20%.

3.2  Paradoxical effects of artificial sweeteners
3.2.1 Artificial sweeteners and weight gain

Despite the apparent appeal, widespread use of artificial sweeteners has not been
associated with reduced obesity. Indeed, a number of studies indicate that these substances are
linked to both weight gain and metabolic disorders (36, 37). For example, a prospective study
of male and female participants who normally consume artificially sweetened beverages
revealed a positive correlation between the quantity of beverages consumed and weight gain
over time, although the effects were not sweetener specific (38). The findings were confirmed
in a separate study, which also showed that weight gain was independent of the macronutrient
content of meals. More specifically, both male and female participants using artificial

sweeteners consumed the same amount and type of food as a control group (not consuming



artificial sweeteners), but still gained weight (39). Although intriguing, these findings require
further investigation, particularly as serving sizes in each study were not reported.

More in line with conventional thinking, other studies report stable or decreased
weight in individuals who consume artificial sweeteners (40). This could reflect the fact that
people who use artificial sweeteners are often on a weight loss diet, thereby attempting to
reduce the number of calories they consume. Indeed, weight loss was observed in an
intervention study in which male and female adults followed a 12-week diet, with half of the
participants drinking beverages with non-nutritive sweeteners daily (701 mL) and the other
half consuming the same amount of water. Moreover, other measures such as systolic
pressure, waist circumference, and blood triglycerides improved in the group consuming
artificial sweeteners compared to their water consuming counterparts (41). At least in these
conditions, non-nutritive sweeteners appear to be beneficial in reducing problems associated
with overeating.

The impact of artificial sweeteners on weight gain is also controversial in children,
with some studies reporting a positive correlation between diet soda consumption and body
mass index (42), although the effect may be limited to males (43). The findings should be
viewed with caution as children who drink a lot of sodas also tend to eat more junk food and
be less active (44). Indeed, a controlled randomized trial (over 600 healthy children followed
for 18 months) found a significant reduction of weight gain and body fat mass in a group that
was instructed to consume sugar-free beverages each day, compared to a group that consumed
sugar-sweetened beverages (44). In addition, in contrast to adults, children modify their food
intake following consumption of artificially sweetened beverages (45) with the timing of the
sweetener preload (lunch or snack) differentially impacting the later consumption of calories.

Regardless of the mechanism, children’s intake of noncaloric beverages requires further



attention because consumption of these drinks often increases over time (46), and the impact
of artificial sweeteners on developmental processes in unknown.

The controversy surrounding artificial sweeteners and weight gain is difficult to
untangle in humans as eating is influenced by a combination of physiological, social, and
subjective factors. For instance, participants consuming artificial sweeteners ingest fewer
calories when they are not aware that sucrose has been replaced with a low-calorie substitute
(47), but increase their calorie intake when they are informed of the substitution (48). Of note,
research studies are often funded by agencies with a potential conflict of interest (e.g., food
industry) that could impact the interpretation of scientific or epidemiological studies (49).
Animal studies, which minimize extraneous factors that may impact eating in humans, can
help to elucidate the relationship between artificial sweeteners and weight gain. At least some
of this work supports a positive correlation between the two: rats given intermittent access to
saccharin consumed more calories and gained more weight than a group given intermittent
access to glucose (50). The findings were confirmed in studies using saccharin or aspartame
versus sucrose (51, 52). Although further work needs to be done, preliminary evidence from
animal studies supports the idea that consumption of artificial sweeteners is associated with
weight gain.

3.2.2 Artificial sweeteners and metabolic changes

The effect of artificial sweeteners on weight gain may be related to reduced basal
metabolism as post-prandial thermogenesis is lower in rats given access to a low-calorie
sweetener compared to sucrose (50). Moreover, in a mouse model of diet-induced model of
obesity, animals given access to the non-nutritive sweetener, aspartame, exhibited reduced
oxygen consumption during the dark phase and increased visceral fat due to hyperinsulinemia
(53). Similarly, saccharin consuming rats show a decrease in glucagon like peptide 1, an

anorexogenic hormone which could explain increased food intake and increased blood



glucose following a glucose tolerance test (54). In contrast to aspartame, saccharin does not
appear to affect insulin levels, although this may depend on the overall diet consumption. For
example, differences in energy intake, weight gain and adiposity following saccharin versus
sucrose consumption are only observed when rats have access to a high-fat diet (55).

If artificial sweeteners do impact weight gain, they may do so by altering metabolic
processes in the periphery (56). Like natural sugars, these substances activate sweet taste
receptors which are located, primarily, on the tongue but are also expressed in the bladder,
pancreas, and gut (57). This provides a mechanism by which artificial sweeteners can alter
metabolism. As an example, male rats provided access to saccharin exhibited reduced thermal
responses compared to a sucrose group, suggesting that lower energy expenditure and storage
of nutrients was responsible for the increased weight gain in these animals (50). Interestingly,
the effect of artificial sweeteners on metabolic effects may depend on the molecular structure
of the substance. Both saccharin and acesulfame-k (500-fold sweeter than sucrose) stimulate
glucose-induced insulin secretion and promote glucose uptake (58), as well as inducing
adipogenesis and repressing adipocyte lipolysis (57). In contrast, aspartame, which is only
200-fold sweeter than sucrose, produces the opposite effects, reducing adipogenesis by
downregulating the expression of adipogenic markers. The latter effects were produced in
vitro, so must be replicated using in vivo measures (59). These inconsistent effects of artificial
sweeteners on metabolism may explain, at least in part, the contradictory findings regarding
artificial sweeteners and weight gain.

3.3.3 Artificial sweeteners and eating

Any association between increased use of artificial sweeteners and weight gain is
somewhat paradoxical in that individuals who substitute non- or low-nutritive sweeteners for
sugary foods should be consuming fewer calories. The literature on this question in humans is

controversial. Some studies show no effect of low-calorie sweeteners on appetite (60, 61),
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whereas others suggest that artificial sweeteners, specifically aspartame (62) and saccharin
(63), reduce food intake. Again, this could be a specific effect of the sweeteners under study
(aspartame and saccharin), which are less commonly used in food products today than are
sucralose or acesulfame-K (40).

As with weight gain and metabolic effects, animal studies point to a positive
relationship between consumption of artificial sweeteners and increased food intake. For
example, rats given access to saccharin during the first 2 hours of the dark cycle exhibit a 10-
15% increase in food intake, compared to rats given access to water. Sucrose produces the
same effect suggesting that sweet tastes stimulate appetite, regardless of the calorie content
(64). In line with this idea, saccharin preload increases chow intake in rats (65) and even fruit
flies exhibit increased food intake following access to an artificial sweetener (66).

The effect of artificial sweeteners may be exacerbated in binge eating models with
food intake being higher in animals given limited access to saccharin, compared to those
given limited access to sucrose (26). This difference could not be explained, entirely, by the
caloric content of sucrose (i.e., animals consuming calories in sucrose would be expected to
eat less food) because animals ingesting saccharin consumed more total calories per day than
animals given either intermittent or continuous access to sucrose. Intriguingly, rats are able to
monitor food intake in anticipation of sucrose access, but do not show the same effect when
provided access to saccharin. More specifically, animals consumed less chow when a sweet-
taste cue predicted access to sucrose-flavored yogurt, suggesting that they were regulating
calorie intake over the entire session and therefore did not gain weight (50). In contrast, a cue
predicting access to saccharin-flavored yogurt increased food intake and led to greater weight
gain, suggesting that artificial sweeteners were altering the homeostatic control of energy
intake. In sum, artificial sweeteners may impair the ability to predict caloric intake by

uncoupling signals related to sweet taste and calorie content (50, 51).
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4. Behavioral and biological effects of artificial sweeteners
4.1 Rewarding effects

Animal studies support the idea that artificial sweeteners produce rewarding effects in
that saccharin is self-administered by rats (67) and elicits binge-like intake in mice given
limited daily access (26) or 2-day intermittent access (68) to a saccharin solution.
Interestingly, increasing a no-access period to saccharin reinforces the bingeing behavior (30).
Saccharin also elicits ‘craving’ responses in rats, mimicking those produced by either sucrose
or cocaine (67). In these experiments, animals learn to self-administer cocaine, sucrose, or
saccharin and then undergo 1 or 30 days of forced abstinence When presented with a cue
predicting access to the reinforcer, rats in the prolonged abstinent groups showed significantly
higher seeking responses for all three commodities, reflecting a common phenomenon of
‘craving incubation’. Low calorie sweeteners, therefore, produce a similar pattern of
reinstatement to those of natural reinforcers in an animal model of relapse. This suggests that
artificial sweeteners may be poor substitutes for sugars as they could increase the risk of
relapse in eating disorder patients.

On the other hand, the effect of artificial and natural sweeteners on reward-related
behaviors in rats does not always overlap. For example, extended intermittent access to
sucrose blocks the reinforcing effect of sucrose in the conditioned place preference paradigm
(28) and induces compulsive responding for sucrose in the conditioned suppression paradigm
(18). These effects were absent in groups given extended intermittent access to saccharin,
although it should be noted that saccharin did not elicit binge behaviour in these experiments.
Intriguingly, intermittent access to saccharin appears to increase sensitivity to develop a
morphine conditioned place preference paradigm in male rats (28), suggesting that it may

modulate the rewarding value of other reinforcers. Moreover, rats prefer saccharin over
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cocaine in a two-choice operant paradigm, an effect that is independent of prior drug
experience (69).
4.2  Neural mechanisms

Artificial sweeteners provide little or no nutritive value, suggesting that consumption
of these substances is driven, primarily, by their hedonic properties: these may be mediated by
the same neural systems that underlie the rewarding properties of palatable food. In studying
this assumption, Frank (70) reported that higher concentrations of both sucrose (up to 32%)
and sucralose (concentrations matched to sucrose for sweetness) increased activation in the
primary gustatory cortex of humans (frontal operculum and anterior insular), although sucrose
activated additional regions implicated in feeding (e.g., midbrain, substantia nigra, and ventral
striatum) (70). The study also revealed differential functional connectivity associated with
ingestion of the two substances, specifically recruitment of reward pathways for sucrose, but
not sucralose.

Similarly, sucrose and low-calorie sweeteners both regulate the hypothalamic
neuropeptide, orexin, although the two effects are not completely overlapping. For example,
the selective orexin 1 receptor antagonist, SB-334867, blunts saccharin and sucrose drinking
in mice (71, 72), and sucrose and saccharin bingeing decrease orexin mRNA in the lateral
hypothalamus (73). The latter is associated with reduced phosphorylated cyclic AMP
response binding protein (pCREB) in orexin neurons, at least in female rats (74). This
reduction was observed in melanin concentrating hormone (MCH) neurons but only following
sucrose consumption, pointing to a potential dissociation of mechanisms mediating
consumption of natural and artificial sweeteners. The fact that orexin processes are reduced in
bingeing animals appears to contradict evidence that this neuropeptide reduces satiety and
increases appetite (75). The relationship between orexin levels and binge eating, however,

likely involves a complex interaction with brain reward systems that could impact non-
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homeostatic eating. More specifically, orexin enhances dopamine levels in brain reward
systems, so reduced orexin activity could reflect a hypodopaminergic state. Animals may
compensate for this deficit by increased consumption of sucrose or saccharin in an attempt to
maintain homeostatic levels of dopamine.

At the same time, there are subtle differences in the impact of dopamine manipulations
on the intake of natural versus artificial sweeteners. Administration of either a D1 or D2
receptor antagonist (SCH23339 or raclopride) dose-dependently reduces sucrose, but not
saccharin, intake (76) in a two-bottle choice paradigm. In addition, cues associated with either
sucrose or saccharin presentation evoke dopamine release in the nucleus accumbens (NAcc)
core, but the effect produced by sucrose-paired cues is much larger (77). In line with this
evidence, sucrose induces a larger DA release in the ventral striatum compared to saccharin
(69). A similar pattern of findings emerges regarding the relationship between feeding-related
peptides and artificial versus natural sweeteners. Saccharin, like sucrose, increases mRNA
levels of neuropeptide Y (NPY), orexin, and agouti related peptide (AgRP) (78, 79), changes
that may underlie sweetener-induced increases in energy intake and weight gain. However,
there is a distinct pattern of time-dependent changes following ingestion of the two
commodities. More specifically, saccharin consumption leads to an immediate increase in
NPY and orexin expression, whereas sucrose produces an immediate decrease in NPY and
AgRP that is followed by increased expression of these peptides within 10 minutes post-
ingestion. Moreover, NPY infusions into the ventral tegmental area, NAcc, or lateral
hypothalamus consistently increase sucrose consumption and/or the motivation to obtain
sucrose (80); in contrast, effects of these manipulations on saccharin intake are inconsistent
(78, 81).

A separation of neural systems mediating the rewarding effects of sucrose and non-

nutritive substitutes could be explained within the context of incentive sensitization.
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According to this theory (82), the ‘wanting’ component of reward depends on mesolimbic
dopamine systems whereas ‘liking’ is mediated by opioidergic mechanisms. As noted
previously, dopamine may have dissociable roles controlling responses to natural and
artificial sweeteners, particularly in terms of cues predicting the presentation of one
commodity of the other. There is some degree of overlap in the mediation of ‘liking” natural
and artificial sweeteners in that mice with deletion of the ion channel TRPMS5 and TRPM4
taste receptors consume less of sucrose and saccharin than wild type mice (83), and mu opioid
receptor knock out mice show reductions in both sucrose and saccharin bingeing (26).
Moreover, general opioid antagonism dose-dependently decreases palatable food bingeing
(84), as well as saccharin preference and consumption (85). On the other hand, mu opioid
receptor knockout animals exhibit decreased licking of sucralose, compared to sucrose (86)
and the mu opioid receptor agonist, DAMGO, selectively increases saccharin drinking in rats
(87, 88). Thus, although the neural substrates mediating hedonic responses to artificial and
natural sweeteners share common elements, these are not completely overlapping.
S. Artificial sweeteners and sex differences

As with other basic biological processes, behavioral responses to palatable food often
vary across sexes. Sex differences are attributed to a combination of chromosomal and
hormonal differences between males and females, combined with gender constructs related to
societal expectations (89). These help to explain sex differences in behavioral processes and
the disproportional representation of one sex or the other in disorders or diseases. As an
example, women transition more rapidly to compulsive drug use in addiction than males (90),
and female rats exhibit enhanced escalation of heroin intake compared to male rats (91). An
increased rate of developing maladaptive drug use in females could reflect sex differences in
dorsal striatal activity as this system controls the transition to compulsive drug use in

addiction (92). The effect may also be related to sexual dimorphism in brain reward systems,
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as these have been observed for dopamine D1 and D2 receptors in the frontal cortex and
striatum of juvenile rats (93). These findings fit with clinical evidence of differential
activation of brain reward circuitry during craving in male and female patients with cocaine
dependence (94).

Similar to drug reinforcers, sex differences emerge in male/female responses to
palatable food. For example, women are more likely than men to exceed recommended limits
on sugar intake (95) and to perceive sweet taste more intensely than men (96). Female rats
also show a higher preference than males of their species for both glucose and saccharin, an
effect that is maintained even at the highest concentrations of saccharin (97). Both males and
females in this study preferred saccharin over glucose in conditions of short-term access;
when access was extended, only males reverted to a higher preference for the natural sugar.
These findings are reflected at the biological level with a higher proportion of female rats
showing increased neuronal firing in the parabrachial pons in response to sucrose (98). A
similar profile of sex differences was observed in female and male rats provided with a
saccharin solution, suggesting that the effect is driven by taste, not nutrient content (99).
Gonadal sex hormones likely contribute to these effects in that dopamine release in the NAcc
shell is significantly increased when female rats are self-administering sucrose during the
estrous phase of their cycle (100). Finally, in choice paradigms, female rats are more likely
than their male counterparts to select sucrose over cocaine (101), suggesting that sweet
solutions exert a more powerful control over behavior in this sex. Taken together, these data
suggest that intake of palatable food is driven more strongly by hedonic properties, regardless
of metabolic state, in females than males. It should not be surprisingly, therefore, that there is
a higher proportion of female, compared to male, rats in binge-prone versus binge-resistant
groups (102). Sexual dimorphism in binge eating appears to extend to non-nutritive

sweeteners as binge intake of saccharin is associated with increased chow intake in female,
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but not male, mice (26). Although the data are preliminary, sex differences in reward
processing related to palatable food may extend to artificial sweeteners.
6. Artificial sweeteners and substance use disorders

Binge intake of highly palatable food overlaps with many of the behavioral and
biological features of drug abuse (15). This suggests that BED and substance use disorder
(SUD) may share a common etiology, although this contention remains controversial (103,
104).

Regardless of the interpretation, commonalities in maladaptive feeding and drug intake help
to explain the high comorbidity between eating disorders and SUDs (6, 105). Although it is
difficult to untangle the causal relationship between the two, animal studies suggest that
maladaptive eating precedes drug use in that rats that binge on fat later exhibit increased
intake and motivation to consume alcohol (106). Moreover, epidemiological studies in
humans reveal that binge eating is associated, prospectively, with alcohol-related problems
(107). That is, individuals who met criteria for eating disorders were more likely to report
negative consequences of alcohol use even if they did not drink more than non-eating
disordered counterparts. Interestingly, the relationship between binge eating and drinking in a
student population was stronger in males (108), which could explain the higher comorbidity
of SUD with BED in men than women (109).

In humans who binge eat, intake of sweet foods is a significant predictor of the
frequency of binge episodes (9). Responses to sweet tastes, therefore, may play an important
role in the emergence and acceleration of food of drug intake. This could explain why sucrose
bingeing in rats alters subsequent responses to drugs, manifested as increased locomotor
sensitization to psychostimulants, such as cocaine or amphetamine (110, 111). There is some
evidence that non-nutritive sweeteners produce similar effects. Rats bred for high saccharin

intake show more rapid acquisition of cocaine self-administration, slower rates of extinction,
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and increased reinstatement to cocaine seeking (101). The relationship could be bidirectional
as rats bred for high intake of alcohol show increased saccharin consumption (112).
7. Conclusions

Binge eating is a common element of many eating disorders and one of the primary
factors in growing rates of obesity. Both binge eating and obesity are driven by
overconsumption of highly palatable food that is high in sugar and/or fat. This intake reflects
hedonic, rather than metabolic, processing suggesting that sweet tasting food that contains
minimal calories should help to reduce both binge eating and obesity. Neither clinical nor
preclinical studies confirm this idea, although the data across experiments is often
contradictory. Further work is required to unravel the relationship between behavioral and
biological mechanisms mediating the rewarding effects of natural versus artificial sweeteners.
Animal models are an important tool in this endeavor, particularly in terms of understanding

sex differences in responses to palatable food.
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IV. Hypothesis

(English version)

In addition to the well-studied involvement of dopamine in BED, a role of the
endocannabinoid and endogenous opioid systems has been revealed by pharmacological
studies. Administration of the cannabinoid antagonist rimonabant reduced the frequency and
severity of binge eating in obese subjects with BED (Pataky et al., 2012). The involvement of
the opioid system was shown by a significant association between the opioid receptor gene
variant A118G and obese subjects with BED, with this variant already known to be highly
associated with addiction (C. A. Davis et al., 2009; Tagqi et al., 2019). In a recent clinical trial,
blocking MOR with naltrexone, in combination with bupropion, an antidepressant, improved
the pathological eating behaviors (Carbone et al., 2021). Preclinical studies have also
provided evidence for similarities in opioid and cannabinoid involvement in drug addiction
and BED. For example, the MOP/KOP antagonist, Nalmafene, decreased preferred food
hyperphagia, a measure of binge-like eating in rats. In addition, blocking the cannabinoid
receptor 1 using rimonabant reduces fat bingeing r in rats (Scherma et al., 2013).

Our first objective was to develop a rodent models of sucrose bingeing in order to
better characterize the involvement of MOP and CB1 in this behavior.

=  Hypothesis 1: MOP KO mice will exhibit reduced sucrose and saccharin
bingeing

= Hypothesis 2: CB1 blockade will reduce sucrose bingeing

Several reports describe the involvement of neuroinflammation in mental health
conditions (Lacagnina et al., 2017), with overlapping mechanisms in BED and addiction
(Schulte et al., 2017). Neuroinflammation is increased in rodents given access to high fat and
high sugar diets has been described in brain areas related to reward. (De Souza et al., 2005b;
Décarie-Spain et al., 2018; Fuente-Martin et al., 2013; Gao et al., 2017). More recently it was
shown that 12-week intermittent access to sucrose in rats increased TSPO, a
neuroinflammatory marker in discrete brain regions such as the caudate putamen involved in
motor control (Patkar et al., 2021). We believe that neuroinflammation in the reward pathway
could explain maladaptive eating behaviors and provide a mechanistic link to SUD.

Our second objective was to measure expression of neuroinflammatory markers in

regions of the reward pathway.
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"  Hypothesis 3: sucrose bingeing alters gene expression of neuroinflammatory

markers in brain regions of the reward pathway in mice

BED is associated with medical and psychiatric comorbidities (Kessler et al., 2013b),
with a particularly high prevalence of SUD in BED individuals. In our team we are interested
in the dysregulation of reward responses and evidence that BED modifies drug reward
because of high prevalence of SUD amongst BED individuals (Grilo et al., 2009; Grilo &
O’Malley, 2002). Our third objective was to measure EtOH reward responses in our sucrose
bingeing mouse model since BED is often comorbid with AUD (Rolland et al., 2017).

=  Hypothesis 4: sucrose bingeing alters EtOH reward responses in a

conditioned place preference paradigm

During my PhD we also collaborated with Dr. Décosterd’s team in Lausanne to work
on alcoholic neuropathy. There is increasing evidence that alcohol induces neuroinflammation
in the peripheral nervous system. These alterations can increase the risk of developing
neuropathy. However, much less is known about the link between neuroimmune signaling
associated with alcoholism and alcoholic neuropathy (Chopra & Tiwari, 2012). Therefore, we
established a mouse model of binge drinking to measure nociceptive thresholds. Based on
evidence that BED individuals report pain (see in Awad & Befort, 2019), we extended the
work to our BED model by measuring nociceptive thresholds in sucrose bingeing mice. We
observed altered expression of neuroinflammatory factors in the brain and these are supported
by previous results (Patkar et al., 2021). Given that neuropathic pain is linked to
neuroinflammation, our last objective was to measure nociceptive thresholds in binge
drinking and sucrose bingeing mouse models and to assess the relationship of these behavioral
measures to brain neuroimmune adaptations.

= Hypothesis 5: sucrose bingeing and binge drinking modify thermal and

mechanical nociceptive thresholds
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(French version)

En plus de l'implication bien étudiée de la dopamine dans le BED, le role des systémes
cannabinoide et opioide endogenes a été révélé notamment par des études pharmacologiques.
L'administration de 1'antagoniste cannabinoide rimonabant a réduit la fréquence et la sévérité
des crises de boulimie chez des sujets obéses atteints de BED (Pataky et al., 2012).
L'implication du systéme opioide a été démontrée par une association significative entre le
variant A118G du geéne MOP et les sujets obeses atteints de BED, ce variant étant déja connu
pour étre fortement associée a la dépendance (C. A. Davis et al., 2009; Taqi et al., 2019). Un
essai clinique récent a montré que le blocage MOP par la Naltrexone, en association avec le
Bupropion, un antidépresseur, améliorait les symptomes associ€és au comportement de
« binge » chez des sujets atteints de BED (Carbone et al., 2021). Des études précliniques ont
également pu fournir des preuves de similitudes entre la toxicomanie et le BED. Des études
sur des modeles animaux ont fourni des preuves du role du systéme opioide dans le BED en
montrant que l'antagoniste MOP/KOP, Nalmafene, diminuait I'hyperphagie des aliments
préférés, une mesure de la frénésie alimentaire chez les rats. Il existe également des preuves
de I'implication du systéme endocannabinoide dans I'hyperphagie boulimique en montrant que
le blocage de CB1 a l'aide de 1’antagoniste rimonabant réduit le comportement d'hyperphagie
boulimique chez les rats exposés a une alimentation riche en graisse (Scherma et al., 2013).

Notre premier objectif était de développer des modeles rongeurs de binge au
saccharose afin de mieux caractériser I'implication de MOP et CBI1.

Hypothése 1 : Les souris MOP KO réduisent la consommation excessive de
saccharose et de saccharine lors d’un comportement de « binge ».

Hypothése 2 : Le blocage de CB1 réduit la consommation excessive de saccharose

lors d’un comportement de « binge ».

Plusieurs rapports décrivent l'implication de la neuroinflammation dans l'addiction
(Lacagnina et al., 2017). De plus, plusieurs rapports tentent d’établir des preuves solides sur
les mécanismes communs entre le BED et la dépendance (Schulte et al., 2017). Des études ont
pu démontrer une neuroinflammation chez les rongeurs ayant accés a des régimes riches en
graisses et en sucre, et cela dans des régions impliquées dans les comportements addictifs (De
Souza et al., 2005a; Décarie-Spain et al., 2018; Fuente-Martin et al., 2013; Gao et al., 2017).
Plus récemment, il a ét¢ montré que l'accés intermittent au saccharose pendant 12 semaines
chez le rat augmentait la protéine translocator (TSPO), un marqueur de neuroinflammation,
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dans des régions cérébrales comme le putamen caudé impliqué dans le contrdle moteur
(Patkar et al., 2021). Nous pensons que des mécanismes inflammatoires dans les régions
appartenant au systéme de la récompense pourrait expliquer les comportements alimentaires
inadaptés et les similitudes avec les troubles liés a la consommation excessive de substances
addictives.

Notre deuxiéme objectif ¢était de mesurer I'expression des marqueurs
neuroinflammatoires dans les régions cérébrales de la récompense.

Hypothése 3 : le «binge» de saccharose modifie l'expression génétique des

marqueurs neuroinflammatoires dans les régions cérébrales de la récompense chez la souris.

Le BED est associé a des comorbidités médicales et psychiatriques (Kessler et al.,
2013c). Notamment, la prévalence d’abus de substances chez les personnes souftrant de BED
est élevée. Dans notre équipe, nous nous intéressons a la dérégulation de la réponse aux
récompenses. En effet, il existe des preuves que le BED modifie la récompense de la drogue
au vu de la prévalence d’abus de substances addictives chez des sujets BED (Grilo et al.,
2009; Grilo & O’Malley, 2002). Notre troisiéme objectif était de mesurer la réponse de
récompense a I'EtOH dans notre modeéle de souris bingeing au sucrose puisque le BED est
souvent comorbide avec I'AUD (Rolland et al., 2017).

Hypothése 4 : la consommation excessive de saccharose lors d’un comportement de
« binge » modifie la réponse de récompense a l'alcool dans un paradigme de préférence de

place conditionnée.

Pendant mon doctorat, nous avons également collaboré avec I'équipe du Dr. Décosterd
a Lausanne pour travailler sur la neuropathie alcoolique. Il existe de plus en plus de preuves
que l'alcool induit une neuroinflammation dans le systéme nerveux périphérique. Ces
altérations peuvent augmenter le risque de développer une neuropathie. Cependant, on connait
beaucoup moins le lien entre les mécanismes centraux de neuroinflammation associés a
l'alcoolisme et la neuropathie alcoolique (Chopra & Tiwari, 2012). Nous avons donc établi un
modele murin de consommation excessive d’alcool (binge drinking) dans lequel les seuils
nociceptifs sont mesurés. Dans notre laboratoire, nous avons décidé de faire un parallele avec
le BED en mesurant les seuils nociceptifs chez des souris qui s'adonnent a la consommation
excessive de saccharose. En effet, les individus BED rapportent des douleurs (voir dans Awad
& Befort, 2019). Nous avons observé une altération de I'expression des facteurs
neuroinflammatoires dans le cerveau, ce qui est confirmé par les résultats de la littérature
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(Patkar et al., 2021) . La douleur neuropathique pourrait étre associée a la neuroinflammation
dans le cerveau. Notre dernier objectif était de mesurer les seuils nociceptifs dans des modeles
de souris de consommation excessive d'alcool ou de saccharose afin de les corréler avec la
signalisation neuro-immune du cerveau.

Hypothése 5 : la consommation excessive de saccharose ou d’alcool lors d’un

comportement de « binge » augmente la sensibilité aux stimuli thermiques et mécaniques.
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V. Results

V.1 MOP in BED
V.1.1. Opioid system generalities
The opioid system is characterized by four receptors coupled to inhibitory G proteins (G
and Go,), the mu, delta, kappa and nociceptin receptors (MOP, DOP, KOP, NOP) (Kieffer &
Evans, 2009). NOP, being the least well characterized with different structural conformation,
shows less potential interaction with the other endogenous ligands (Corder et al., 2018). Four
main endogenous opioid ligands: beta-endorphin, enkephalin, dynorphin and nociceptin have
been described, each released from post-translational cleavage of the precursor proteins
proopiomelanocortin, preproenkephalin, prodynorphin and prepronociceptin respectively
(Figure 12). The receptors are expressed in a wide range of brain regions which can vary from
one receptor to another but usually include regions from the limbic system, the basal ganglia
and the cortex (Lutz & Kieffer, 2013; Mansour et al., 1995). Binding to the receptors leads to

decreased neuronal excitability, as described in the figure legend (Figure 12).

a. b.
G protein-dependent ‘Gene encoding opioid  Main peptide Receptor Effects
related peptides
Proopriomelanocortin Beta-endorphine Mu Euphoria
Constipation
Miosis
Met-enkephalin Analgesia
Respiratory depression
Prepro-enkephalin Met-enkephalin Delta Euphoria
Leu-enkephalin Analgesia
@ (oD Prepro-dynorphin Dynorphin Aor B Kappa Dysphoria
} GIRK noendorphin Analgesia
tca : : - . . . .
m b ShARES Prepro-nociceptin nociceptin Nociceptin Pain

Figure 12 a. Opioid receptor coupled to G, When a ligand binds to opioid receptor, the voltage sensitive
calcium channels close and potassium efflux is stimulated leading to hyperpolarization. The alpha subunit also
reduces conversion of adenosin triphosphate into cyclic adenosine monophosphate reducing neurotransmitter
release (Cartoon modified from Che et al., 2021). b. Opioid neurotransmitter precursors with specific receptor
and main effects. (Table modified from Corder et al., 2018)

V.1.2. Opioid system and palatable food
The opioid system is involved in homeostatic and hedonic control of food intake.
Opioid homeostatic regulation of feeding involves hypothalamic neuronal activity such as
POMC, NPY or orexin neurons (Nogueiras et al., 2012). Opioid neurotransmission was

shown to be involved in liking in specific regions of the limbic forebrain described as hedonic
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spots and involved in the hedonic control of feeding. DAMGO, a synthetic opioid peptide
targeting MOP, enhances liking reactions to sucrose in the rostro dorsal medial shell of the
NAcc (Pecina, 2005). These results have been extended to all 3 main opioid receptors MOP,
KOP and DOP (Castro & Berridge, 2014). The same experiment with DAMGO has been
repeated in the ventral pallidum identifying another hedonic hotspot mediated by opioid
neurotransmission only in the posterior third part (K. S. Smith, 2005). Both are targeted by
orexin neurons of the lateral hypothalamus (Castro & Berridge, 2014). In humans, MOP
inverse agonist nalmefene selectively reduces preferred food intake but did not modify hunger

or satiety subjective ratings compared to control group (Yeomans et al., 1990).

V.1.3.  Opioid system and BED
The role of the opioid system in binge eating has been shown in rat models of palatable
food bingeing using MOP antagonists GSK 1521498 or naltrexone (Giuliano et al., 2012) and
of sucrose bingeing using Naltrexone and Beta-funatrexamine (Katsuura & Taha, 2014a).
GSK1521498 administered to obese BED individuals during 28 days reduced binge eating,
providing clinical evidence of the opioid system as a therapeutic target (Giuliano & Cottone,

2015).

BED individuals usually binge on high fat/high sugar food. To date only one study
antagonized MOPR in the NAcc shell of sucrose bingeing in animal models (Katsuura &
Taha, 2014b). However, we do not know if in sucrose bingeing animal models, opioid
regulates taste preference and/or calories intake. Therefore, a sweet non-caloric control is

needed.

In our study, we decided to use three groups with restricted access to food because it has
been shown that food restriction and high concentrations of sucrose (20%) increase burst
licking of sucrose in WT and MOP KO mice compared to lower sucrose concentrations (2%)
with ad libitum access to food (Ostlund et al., 2003). But MOP KO mice showed a reduced
intake compared to the WT. This provides evidence that MOP determines palatability
responses which is increased under food deprivation. This might be due to interaction with the
dopaminergic system since limited access to sucrose associated with restricted feeding

increases dopamine transporter binding in the mesoaccumbens compared to unrestricted
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animals (Bello et al., 2003), and increases D1 and MOP binding in the NAcc core and shell

respectively.
Thus, we predicted that we would see reduced levels of sucrose and saccharin intake in

the MOP KO mice. Together, our results support this evidence and might suggest that MOP

deletion prevents, but doesn’t suppress, sweet solution intake.

55



(French version)

Généralités sur le systéme opioide

Le systéme opioide est caractérisé par quatre récepteurs couplés a des protéines G
inhibitrices (Gai et Gao), les récepteurs mu, delta, kappa et nociceptine (MOP, DOP, KOP,
NOP) (Kieffer & Evans, 2009). Le NOP, étant le moins bien caractérisé avec une
conformation structurelle différente, présente moins d'interactions potentielles avec les autres
ligands endogénes (Corder et al., 2018). Quatre principaux ligands opioides endogénes : la
béta-endorphine, l'enképhaline, la dynorphine et la nociceptine ont été décrits, chacun étant
libéré par le clivage post-traductionnel des protéines précurseurs que sont respectivement la
proopiomélanocortine, la préproképhaline, la prodynorphine et la prépronociceptine (Figure
12). Les récepteurs sont exprimés dans un large éventail de régions du cerveau, qui peuvent
varier d'un récepteur a l'autre, mais qui comprennent généralement des régions du systéme
limbique, des ganglions de la base et du cortex (Lutz & Kieffer, 2013 ; Mansour et al., 1995).
La liaison aux récepteurs entraine une diminution de l'excitabilité neuronale, comme décrit

dans la légende de la figure 12 (Figure 12).

Systéme opioide et aliments appétissants

Le systéme opioide est impliqué dans le contrdle homéostatique et hédonique de la
prise alimentaire. La régulation homéostatique de 1'alimentation par les opioides implique une
activité neuronale hypothalamique telle que les neurones POMC, NPY ou orexine (Nogueiras
et al., 2012). Il a été démontré que la neurotransmission opioide était impliquée dans le gott
dans des régions spécifiques du cerveau antérieur limbique décrites comme des spots
hédoniques et impliquées dans le contréle hédonique de l'alimentation. Le DAMGO, un
peptide opioide synthétique ciblant la MOP, renforce les réactions de golt au saccharose dans
'enveloppe médiane rostro dorsale de la NAcc (Pecina, 2005). Ces résultats ont été étendus
aux 3 principaux récepteurs opioides MOP, KOP et DOP (Castro & Berridge, 2014). La
méme expérience avec le DAMGO a été répétée dans le pallidum ventral, identifiant un autre
spot hédonique médi€ par la neurotransmission opioide uniquement dans la troisieme partie
postérieure (K. S. Smith, 2005). Tous deux sont ciblés par les neurones a orexine de
I'hypothalamus latéral (Castro & Berridge, 2014). Chez 1'homme, l'agoniste inverse de la
MOP, le nalméfeéne, réduit sélectivement la prise alimentaire préférée mais ne modifie pas les
évaluations subjectives de la faim ou de la satiété par rapport au groupe témoin (Yeomans et

al., 1990).
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Systéme opioide et BED

Le role du systéme opioide dans I'hyperphagie boulimique a été¢ démontré dans des
modeles de rat d'hyperphagie d'aliments appétissants a I'aide d'antagonistes de MOP, le
GSK1521498 ou la naltrexone (Giuliano et al., 2012) et d'hyperphagie de saccharose a 1'aide
de la naltrexone et de la béta-funatrexamine (Katsuura & Taha, 2014a). Le GSK1521498
administré a des personnes obeses souffrant de BED pendant 28 jours a réduit les crises de
boulimie, fournissant des preuves cliniques du systéeme opioide comme cible thérapeutique

(Giuliano & Cottone, 2015).

Les personnes souffrant de BED se gavent généralement d'aliments riches en graisses et
en sucres. A ce jour, une seule étude a antagonisé le MOP dans la coquille du NAcc de dans
des modeles animaux d'hyperphagie boulimique de saccharose (Katsuura & Taha, 2014Db).
Cependant, nous ne savons pas si dans les modeles animaux de BED, le syst¢eme opioide
régule la préférence gustative et/ou la prise de calories. Par conséquent, un contrdle sucré non

calorique est nécessaire.

Dans notre étude, nous avons décidé d'utiliser trois groupes avec un acces restreint a la
nourriture car il a été démontré que la restriction alimentaire et les concentrations élevées de
saccharose (20%) augmentent le léchage du saccharose chez les souris WT et MOPR KO par
rapport aux concentrations plus faibles de saccharose (2%) avec un acces ad libitum a la
nourriture (Ostlund et al., 2003). Les souris MOP KO ont montré une consommation réduite
par rapport aux souris WT. Cela prouve que MOP détermine les réponses de palatabilité qui
sont augmentées en cas de privation de nourriture. Cela pourrait étre dii a une interaction avec
le systeme dopaminergique puisque l'acces limité au saccharose associé a une alimentation
restreinte augmente la liaison des transporteurs de dopamine dans le mésoaccumbens par
rapport aux animaux non restreints (Bello et al., 2003), et augmente la liaison de D1 et de

MOP dans le noyau et I'enveloppe du NAcc respectivement.

Ainsi, nous avions prédit que nous verrions des niveaux réduits de consommation de
saccharose et de saccharine chez les souris MOP KO. Ensemble, nos résultats confirment
cette évidence et pourraient suggérer que la délétion de MOP prévient, mais ne supprime pas,

la consommation de solutions sucrées.
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Short report 1

Deletion of mu opioid receptors reduces palatable solution
intake in a mouse model of binge eating
Gaélle Awad?, Laurie-Anne Roeckel?, Dominique Massotte®,

Mary C. Olmstead® and Katia Befort®

Binge eating in humans is driven by hedonic properties of
food, suggesting that brain reward systems may contribute
to this behaviour. We examined the role of mu opioid
receptors (MOP) in binge eating by examining sweet
solution intake in mice with genetic deletion of the MOP.
Wildtype and MOP knockout mice had 4 hours access to
food in the home cage combined with limited (4 hours)
access to sucrose (17.1% w/v) or saccharin (0.09% w/v),
or continuous (24 hours) access to sucrose. Only limited
access groups exhibited binge intake, measured as
increased solution consumption during the first hour.
Knockout mice consumed less solution and food during
the first hour as well as less food each day compared

with wildtype mice. Limited access groups consumed
more food and gained more weight than continuous
access groups, and the effect was magnified in saccharin-
consuming mice. Indeed, the increased food consumption
in animals given limited access to saccharin was so
excessive that caloric intake of this group was significantly

Introduction

Binge eating disorder (BED), the most prevalent of all
eating disorders (Kessler ¢z a/., 2013; Solmi ez al., 2016),
is associated with detrimental health outcomes including
obesity (Grucza ef al., 2007; Stojek and MacKillop, 2017)
and several mental health conditions (Javaras ez a/., 2008;
Solmi ez al., 2016). Treatments for BED are not widely
available and generally ineffective, partly because the
aetiology of the disorder is poorly understood (Hutson
etal., 2018).

Emerging evidence points to alterations in brain reward
circuits in BED patients (Balodis ez @/., 2015; Kessler ez al.,
2016), matching reports of increased dopamine release in
the nucleus accumbens (NAcc) of rats following sucrose
bingeing (Rada ez a/., 2005). In the context of motivated
behaviours, disruptions in mesolimbic dopamine func-
tion would impact binge eating by altering ‘wanting’ of

food rewards (Kelley and Berridge, 2002).

In contrast, the ‘liking’ component of natural rewards is
mediated through opioid systems, specifically the mu
opioid receptor (MOP) (Castro and Berridge, 2014). For
instance, intra-NAcc injections of MOP agonists produce
hyperphagia of highly palatable food (Zhang and Kelley,
2002; Nogueiras ef al., 2012; Katsuura and Taha, 2014);
opioid and selective MOP antagonists have the opposite
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effect (Ward ez a/., 2006; Sahr ef a/., 2008; Katsuura and
Taha, 2014). MOPs appear to be linked, specifically,
to hedonic responses associated with preferred foods
(Giuliano ez al., 2012; Nogueiras er al., 2012; Ostlund
et al., 2013), which may explain why blockade of MOPs
reduces subjective ratings and ad libitum intake of pre-
ferred foods in BED patients (Drewnowski ez 4/., 1995;
Ziauddeen ez al., 2013). Together, clinical and preclinical
data suggest that MOPs may contribute to binge eating
by regulating the hedonic aspects of palatable food.

We tested the role of MOPs in binge eating by assess-
ing intake of highly palatable food (sucrose or saccharin)
and regular chow in mice lacking MOPs. Binge cating,
defined as excessive consumption within a discrete
period of time, was induced using a limited access pro-
tocol (Corwin ez al., 2011) adapted for mice (Yasoshima
and Shimura, 2015). We focussed, exclusively on sweet
solutions, rather than sweet/fat combinations, as the two
commodities induce distinct neural and behavioural
adaptations (Avena, 2010).

Materials and methods

Subjects

Twelve male and 12 female mice lacking MOP receptors
and their wildtype controls (wildtype female 7= 30; male
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n=24) were single housed under standard light, tem-
perature, and humidity conditions (12-hour light—dark
cycle, 22+2°C, 55+ 10% humidity). Knockout mice were
generated by homologous recombination (Matthes ¢z a/.,
1996) on a genetic background of 50% C57/BL.6]:50%
129svPas. Mice weighed 23-46.7g at the start of the
experiment, ranging in age from four months to approxi-
mately one year (wildtype: 17.7-32.8 weeks; MOP knock-
out: 18.5-58.8 weeks).

Research was conducted in accordance with the European
Communities Council Directive of 22 September 2010
(directive 2010/63/UE). Experiments were approved by
the local ethical committee (Comité Régional d’Ethique
en Matiere d’Expérimentation Animale de Strasbourg
CREMEAS) and findings are reported following the

ARRIVE Guidelines for experiments involving animals.

Sucrose consumption

The protocol for sucrose consumption, including solution
concentrations and access periods, was based on a proce-
dure that induces sucrose bingeing in mice (Yasoshima
and Shimura, 2015). Brieflyy, MOP knockout and wild-
type mice were randomly assigned to one of three access
conditions: limited sucrose (4hours sucrose and food,
4SUC/4F); limited saccharin (4 hours saccharin and food,
4SAC/4F); or continuous sucrose (24 hours sucrose and
4hours food, 24SUC/4F). As far as possible, sex, age,
and initial weight were counterbalanced across groups.
Sucrose and saccharin were presented at concentrations
that are equally preferred in mice (17.1 and 0.09% w/v,
respectively).

Mice were habituated to single housing and water pres-
entation in two sipper tubes in the home cage for a mini-
mum of six days. Over the next 14 days, beginning 2 hours
into the light cycle, mice were presented with standard
chow and solution according to their group assignment.
Water was available ad libitum. Solution (mL) and chow
(g) intake were measured 1, 4, and 24 hours following
presentation. Binge intake was assessed as significantly
higher solution consumption during the first hour of
access. Animals were weighed daily and sacrificed at the
end of the intermittent access period.

Statistical analyses

Solution and food intake were analysed using a Linear
Mixed Model (LMM) analysis (Winter, 2013) in which
consumption (solution, food, kilocalories) was assessed as
a function of group, day, sex, and weight. LMM analy-
ses accounts for both fixed and random effects, the lat-
ter reflecting individual differences in baseline intake.
Degrees of freedom were calculated using the Welch—
Satterthwaite equation (pooled degrees of freedom) as
there is no assumption that underlying population vari-
ances are equal (Satterthwaite, 1946). Group differences
across sessions were analysed using a likelihood ratio test

(LRT) (Luke, 2017) that compares goodness of fit of two
models: the full model against one that combines two
groups of interest into a single group. Statistically signifi-
cant effects indicate that the two groups are distinct.

Results

Figure 1 shows that limited access to a sweet solu-
tion induces binge intake in both wildtype and MOP
knockout mice, confirmed by a significant escala-
tion of sucrose intake across 14 days for the 4SUC/4F
wildtype (l(17424)=7.906; P<0.001), 4SUC/MAF MOP
knockout (l1‘3()())=4.545; P<0.001), 4SAC/4F wildtype
(l(17412)=3.87é; P<0.001), and 4SAC/4F MOP knockout
(1(1,403)=2.890; P=0.003) groups (Fig. 1a). Intake during
the first hour of access did not increase across sessions
in wildtype or knockout mice given continuous access to
sucrose (i.e., 24SUC/4F groups). LRT analysis revealed
that the rate of increased solution intake during the first
hour was higher in wildtype compared with MOP knock-
out mice given limited access to sucrose [X%(2)=12.174;

P=0.002) and saccharin [X*(2) =8.8796; P=0.01].

Chow consumption during the first hour also increased
across sessions in all groups [4SUC/4F MOP knockout
(l(1 0= 2.688;P=0.007);4SAC/4F wildtype (l1 639)= 4.983;
PéO.e)Ol) and MOP knockout (1(1625)=5.23 . P<0.001);
24SUC/AF wildtype (1‘1‘622)=2.501;’ P=0.012) and MOP
knockout (z‘(lb2 )=3.285; P<0.001)], with the exception
of 4SUC/4F wildtype mice (l(1‘644)= 1.100; P=0.244). The
rate of increased chow intake during the first hour was sig-
nificantly different in wildtype and MOP knockout mice
in the 4SUC/4F group [X?(2)=11.291; P=0.004], but not
in the other two groups: 4SAC/4F ([(2)=1.342; P=0.511]
and 24SUC/4F [X4(2)=5.935; P=0.051] (Fig. 1b).

In order to assess overall differences in consumption, we
conducted an analysis of variance (ANOVA) on all meas-
ures, using access group and genotype as between sub-
jects’ factors. This yielded a generally consistent pattern
of results with no significant group X genotype interac-
tion for any measure of intake or body weight (Ps> 0.05),
although wildtype mice drank more water than MOP

knockout mice (F(l 61)=5.686; P=0.020) (Fig. 1c¢).

Figure 1d shows that daily sweet solution intake did
not differ between wildtype and MOP knockout groups
[4SUC/4F (X*(2)=2.437, df=2; P=0.296); 4SAC/4F
(X*(2)=5.775; P=0.056); and 24SUC/4F (X*(2)=1.1306;
P=0.568)]. LMM analysis also revealed significant esca-
lation of daily solution intake across sessions, only in
limited access groups [4SUC/4F wildtype (l1,238)=9.877;
P<0.001) and MOP knockout ([(1,224)=6'47(§; P<0.001);
4SAC/4F wildtype (l(1 228)=9.990; P<0.001) and MOP
knockout (t

221"~ 7.092; P<0.001)].

All six groups showed significant increases in daily chow

consumption across sessions, verified by LMM analysis

in wildtype [4SUC/4F (z‘(1 601)=3.699; P<0.001); 4SAC/4F
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Limited access to sweet solution produces binge intake. Mice were given daily access to sucrose, saccharin, and food for 14 days as follows:
4SUC/4F=4hours access to sucrose and food; 4SAC/4F=4hours access to saccharin and food; 24SUC/4F=24 hours access to sucrose and
4hours access to food. Data are presented as mean intake per body weight (mL/g and g/g) of solution (a) and (d) or food (b) and (e) during the
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calculated across the 14 days. Error bars represent SEM. MOP knockout, mu opioid knockout; WT, wildtype.

(t =9.418; P<0.001); 24SUC/HAF ( =3.450;

(1,574)

P<0 601)] and MOP knockout [4SUC/4F (z =4,071;

P<0.001); 4SAC/4F (¢

( (1,572)

= 9-909; P<0. 001), ZASUC/F

=4.130; P<0. OOi)] groups. The rate of daily chow

intake was higher in wildtype groups with limited
access to sucrose (X*(2)=10.112; P=0.006) and saccharin
(X%(2)=6.492; P=0.039) (Fig. 1e). In addition, wildtype
mice gained more weight than MOP knockout mice

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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(F(1 62) =6.927; P=0.010), with the two limited access
groups (4SUC/4F and 4SAC/4F) gaining more than the
continuous access (24SUC/4F) group (F =7.374;

. (2,62)
P<0.001) (Fig. 11).

Data presented in Fig. 2 show that MOP knockout mice
consumed less sweet solution (&, _=12.090; P<0.001)

and food (F -9 594; P=0.002) than wildtype mice
during the ﬁrst hour of access (Fig. 2a and b), as well
as less total food (F 154 )—11 449; P<0.001) across ses-
sions (Fig. 2e). Total dally intake of sweet solution did
not differ across genotypes (F(1’62)=O.19, P=0.665)
(Fig. 2d). In addition, solution intake during the first

(1,62)
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Limited access to saccharin increases total calories consumed. Mice were given daily access to sucrose, saccharin, and food for 14 days as
follows: 4SUC/4F=4 hours access to sucrose and food; 4SAC/4F=4 hours access to saccharin and food; 24SUC/4F=24 hours access to
sucrose and 4 hours access to food. Data are presented as mean total solution (a) and (d) or food (b) and (e) intake per body weight (mL/g and
g/g), summed across 14 sessions. Intake was measured during the first hour of access (a) and (b) and over each 24-hour period (d) and (e).
Caloric intake per body weight was summed across 14 sessions for the first hour of intake (c) and for each 24-hour period (f). Error bars represent

SEM. MOP knockout, mu opioid knockout; WT, wildtype.
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hour was significantly higher in both limited access
groups (F(2762)=28.217; P<0.001), whereas food intake
was increased only in the 4SAC/4F group (F(2 )= 24.384;
P<0.001). Total daily intake followed a similar pattern
with the continuous access group (24SUC/4F) consum-
ing more sweet solution than the limited access groups
(F(2‘62)=49.381; P<0.001), and the 4SAC/4F group con-
suming more food (F =47.367; P<0.001) and water

54)
(F(2 o= 10.329; P< 0.0(321) than the other two groups.

Increased food intake in the saccharin group could
simply reflect compensation for the lack of calories in
artificial sweetener. To assess this, we compared total
calorie intake across groups using the following calcula-
tions: chow=3.952Kcal/g; sucrose solution=0.114Kcal/
mL; saccharin=0.00366 Kcal/mL.. Analysis of these data
yielded a significant group effect, with the saccharin group
consuming more calories than either sucrose group in the
first hour (F(z,54)=13'124; P<0.001) (Fig. 2c) and across
the entire session (F(z,54)=29'324; P<0.001) (Fig. 2f).
Again, wildtype mice consumed more calories than MOP

knockout mice (F(l = 10.121; P=0.002) (Fig. 2c and f).

We also examined sex differences in all intake meas-
ures (data not shown) using LMM analysis, revealing
that wildtype females in the 4SAC/4F group consumed
more solution (X%(2)=10.170; P=0.006) and chow
(XZ(2)=13.753; P=0.001) than males in the first hour,
as well as more chow across the session (XZ(2)=33.666;
P<0.001). There were no sex differences in any intake
measure of wildtype animals given access to sucrose (i.c.,
4SUC/AF or 24SUC/4F). ANOVA on total consumption
of both genotypes across sessions confirmed that females
in the 4SAC/4F group consumed more chow than males
in the first hour (F1 =9.343; P=0.006), and over the
4-hour access period EI}(U= 33.333; P<0.001). In the latter
analysis, both the genotype (F(1)=7.16(); P=0.015) and
sex X genotype interaction (F(1)=4.685; P=0.044) were
statistically significant.
Discussion

We successfully reproduced a model of binge intake
in mice (Yasoshima and Shimura, 2015), manifested as
excessive consumption of a sweet solution within the
first hour of access. Mice given limited access to food, but
not sucrose (i.e., 24SUC/4F group), did not display binge
intake, confirming that restriction of a palatable sub-
stance contributes to this maladaptive behaviour. In our
preliminary experiments (data not shown), mice given
limited access to sucrose and unlimited access to food
(i.e., 4SUC/24F) also displayed binge intake, although
it was reduced compared with the group with restricted
access to both commodities (4SUC/4F). Food restric-
tion, therefore, may exacerbate hyperphagic responses
to palatable food. This could occur through physiological
stress responses which, themselves, induce binge eating
in mice (Micioni Di Bonaventura ez @/, 2014). Human
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studies support a relationship between stress and binge
eating in that chronically high levels of glucocorticoids
may trigger intake of ‘comfort’ foods (Dallman ez a/.,
2003) and stressful life events initiate both binge eating
and cortisol production in BED patients (Gluck, 2006).

Our study also confirmed reduced consumption of food
and sweet solution in mice lacking MOPs (Ostlund ¢z a/.,
2013). The effect was particularly apparent in our meas-
ure of binge intake (first hour solution consumption), fit-
ting evidence that MOPs play a role in hedonic responses
of binge eating in humans (Cambridge ¢z a/., 2013). This
genotype profile is also revealed under conditions of
food deprivation (Ostlund ez @/., 2013) or increased effort
to obtain a reward (Roberts e 4/., 2000; Papaleo et al.,
2007). In contrast, MOP knockout and wildtype mice
show no differences in food intake or seeking responses
when access to palatable food is increased or continu-
ous (Tabarin ¢z al., 2005; Papaleo ¢z al., 2007). These dif-
ferences could reflect a critical role of MOPs in stress
responses (LLaBuda ez /., 2000; Ide er al., 2010), which
would be increased under food restriction. A MOP con-
tribution to binge eating may occur through interactions
with orexigenic neurons (Castro and Berridge, 2017),
which amplify hedonic or liking responses to a sweet
solution (Castro and Berridge, 2014). This is supported
by evidence that BED patients exhibit a loss of MOP
availability in the NAcc (Majuri ez a/., 2017), an area
described as a ‘hedonic hotspot’ in food reward (Castro
et al., 2015). Our findings are in general agreement with
studies showing decreased consumption of palatable
food with MOP antagonism (Taha, 2010; Giuliano and
Cottone, 2015), although this effect may not involve the
NAcc (Lardeux ez a/., 2015). We also observed that MOP
knockout mice gained less weight than their wildtype
controls, which could reflect altered physiological and
metabolic responses to food (Wen ez a/., 2009) as well as
increased energy homeostasis and disrupted hunger cues
(Tabarin ez /., 2005). Indeed, MOPs may have a marginal
role in satiation processes in that anticipatory or ‘wanting’
response for food are not affected by food deprivation in
MOP knockout mice (Kas ¢z a/., 2004). Finally, we can-
not rule out the possibility that alterations in functional
brain connectivity, characteristic of MOP knockout mice
(Mechling ez al., 2016), contribute to altered behavioural
responses in this genotype.

Somewhat surprisingly, mice given limited access to
saccharin ate more food than mice with either limited
or continuous sucrose access, even beyond an expected
compensation for caloric differences in natural and arti-
ficial sweeteners. The increased food intake in saccharin
bingeing animals was not dependent on the presence or
absence of MOPs, but may be linked to sex differences:
binge intake of saccharin escalated more quickly across
sessions in females than males, whereas all other intake
measures were similar in the two sexes. This matches
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previous findings that female, but not male, rats exhibit
an increased preference for noncaloric, but not caloric,
sweeteners (Valenstein ¢ /., 1967). These findings
emphasize the need to critically evaluate the continued
and widespread use of artificial sweeteners, particularly
as abstinence from saccharin (Aoyama ez a/., 2014), like
sucrose (Grimm ez al., 2013), elicits craving in rats and
nonnutritive sweeteners induce physiological changes
mimicking those of nutritive compounds (Tucker and
Tan, 2017). Furthermore, although we did not observe
this effect in our mice, noncaloric sweeteners can induce
higher levels of weight gain than natural sugars (Feij6
et al., 2013), possibly through an increase in orexigenic
peptides (Furudono ez 4/., 2006; Gaysinskaya ez a/., 2011).

In sum, rodent models of sucrose bingeing provide val-
uable insight into the behavioural and biological under-
pinnings of maladaptive eating. Restricting access to
palatable food increases the propensity to binge, leading
to alterations in reward processing (Smail-Crevier ¢z a/.,
2018) as well as neurophysiological changes associated
with compulsive responding (Maracle ¢z a/., 2019). We
now identify a contribution of MOP's to binge eating, find-
ings that may translate to clinical treatment (Ziauddeen
et al., 2013). Our study also points to potential pitfalls in
substituting artificial for natural sweeteners, and high-
lights the need to understand gender differences in eat-
ing behaviours.
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V.2 Endocannabinoid system in BED

V.2.1.  ECS generadlities

Endocannabinoids are derivatives of the lipid membrane, the most active being
anandamide (AEA) and 2- arachidonoylglycerol (2-AG). They are synthesized “on demand”
following a stimulus but are not stored in lipid vesicles; AEA and 2-AG are quickly degraded
predominantly by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
respectively. They act mainly through cannabinoid receptors CB1 and CB2 coupled to Gi
proteins which are localized in the central and peripheral nervous system. Following post
neuronal activation, they act as retrograde messengers and inhibit neurotransmitter release of
pre-synaptic neurons. CB1 receptors are highly expressed in neurons of several regions of the
central nervous system though levels vary considerably across regions. CB1 receptors are the
main target of delta-9 tetrahydrocannabinol (A’~THC), an organic component of cannabis, and
mediate most of the psychomimetic effects of these compounds (Herkenham et al., 1991). As
for CB2 receptors, these are expressed at lower levels on neurons, being predominantly on
immune cells of the nervous system and the periphery (Cabral, 2005). But the wide
distribution of both receptors accounts for their ability to mediate physiological and

psychological processes (Schurman & Lichtman, 2017).
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Figure 13 Receptor and enzyme cell localization involved in endocannabinoid signaling. Synthesis of AEA and 2-AG are
mostly synthesized from membrane phospholipids by NAPE and DAGL respectively. Degradation of AEA occurs in the post
synaptic neuron by FAAH and 2-AG is degraded by MAGL in the pre-synaptic neuro. Synthesis and degradation occur within
the astrocyte and microglia. AEA: N-arachidonoylethanolamide; 2-AG: 2-arachidonoylglycerol; NAPE: N-
acylphosphatidylethanolamide; DAGL: diacylglycerol lipase; CB1: cannabinoid receptor 1; CB2: cannabinoid receptor 2.
(Schurman & Lichtman, 2017)
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V.2.2.  ECS in homeostatic ahd hedonic control of food intake

There is increasing evidence that the endocannabinoid system (ECS) is involved in food
intake and energy balance. Moreover, the ECS modulates homeostatic and hedonic control of
food intake. Homeostatic regulation of energy intake involves hypothalamic nuclei, such as
the arcuate nucleus and the lateral hypothalamus, whereas hedonic regulation involves the
mesolimbic dopamine system (Ferrario et al., 2016). However, both of these systems control
food intake interdependently. In hungry animals, the levels of endocannabinoids are increased
in response to fasting and return to basal levels once satiated. This occurs specifically in the
limbic forebrain a reward related region and in the hypothalamus, an energy balance related
region (Kirkham et al., 2002). Injection of AEA in the ventromedial hypothalamus of satiated
rats induces hyperphagia reversed by CB1 antagonist (Jamshidi, 2001). CB1 and CB2
antagonists have opposing effects, the first one decreasing food intake and the second one
increasing it in food deprived rats (Ting et al., 2015). In humans, the CB1 antagonist,
rimonabant, a synthetic compound developed by Sanofi-Aventis, decreases energy intake and
body weight with the ECS modulating both homeostatic control and hedonic aspects of food
intake. Pharmacological intervention shows that the ECS can modulate feeding by acting on
the reward system since injections of 2-AG into the NAcc shell increases food intake in
satiated rats and A’-THC induces hyperphagia and increases activity of dopaminergic neurons

in the ventral tegmental area (Kirkham et al., 2002).

There is evidence that the ECS has an important role in palatable food intake. Palatable
food was shown to increase dopamine release which is reversed by rimonabant, acting at CB1
receptors (Melis et al., 2009). Taste reactivity (orofacial expression and body response) and
dopamine transmission to NAcc shell following intraoral infusion of sucrose were increased
by systemic administration of A’-THC (De Luca et al., 2012). Interestingly, CB2 receptor
transcript expression was increased in the ventral tegmental area following 6 weeks of free
choice high fat/high sucrose diet and in the NAcc of high sucrose consumers (Bourdy et al.,

2021), indicating a role for this receptor in palatable food consumption.

V.2.3. ECSand BED
Our team was interested in investigating the role of ECS in sucrose bingeing animals

because we believe it is a promising target for BED. But most of the preliminary results of the
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ECS and binge eating focuses on fat (Satta et al., 2018; Scherma et al., 2013) or sweetened fat
(Bello et al., 2003; Parylak et al., 2012). Therefore, we reproduced a rat model of sucrose
bingeing, measured ECS gene transcripts and levels in brain reward regions and investigated
reward response to sucrose using a conditioned place preference paradigm. Finally, we looked

at CB1 receptor blockade on sucrose consumption and reward responses.

I followed the work from David De Sa Nogueira, another PhD student in the lab, who
worked on a binge sucrose model in rats. He was interested in the role of the endocannabinoid
in this bingeing behavior. In this study, I participated in the statistical analysis of behavioral

experiments in order to account for the intra-individual variability.
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(French version)

Généralités sur le systéme endocannabinoide

Les endocannabinoides sont des dérivés de la membrane lipidique, les plus actifs étant
I'anandamide (AEA) et le 2- arachidonoylglycérol (2-AQG). Ils sont synthétisés "a la demande"
apreés un stimulus mais ne sont pas stockés dans des vésicules lipidiques. L'AEA et le 2-AG
sont rapidement dégradés, principalement par 1'amide hydrolase d'acide gras (FAAH) et la
monoacylglycérol lipase (MAGL) respectivement. Ils agissent principalement par le biais des
récepteurs cannabinoides CB1 et CB2 couplés aux protéines Gi/o qui sont localisés dans le
systéme nerveux central et périphérique. Apres l'activation post neuronale, ils agissent comme
des messagers rétrogrades et inhibent la libération de neurotransmetteurs par les neurones pré-
synaptiques. Les récepteurs CB1 sont fortement exprimés dans les neurones de plusieurs
régions du systéme nerveux central, bien que les niveaux varient considérablement d'une
région a l'autre. Les récepteurs CB1 sont la cible principale du delta-9 tétrahydrocannabinol
(A9-THC), un composant organique du cannabis, et médient la plupart des effets psychotropes
de ce composé (Herkenham et al., 1991). Quant aux récepteurs CB2, ils sont exprimés a des
niveaux plus faibles sur les neurones, étant principalement sur les cellules immunitaires du
systéme nerveux et de la périphérie (Cabral, 2005). Mais la large distribution de ces deux
récepteurs explique leur capacité a médiatiser des processus physiologiques et psychologiques

(Schurman & Lichtman, 2017).

Le systéme endocannabinoide dans le controle homéostatique et hédonique de la
prise alimentaire

Il existe de plus en plus de preuves que le systétme endocannabinoide est impliqué
dans la prise alimentaire et I'équilibre énergétique. De plus, le systeme endocannabinoide
module le contrdle homéostatique et hédonique de la prise alimentaire. La régulation
homéostatique de l'apport énergétique implique les noyaux hypothalamiques, tels que le
noyau arqué et I'hypothalamus latéral, tandis que la régulation hédonique implique le systéme
dopaminergique mésolimbique (Ferrario et al., 2016). Cependant, ces deux systemes
contrdlent la prise alimentaire de maniere interdépendante. Chez les animaux affamés, les
niveaux d'endocannabinoides sont augmentés en réponse au jeline et reviennent a des niveaux
basaux une fois rassasiés. Cela se produit spécifiquement dans le cerveau antérieur limbique,
une région liée a la récompense, et dans I'hypothalamus, une région liée a 1'équilibre
énergétique (Kirkham et al., 2002). L'injection d'AEA dans 1'hypothalamus ventromédial de

rats rassasiés induit une hyperphagie inversée par un antagoniste CB1 (Jamshidi, 2001). Les
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antagonistes CB1 et CB2 ont des effets opposés, le premier diminuant la prise alimentaire et
le second l'augmentant chez des rats privés de nourriture (Ting et al., 2015). Chez I'homme,
l'antagoniste CB1, le rimonabant, un composé synthétique développé par Sanofi-Aventis,
diminue l'apport énergétique et le poids corporel, le systtme endocannabinoide modulant a la
fois le contréle homéostatique et les aspects hédoniques de la prise alimentaire. Une
intervention pharmacologique montre que le SCE peut moduler l'alimentation en agissant sur
le systéme de récompense puisque des injections de 2-AG dans la coque du NAcc augmentent
la prise alimentaire chez des rats rassasiés et que le A9-THC induit une hyperphagie et
augmente l'activité des neurones dopaminergiques dans l'aire tegmentale ventrale (Kirkham et

al., 2002).

Il existe des preuves que le syst¢tme endocannabinoide joue un rdle important dans la
consommation d'aliments appétissants. I1 a été démontré que les aliments appétissants
augmentent la libération de dopamine, ce qui est inversé par le rimonabant, qui agit sur les
récepteurs CB1 (Melis et al., 2009). La réactivité au golt (expression orofaciale et réponse
corporelle) et la transmission de la dopamine a la coque NAcc apres infusion intraorale de
saccharose ont été augmentées par l'administration systémique de A9-THC (De Luca et al.,
2012). II est intéressant de noter que l'expression de la transcription du récepteur CB2 a
augmenté dans l'aire tegmentale ventrale aprés 6 semaines de régime a choix libre riche en
graisses et en saccharose et dans le NAcc des consommateurs de saccharose €levé (Bourdy et
al., 2021), ce qui indique un role de ce récepteur dans la consommation d'aliments

appétissants.

ECS et BED

Notre équipe était intéressée par 1'étude du role de I'ECS chez les animaux se livrant a
une consommation excessive de saccharose car nous pensons qu'il s'agit d'une cible
prometteuse pour le BED. Mais la plupart des résultats préliminaires du systéme
endocannabinoide et de la frénésie alimentaire se concentrent sur les graisses (Satta et al.,
2018 ; Scherma et al., 2013) ou les graisses sucrées (Bello et al., 2003 ; Parylak et al., 2012).
Par conséquent, nous avons reproduit un modele de BED de saccharose chez le rat, mesuré les
transcrits et les niveaux des génes ECS dans les régions cérébrales de récompense et étudié la
réponse de récompense au saccharose en utilisant un paradigme de préférence de place
conditionnée. Enfin, nous avons étudié le blocage des récepteurs CB1 sur la consommation de

saccharose et les réponses de récompense.
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J'ai suivi les travaux de David De Sa Nogueira, un autre doctorant du laboratoire, qui a
travaillé sur un modeéle de consommation excessive de saccharose chez le rat. Il s'est intéressé
au role de l'endocannabinoide dans ce comportement de « binge ». Dans cette étude, j'ai
participé a l'analyse statistique des expériences comportementales afin de tenir compte de la

variabilité intra-individuelle.
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ARTICLE INFO ABSTRACT

Keywords: Binge eating, the defining feature of binge eating disorder (BED), is associated with a number of adverse health
Binge eating disorder outcomes as well as a reduced quality of life. Animals, like humans, selectively binge on highly palatable food
Sucrose suggesting that the behaviour is driven by hedonic, rather than metabolic, signals. Given the links to both reward
gizza:)z;:;gsion processing and food intake, this study examined the contribution of the endocannabinoid system (ECS) to binge-
Reward like eating in rats. Separate groups were given intermittent (12 h) or continuous (24 h) access to 10% sucrose and
Addiction food over 28 days, with only the 12 h access group displaying excessive sucrose intake within a discrete period of

time (i.e., binge eating). Importantly, this group also exhibited alterations in ECS transcripts and endocanna-
binoid levels in brain reward regions, including an increase in cannabinoid receptor 1 (CB1R) mRNA in the
nucleus accumbens as well as changes in endocannabinoid levels in the prefrontal cortex and hippocampus. We
then tested whether different doses (1 and 3 mg/kg) of a CB1R antagonist, Rimonabant, modify binge-like intake
or the development of a conditioned place preference (CPP) to sucrose. CB1R blockade reduced binge-like intake
of sucrose and blocked a sucrose CPP, but only in rats that had undergone 28 days of sucrose consumption. These
findings indicate that sucrose bingeing alters the ECS in reward-related areas, modifications that exacerbate the
effect of CB1R blockade on sucrose reward. Overall, our results broaden the understanding of neural alterations
associated with bingeing eating and demonstrate an important role for CB1R mechanisms in reward processing.
In addition, these findings have implications for understanding substance abuse, which is also characterized by
excessive and maladaptive intake, pointing towards addictive-like properties of palatable food.

Conditioned place preference

1. Introduction Binge eating also occurs in other eating disorders (Hudson et al., 2007)

and is a likely contributor to the growing obesity epidemic (Stojek &

Binge-eating disorder (BED), now listed as an independent disorder
in DSM-5, is characterized by uncontrollable episodes of eating within a
discrete period of time, not followed by compensatory behaviors such as
purging or physical exercise (American Psychiatric Association, 2013).
BED is the most common of all eating disorders, affecting approximately
3% of the general population (Hudson, Hiripi, Pope, & Kessler, 2007;
Kessler et al., 2013; Solmi, Hotopf, Hatch, Treasure, & Micali, 2016).

MacKillop, 2017). Although binge eating is linked to serious medical
complications, including increased risk for other psychiatric disorders,
treatment options for BED are minimal (Hutson, Balodis, & Potenza,
2018). Advancement in this area depends on understanding the etiology
and mechanisms that drive binge eating.

Regulation of food intake in both humans and animals is closely
linked to activity in the endocannabinoid system (ECS) (Ceccarini et al.,

Abbreviations: 2-AG, 2-arachidonoyglycerol; AEA, anandamide; BED, Binge-eating disorder; CB1R, cannabinoid receptor 1; CB2R, cannabinoid receptor 2; CPP,
conditioned place preference; DS, dorsal striatum; ECS, endocannabinoid system; HPC, hippocampus; NAc, Nucleus Accumbens; PFC, prefrontal cortex; RIM,
rimonabant [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide].
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2016), the endogenous system activated by A-9-tetrahydrocannabinol in
the Cannabis Sativa plant. For example, blockade of the cannabinoid
receptor 1 (CB1R) reduces food intake (Arnone et al., 1997; Colombo
et al.,, 2002; Simiand, Keane, Keane, & Soubrié, 1998), specifically,
binge-like eating in rats (Dore et al., 2014; Parylak, Cottone, Sabino,
Rice, & Zorrilla, 2012; Scherma et al., 2013), and decreases scores on a
binge eating scale in humans (Pataky et al., 2013). Most telling, in-
fusions of the endogenous cannabinoid, 2-arachidonoyglycerol (2-AG),
directly into the nucleus accumbens (NAc), dose-dependently increases
feeding in rats, an effect that is blocked by CB1R antagonism (Kirkham,
Williams, Fezza, & Di Marzo, 2002). Results from these animal studies
linking the ECS to excessive eating is not surprising given that cannabis
is well known to promote eating in humans (Abel, 1975; Koch et al.,
2015; Williams, Rogers, & Kirkham, 1998).

In addition to the direct effects of cannabinoid compounds on
feeding, maladaptive eating patterns, themselves, may disrupt ECS
function (Gaetani, Kaye, Cuomo, & Piomelli, 2008). The specific details
are difficult to disentangle in that a number of studies have yielded
conflicting results. In humans, BED is associated with increased plasma
levels of the endogenous cannabinoid anandamide (AEA), but not 2-AG,
although the same pattern was observed in anorexia nervosa (Mon-
teleone et al., 2005). In animal models, bingeing on a high fat diet de-
creases AEA levels in the dorsal striatum (DS), amygdala, and
hippocampus (HPC), but increases 2-AG levels in the HPC (Satta et al.,
2018). Food restriction (Dazzi et al., 2014) and continuous access to a
high-fat diet (Blanco-Gandia, Aracil-Fernandez et al., 2017) decrease
both gene and protein expression of CB1Rs in the prefrontal cortex
(PFC), whereas excessive intake of fat/sweet pellets increases CB1R
expression in the same region (Mancino et al., 2015). In the NAc, CB1Rs
are upregulated, but CB1R transcripts are decreased, following either
binge or continuous intake of high fat foods (Blanco-Gandia, Aracil--
Fernandez et al., 2017; Blanco-Gandia, Cantacorps, et al., 2017). These
seemingly contradictory findings likely reflect the use of different
feeding protocols and/or type of palatable food, particularly as the
biological mechanisms underlying fat and sucrose bingeing are distinct
(Wong, Wojnicki, & Corwin, 2009).

The primary goal of this study was to investigate, in more detail, the
relationship between ECS function and binge eating. We focused on
sweet foods, using a validated model of sucrose bingeing in rats (Avena,
Long, & Hoebel, 2005; Avena, 2007; Avena, Bocarsly, Rada, Kim, &
Hoebel, 2008; Avena, Rada, & Hoebel, 2008), in order to isolate the
effects of this commodity from other palatable foods. A link between
binge eating and the ECS likely occurs through brain reward circuits
(Maldonado, Valverde, & Berrendero, 2006) in that binge eating is
driven by hedonic, rather than metabolic, signals. Thus, our first set of
experiments examined whether binge eating alters gene expression of
CB1R and cannabinoid type 2 receptor (CB2R), as well as endocanna-
binoid levels (2-AG and AEA), in brain reward sites including the NAc,
DS, PFC, and HPC. We also measured enzyme transcripts for endo-
cannabinoid synthesis (NAPE-PLD/DAGL«) and degradation (FAAH/-
MAGL) in all four regions. Based on our observation that sucrose
bingeing alters CB1R gene expression, we extended these studies by
testing whether blockade of CBIRs alters sucrose bingeing or the
rewarding effect of sucrose in the conditioned place preference (CPP)
paradigm.

2. Materials and methods
2.1. Subjects

Two hundred and fifteen male Wistar rats (Charles River Labora-
tories, Montréal QC and Janvier Laboratories, France), weighing 175 g
at arrival, were habituated for two weeks to housing conditions in a
temperature and humidity-controlled environment on a reverse 12 h
light/dark cycle (lights OFF at 4:00 a.m.). Rats were group housed in
standard polycarbonate cages with ad libitum access to food and water
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until 1 day before behavioral experiments. All animals were then single
housed to provide accurate measures of individual food and solution
consumption. All procedures and animal care were performed according
to the European Union laws for animal studies and were in accordance
with the guidelines for the ethical use of animals, outlined by the Ca-
nadian Council on Animal Care. Experiments were approved by the
institutional ethics committee CREMEAS (Comité d’Ethique pour I’Ex-
périmentation Animale de Strasboug, France) (APA-
FIS#2019070816359145) and the Queen’s University Animal Care
Committee. A timeline displaying the sequence of experimental pro-
cedures for each set of experiments is shown in Fig. 1.

2.2. Apparatus

Body weight and food consumption (g) were recorded with a stan-
dard scale. Standard chow diet was provided (4RF21, 3.952 Kcal/g,
Mucedola, Italy; 4.07 Kcal.g, Canadian Lab Diets, Inc). Liquid solutions
were presented to rats in 100 ml graduated glass drinking bottles fitted
with rubber stoppers containing ball-tipped sipper tubes (Ancare Inc.,
Montreal, QUE) or in bottles (Techniplast, Milan, Italy) that were
weighed to collect consumption measures. Sucrose was mixed in tap
water, measured as g/L. Solution concentration was 10% sucrose. The
CB; receptor antagonist, rimonabant [N-(piperidin-1-yl)-5-(4-chlor-
ophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carbox-
amide] (RIM) (Cayman Chemicals, Burlington, ON) was dissolved in one
drop vehicle of 0.3% polysorbate Tween-80 (Sigma-Aldrich Chemicals,
St. Louis, MO) dissolved in 0.9% saline. Fresh solutions of 1 mg/ml and
3 mg/ml were prepared each day.

The CPP apparatus was made of plexiglass and consisted of two large
compartments (46 x 46 x 30 cm) connected by a tunnel (19 x 38 x 30
cm). The two large compartments differed in wall colour (black and
white stripes or solid white) and floor texture (striated or bumpy). The
tunnel walls were clear plexiglass and the floor was made of sheet metal,
spray painted with a matt white finish. Guillotine doors, that could be
raised or lowered, separated the tunnel from each compartment. Cam-
eras were mounted directly above each set of boxes so that the rats’
movements throughout the entire compartment could be monitored and
recorded. Movement was tracked using the video tracking software
EthoVisonXT (Noldus Information Technology b.v. Wageningen, The
Netherlands), which detects and extracts the size and position of the
subjects from the digital image captured by the camera.

2.3. Procedures
2.3.1. Effects of sucrose bingeing on neuroadaptations in the ECS

2.3.1.1. Sucrose consumption. Eighty-three rats were assigned to one of
three groups that determined daily access to sweet solution and food
over 28 days (Fig. 1, experiment 1).

For the primary experimental group, 12 h sucrose (n = 28), chow was
removed from the cages 12 h prior to the first access day. Then, begin-
ning 4 h after the onset of the active cycle, rats were provided with 12 h
access to standard chow and sucrose solution. The first control group
(12 h food, n = 28) underwent the same protocol with no sucrose,
providing a control for food restriction. The second control group (24 h
sucrose; n = 27) had continuous access to standard chow and sucrose
solution, which was introduced on day 1 (4 h after the onset of the active
cycle), providing a control for sucrose exposure.

All animals were weighed daily, prior to the presentation of solution
and/or food. For intermittent access groups (12 h sucrose, 12 h food),
solution intake (ml) was measured 1 h after presentation and on removal
(12 h). For animals in the continuous access group (24 h sucrose), so-
lution intake was measured 1, 12, and 24 h after presentation. Food
intake (g) was measured at the end of the access period (12 h or 24 h).
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Experiment 1

day 1 day 28

Binge sucrose >

(28 days) l
rTrrirrr17r1r17r1717 11T 1T 1T T T TTTTTTTT

® Molecular analysis (Gene expression)
® Biochemical analysis (Mass Spec)

Experiment 2
day 1 day5 day 24 day 28
Binge sucrose
(28 days) >
rrrrrrrrrrrrrrrrrrrrrrTirTd
RIM (1 or 3 mg/kg) or Veh RIM (1 or 3 mg/kg) or Veh
Experiment 3
day 30 day 40
CPP sucrose (10 days) >
T T T T T T T T
Y 'IP T1T1T7
RIM (1 or 3 mg/kg) or Veh
(alternate days, 5x conditioning)
CPP test
Experiment 4
day 1 day 28 day 30 day 40
Binge sucrose
(28 days) —  CPP sucrose (10 days) »
rTT 1T T 1T T TTTTTTTTTTTTTTTTTTT | L

I 1 I I I 1
171117 TI‘ T117
RIM (1 or 3 mg/kg) or Veh
(alternate days, 5x conditioning)

CPP test

Fig. 1. Timeline of experimental procedures. Four separate experiments examined: ECS alterations following sucrose bingeing (Experiment 1), the effect of RIM
on sucrose bingeing on days 1-5 and 24-28 of a 28-day sucrose access protocol (Experiment 2), the effect of RIM on a sucrose CPP (Experiment 3), and the effect of
RIM on a sucrose CPP following sucrose bingeing (Experiment 4). CPP: conditioned place preference; ECS: endocannabinoid system; RIM: rimonabant.
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2.3.1.2. Brain dissection. The day following the final sucrose access
session, rats were given an overdose of pentobarbital (182 mg/kg, i.p.),
as required by regulations of the local animal ethics committee, followed
by decapitation to perform brain extraction. This time point was selected
to minimize acute effects of the last sucrose exposure and to avoid po-
tential circadian effects. Coronal brain slices, 1 mm thick, were cut using
a brain matrix chilled on ice (Harvard apparatus, Holliston, MA, USA).
Structures of interest were collected according to the rat brain stereo-
taxic atlas (Paxinos & Watson, 2007) by dissection (dorsal HPC, —2 to 4
mm from bregma, 2 slices) or using punches (PFC, 3 mm puncher, 4.68
to 2.5 mm from bregma, 2 slices; NAc, 1.9 mm puncher, 3 to 0.6 mm
from bregma, bilateral, 2 slices; DS, 3 mm puncher, 2 to —0.96 mm from
bregma, bilateral, 3 slices). Samples were immediately frozen on dry ice
and kept at —80 °C. All extractions were performed in less than 20 min to
avoid increased levels of AEA (Schmid et al., 1995).

2.3.1.3. Quantitative real-time PCR. Total RNA was extracted using
Ribozol (VWR, Fontenay-sous-bois, France) according to the manufac-
turer’s instructions. RNA quality and quantity were measured with a
NanoVue™ (GE healthcare) spectrophotometer (GE healthcare).
Reverse transcription was performed on 750 ng of total RNA with iScript
(iScript™ cDNA Synthesis Kit, Biorad, France). Real-time PCR was
performed in triplicate using a CFX96 Touch™ apparatus (Biorad,
France) and Sso Advanced™ Universal SYBR Green supermix (Biorad,
France). Thermal cycling parameters were 30 s at 95 °C followed by 40
amplification cycles of 5 s at 95 °C and 45 s at 60 °C. Primer sequences
for all tested genes are provided in Table 1. Expression levels were
normalized to Rplp0 housekeeping gene levels, classically used for brain
or food related studies (Li et al., 2014; Silberberg, Baruch, & Navon,
2009) and compared between controls and treated samples using the
272AC method (Livak & Schmittgen, 2001).

2.3.1.4. Mass spectrometry. PFC, HPC, NAc and DS tissues (n = 7-8/
group) were sonicated in 200 pl of HyO with a Vibra Cell apparatus (2
times 5 s, 90 W; Sonics, Newtown, U.S.A.) and the homogenate was
centrifuged (20,000 g, 30 min, 4 °C) to recover the supernatant. Protein
concentration was determined (Protein Assay, Bio-Rad, Marnes-la-
Coquette, France) and 150 pl of the supernatant was mixed with 50 pl of
acetonitrile (ACN) 100% containing 400.26 pmol of D8-2-AG (sc-
480539; Santa Cruz, Heidelberg, Germany) and 100.15 pmol of D4-AEA
(Tocris/Biotechne, Lille, France). Samples were centrifuged (20,000 g
for 30 min, 4 °C) and the supernatants collected and evaporated to
dryness. Samples were re-suspended in 20 pl of ACN 30%/H20 69.9%/
formic acid 0.1% (v/v/v). Analyses were performed on a Dionex Ulti-
mate 3000 HPLC system coupled with a triple quadrupole Endura mass
spectrometer (Thermo Electron, San Jose, USA). The system was
controlled by Xcalibur v. 2.0 software. Samples (3 pl) were loaded onto a
microbore C18 ODS column (1 x 100 mm, 3 pm UniJet microbore ODS,
ref MF8949, BioAnalytical Systems Inc., West Lafayette, U.S.A.) heated
at 40 °C. The presence of 2-AG, AEA, D8-2-AG and D5-AEA was studied
using the multiple reaction monitoring mode (MRM). Elution was per-
formed at a flow rate of 50 pl/min by applying a linear gradient of
mobile phases A/B. Mobile phase A corresponded to ACN 1%/H;0
98.9%/formic acid 0.1% (v/v/v), whereas mobile phase B was ACN

Table 1
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99.9%/formic acid 0.1% (v/v) (see details in Supplemental Table 1).

Electrospray ionization was achieved in the positive mode (spray
voltage set at 3500 V). Nitrogen was used as the nebulizer gas. Des-
olvation (nitrogen) sheath gas was set to 10 Arb and Aux gas was set to 5
Arb. The Ion transfer tube was heated at 287 °C. Q1 and Q2 resolutions
were set at 0.7 FWHM, whereas collision gas (CID, argon) was set to 2
mTorr. Identification of the compounds was based on precursor ion,
selective fragment ions and retention times obtained for 2-AG, AEA, D8-
2-AG and D5-AEA. Selection of the monitored transitions and optimi-
zation of collision energy and RF Lens parameters were manually
determined (see Supplemental Table 2). Qualification and quantifica-
tion were performed with the MRM mode and quantification was ob-
tained using Quan Browser software (Thermo Scientific). All amounts of
endocannabinoids measured in samples fit within the standard curve
limits, with typical analytical ranges from 1 fmol-100 pmol to 150
fmol-100 pmol. Precision (CV% between repeated injections of the same
sample) values were <1% for same-day measurements and <5% for
inter-day measurements. The amount of 2-AG (nmol) and AEA (pmol)
were normalized according to protein levels (mg).

2.3.2. Effects of CB1 antagonism on sucrose bingeing

Sixty rats were randomly assigned to 12 h or 24 h sucrose groups,
which determined access to food and sucrose solution over 28 days using
the protocol described previously (2.3.1.2). Within each access group,
rats were randomly assigned to a drug dose (0, 1, or 3 mg/kg RIM) (n =
10 each), and were then injected intraperitoneally (i.p.) with drug 30
min before the start of each sucrose access sessions on days 1-5 and
24-28 (Fig. 1, experiment 2). No injections were administered on days
6-23 inclusive. Doses and timing of pre-treatment with RIM were based
on previous studies showing behavioural effects of the drug, including
an impact on food intake (Blasio, Rice, Sabino, & Cottone, 2014) and
binge eating (Scherma et al., 2013), but also on social play (Achterberg,
van Swieten, Driel, Trezza, & Vanderschuren, 2016), cocaine responses
(Chaperon, Soubrié, Puech, & Thiébot, 1998; De Vries et al., 2001; Yu
et al., 2011), and morphine reward (De Carvalho, Pamplona, Cruz, &
Takahashi, 2014).

2.3.3. Effects of CB1 antagonism on sucrose reward

Twenty-four rats, divided randomly into three drug doses (n = 8
each) were used to examine the effect of RIM on sucrose reward in the
CPP paradigm (Fig. 1, experiment 3). Rats were food restricted for 48 h
prior to and throughout the CPP protocol. On day 1 (habituation), rats
were placed in the tunnel and had free access to all three compartments
for 30 min. Over the next 10 days, rats were confined to one test
compartment or the other for 30 min where they had access to a water
bottle containing either tap water or 20% sucrose solution. The assign-
ment of sucrose-paired compartment and order of conditioning sessions
(water-versus sucrose-paired) were counterbalanced within groups. Rats
were injected with RIM (0, 1, or 3 mg/kg i.p.) 30 min prior to condi-
tioning in the sucrose-paired compartment and with vehicle solution (1
ml/kg i.p.) 30 min prior to conditioning in the water-paired compart-
ment. The amount of fluid consumed during each conditioning session
was measured. On test day, rats were placed in the tunnel and allowed
free access to the entire apparatus. Water bottles were removed from
both compartments and the time spent in each compartment was

Primer sequences for reference (Rplp0) and endocannabinoid system genes.

Target Forward Primer Reverse Primer

Rplp0 (NM_022402) CTGCCCGAGCCGGTGCCATC TTCAATGGTACCTCTGGAG
Cnrl (NM_012784) TCTGCTTGCGATCATCATGGTGT AGATGATGGGGTTCACGGTC
Cnr2 (NM_001164143) AATGGCGGCTTGGATTCAA TAGAGCACAGCCACGTTCTC
Nape-Pld (NM_199381) AGAGATCCGTGGCGATTCAC ATCGTGACTCTCCGTGCTTC
Dagla (NM_001005886) GGCATGGTACTCTCAGCTGA GAGGAAGGAGAGAATGGCGG
Faah (NM_001369126) CCCCAGAGGCTGTGTTCTTT GTCAGATAGGAGGTCACGCA
Mgll (NM_138502) GTTGAAGAGGCTGGACATGC TCACGTGCTGCAACAAATCT
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recorded across the 30-min session.

In a separate experiment, forty-eight rats, randomly divided into two
access groups (12 h and 24 h sucrose), underwent sucrose consumption
sessions using the protocol described in 2.3.1.2 (Fig. 1, experiment 4).
Rats were then randomly divided into three drug groups (n = 8 each)
and tested for a sucrose CPP as outlined above (0, 1, and 3 mg/kg RIM).

2.4. Statistical analysis

Solution and food intake (measured per body weight as ml/g and g/
g) and weight were analyzed using a repeated-measures analysis of
variance (ANOVA) in the mixed effect way (Afex package from R,
Rstudio v1.3.1093). For the fixed effects part of the model, the explan-
atory variables were session as the repeated measure and sucrose access
group and drug as between-subjects measures. The random effect part of
the model accounts for the individual variation of the subjects across the
sessions. In cases in which sphericity was violated (Machley’s p < .001),
the Greenhouse-Geisser correction was used. Post hoc analysis were
conducted by multiple pairwise comparisons using the Sidak method for
correction (Ismeans package from R).

Biochemical data were analyzed using ANOVA to assess group dif-
ferences in ECS neuroadaptations, with separate analyses conducted in
each brain region. Significant interactions were followed up with simple
main-effects analyses and multiple pairwise comparisons using a Bon-
ferroni correction (GraphPad Prism software).

For CPP data, consumption of solution (sucrose and water) during
conditioning and time spent in each compartment during testing were
analyzed using planned orthogonal comparisons, as described previ-
ously (SPSS v27) (Grenier, Mailhiot, Cahill, & Olmstead, 2019;
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Smail-Crevier, Maracle, Wash, & Olmstead, 2018). A primary advantage
of this technique is that it minimizes the number of comparisons to those
of interest; because each comparison is independent and tests a unique
hypothesis, it can be carried out regardless of the outcome of the overall
ANOVA and no correction is made for multiple tests. As such a 5% risk of
type I error is accepted for each comparison. Levene’s F test was used to
examine the assumption of homogeneity of variance and analyses were
adjusted if significant. Significance level for all tests was set at p < .05.

3. Results
3.1. Effects of sucrose bingeing on neuroadaptations in the ECS

3.1.1. Sucrose consumption

Fig. 2 shows data from the sucrose consumption sessions, with intake
during the 1st hour of access being significantly higher in rats given
intermittent, rather than continuous, access to sucrose, F(1,32) = 55.11,
p <.001, general n2 = 0.39 (group) (Fig. 2A). The main effect of session,
F(9.84,314.85) = 4.41, p < .001, general n2 = 0.08, as well as the ses-
sion x group interaction, F(9.84,314.85) = 4.95, p < .001, general 2 =
0.09, were also statistically significant. With the exception of session 1,
intake was higher in the 12 h, compared to the 24 h, sucrose group (post-
hoc ps < .0001), verifying binge-like intake in rats given intermittent
access to sucrose. In contrast, there was no significant difference in daily
sucrose intake for rats in the 12 h and 24 h sucrose groups, F(1,33) =
0.46, p = .501, general n2 = 0.01 (Fig. 2B). Daily solution intake varied
across sessions, F(5.44,179.55) = 3.04, p < .01, general n2 = 0.04, but
the effect did not interact with group, F(5.44,179.55) = 1.70, p = .13,
general n2 = 0.02.
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Fig. 2. Intermittent access to sucrose (12h sucrose) induces binge-like intake. (A) Solution intake (mL) per body weight (g) during the first hour of access across
28 days. (B) Daily solution intake (mL) per body weight (g) across sessions. (C) Daily food intake (g) per body weight (g) across sessions. (D) Body weight (g) across

sessions. Data are presented as group means (+SEM).
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Fig. 2C shows that food intake of all groups declined across sessions,
F(11.92,453.05) = 132.49, p < .001, general n2 = 0.71, with higher
overall intake in the food only group, F(2,38) = 70.77, p < .001, partial
n2 = 0.53. The significant session x group interaction, F(23.84,453.05)
= 6.97, p < .001, partial n2 = 0.20, reflected higher food intake in the
12 h food group beginning on day 2 compared to both sucrose access
groups, with no significant difference between the other two groups
across sessions (ps > .05). Finally, body weight increased across sessions
in all groups, F(2.27,147.36) = 2176.71, p < .001, general n2 = 0.77.
The significant main effect of group, F(2,65) = 8.18, p < .001, general
N2 = 0.18, and session x group interaction, F(4.53,147.36) = 4.55,p =
.001, general n2 = 0.014, were due to higher body weight in the 24 h
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sucrose group beginning on day 2, compared to both 12 h sucrose and
12 h food groups (ps < .05), and no difference in body weight of 12 h
sucrose and 12 h food groups across sessions (ps > .05) (Fig. 2D).

3.1.2. Gene expression

Fig. 3 shows the effects of sucrose bingeing on gene expression in the
ECS throughout brain reward sites. Cnr1 (CB1R coding gene) expression
was increased in the NAc of rats in the 12 h sucrose group, compared to
24 h sucrose groups, F(2,24) = 4.90, p < .05 (Fig. 3A). There were no
differences in Cnrl expression in other regions (PFC: F(2,20) = 0.84,p =
.45; DS: F(2,21) = 0.041, p = .96; HPC: F(2,20) = 1.36, p = .28) and no
differences in Cnr2 expression across any site (PFC: F(2,20) = 0.77,p =
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Fig. 3. Intermittent access to sucrose modulates endocannabinoid gene expression in the NAc. Gene expression was examined in the PFC (n = 7-8/group),
NAc (5-10/group), DS (n = 6-8/group), and HPC (n = 7-10/group). (A) CB1R gene expression was significantly increased in the NAc of the 12 h sucrose group
compared to the other groups. CB2 gene expression remained unchanged. (B) FAAH gene expression was significantly reduced in the NAc of the 24 h sucrose group.
(C) DAGL«x gene expression was significantly decreased in the NAc of both 12 h and 24 h sucrose groups. Data are presented as group means (+SEM). *p < .05, **p <
.01, ***p < .001 compared to 12 h food; #p < .05, compared to 24 h sucrose group. CB1/2: cannabinoid receptor gene Cnrl/Cnr2; DS: dorsal striatum. HPC:

hippocampus; NAc: nucleus accumbens; PFC: prefrontal cortex.
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.47; NAc: F(2,15) = 0.44, p = .65; DS: F(2,19) = 1.27, p = .30; HPC: F
(2,25) = 1.26, p = .30).

Further analysis showed Faah expression was decreased in the NAc,
only in the 24 h sucrose group, F(2,21) = 4.03, p < .05 (Fig. 3B), whereas
Dagla expression in this region was decreased in both sucrose groups, F
(2,21) =10.22, p < .001 (Fig. 3C). There were no significant differences
in enzyme expression in the PFC (Faah: F(2,20) = 0.09, p = .91; Dagla: F
(2,20) = 0.58, p = .57), DS (Faah: F(2,18) = 0.57, p = .58; Dagla: F(2,18)
=0.13, p =.88), or HPC (Faah: F(2,20) = 0.87, p = .43; Dagla: F(2,20) =
1.67, p = .21). Pearson’s correlation analysis revealed no significant
relationship between sucrose intake during the first hour of access and
regulated genes for any group (data not shown).

3.1.3. Endocannabinoid levels

In assessing endocannabinoid levels following sucrose bingeing, we
observed an increase of AEA in the PFC of the 12 h sucrose group, F
(2,21) =4.05, p < .05), with no other differences in this measure (NAc: F
(2,21) = 0.04, p = .96; DS: F(2,21) = 0.16, p = .85; HPC: F(2,18) = 0.13,
p = .87) (Fig. 4A). In contrast, 2-AG was decreased in the HPC of the 12 h
sucrose group, F(2,18) = 3.75, p < .05), with no group differences in
other brain regions (PFC: F(2,21) = 0.49, p = .62; NAc: F(2,21) = 0.20, p
= .82; DS: F(2,21) = 0.21, p = .81) (Fig. 4B). Pearson’s correlation
analysis revealed no significant relationship between sucrose intake
during the first hour of access and regulated eCB levels for any group
(data not shown). We did not perform correlation analyses between gene
expression and eCB levels as these measures were obtained on two
distinct cohorts.
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3.2. Effects of CB1 antagonism on sucrose consumption

Fig. 5A(left panel) shows that sucrose intake during the first hour of
access increased across days, with the 12 h sucrose groups consuming
significantly more solution than the 24 h sucrose groups. These effects
were verified, statistically, by a significant session x group interaction, F
(12.74,688.12) = 10.22, p < .001, general n2 = 0.11, as well as signif-
icant main effects of session, F(12.74,688.12) = 20.70, p < .001, general
n2 = 0.19, and group, F(1,54) = 268.33, p < .001, general n2 = 0.65.
The main effect of drug, F(2,54) = 3.40, p < .05, general n2 = 0.04,
reflected decreased intake in sucrose groups following RIM, compared to
vehicle, administration (ps < .01). The session x group x drug interac-
tion was statistically significant, F(25.49,688.12) = 1.88, p < .01, gen-
eral N2 = 0.042. Post-hoc test revealed that intake of the 12 h sucrose
vehicle group was significantly higher than the 24 h sucrose vehicle
group (p < .0001); in the 12 h sucrose groups, intake was significantly
lower following RIM 3, compared to RIM 1, treatment (p = .0002) and
there was no significant difference between intake of the 24 h sucrose
RIM 1 and 24 h sucrose RIM 3 groups. The effects of RIM on binge intake
were examined, in more detail, by comparing total intake during the first
hour of days 1-5 and days 24-28 in the 12 h sucrose group (Fig. 5A, right
panel). This analysis revealed no significant differences across the first 5
sessions, F(2,96.8) = 1.23, p = .29, but a significant effect of drug during
the final 5 sessions, F(295.2) = 8.56, p < .001. Both doses of RIM
significantly decreased sucrose intake during the first hour of these 5
sessions, compared to vehicle injections (post-hoc ps < .01).

Daily sucrose intake also increased across sessions, F(8.32,449.33) =
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Fig. 4. Intermittent access to sucrose alters endocannabinoid levels. Endocannabinoid levels were examined in the PFC, NAc, DS, and HPC. (A) AEA levels were
significantly increased in the PFC of the 12 h sucrose group. (B) 2-AG levels were significantly lower in the HPC of the 12 h sucrose group. Data are presented as
group means (+SEM). *p < .01: compare to 12 h food. 2AG: 2-arachidonoylglycerol; AEA: anandamide; DS: dorsal striatum; HPC: hippocampus; NAc: nucleus

accumbens; PFC: prefrontal cortex.
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81.80, p < .001, general n2 = 0.42 (Fig. 5B, top panel) although there
were no group or drug differences on this measure and no interaction
between the two (main effects and interaction, ps > .05). The session x
group x drug interaction was significant (F(16.64,449.33) = 1.88, p =
.02, general n2 = 0.03), as well as the session x group interaction (F
(8.32,449.33) = 2.94, p < .01, general n2 = 0.03), suggesting that a

change in sucrose intake across days was dependent on both access
condition and drug dose. Post-hoc analyses revealed lower intake in the
12 h, compared to the 24 h, sucrose group following vehicle adminis-
tration (p < .0001), but no significant differences between these groups
following RIM administration. In addition, both doses of RIM increased
intake, compared to vehicle, in the 12 h sucrose group (ps < .0001), with
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no significant differences between intake of the two RIM-treated groups.
The higher (RIM 3), but not the lower (RIM 1) drug dose decreased
intake in the 24 h sucrose group, compared to vehicle -treated rats (p <
.0001), and intake of the 24 h sucrose group administered RIM 3 was
significantly lower than intake of the 24 h sucrose group receiving RIM 1
(p = .0006).

Fig. 5B (middle panel) shows that food intake declined across ses-
sions in all groups, F(13.21,713.24) = 38.50, p < .001, general n2 =
0.22, with significant interactions between session and group, F
(13.21,713.24) = 2.14, p = .01, general n2 = 0.02; and session and drug
dose F(26.42,713.24) = 1.56, p = .04, general n2 = 0.02. The main effect
of group, F(1,54) =10.61, p =.002, general n2 = 0.11, was due to higher
food intake in the 12 h sucrose groups (p < .0001). Post-hoc tests
revealed that the highest dose of RIM decreased food intake, compared
to vehicle injections, in the 12 h sucrose groups (ps < .0001). In contrast,
RIM 1 increased food intake in the 24 h sucrose groups (p = .02).

As shown in Fig. 5B (bottom panel), body weight increased across
sessions in all groups, F(3.36,186.85) = 559.92, p < .001, general n2 =
0.7, and the effect interacted with drug, F(6.92,186.85) = 3.20,p =.003,
general N2 = 0.03, indicating that the impact of drug on body weight
varied across sessions. Post-hoc tests revealed lower body weights in the
12 h sucrose group administered RIM 3, compared to RIM 1, on session
average (p <.0001). In the 24 h sucrose groups, vehicle-treated rats were
heavier than rats treated with the higher and lower RIM doses (ps <
.0001). None of the other main effects or interactions were statistically
significant.

3.3. Effects of CB1 antagonism on sucrose reward
Fig. 6A shows that all rats consumed significantly more sucrose than
water across the CPP conditioning sessions (vehicle, t(42) = 8.44, RIM 1,

t(42) = 7.71, RIM 3, t(42) = 4.90, all ps < .01). The significant main
effect drug, F(2,42) = 3.57, p < .05, partial n2 = 0.15, indicated that RIM
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significantly reduced overall consumption during conditioning sessions,
with RIM 3 reducing total sucrose intake, compared to the vehicle group
(post-hoc, p < .05). In contrast, RIM had no effect on the development of
a sucrose CPP, F(2,42) = 0.93, p = .40, partial n2 = 0.15, in that all three
groups showed a preference for the sucrose-paired compartment
(vehicle, t(42) = 3.66, p < .01; RIM 1, t(42) = 2.13, p < .05; RIM 3, t(42)
= 2.81, p < .01) (Fig. 6B).

We also tested the effects of RIM on a sucrose CPP in rats given either
intermittent or continuous access to sucrose over 28 days. As with the
previous two cohorts (see 3.1.1 and 3.2.), the 12 h sucrose group
developed binge-like intake (i.e., increased intake during the first hour
of access) that was absent in the 24 h group (data not shown). During
subsequent CPP conditioning sessions, both groups consumed more su-
crose than water across the 5 days (12 h sucrose: vehicle, t(84) = 6.62,
RIM 1, t(84) = 5.28, RIM 3, t(84) = 6.33; 12 h sucrose: vehicle, t(84) =
7.22, RIM 1, t(84) = 5.48, RIM 3, t(84) = 5.01, all ps < .01), with no
group F(1,84) = 0.19, p = .66, partial n2 = 0.01 or drug, F(2,84) =1.38,
p = .26, partial n2 = 0.03, differences on this measure (Fig. 6C). During
CPP testing (Fig. 6D), however, only two groups displayed a significant
preference for the sucrose-paired compartment: 24 h sucrose plus
vehicle, t(84) = 4.11, p < .01, and 24 h sucrose plus RIM 1, ¢(84) = 1.99,
D < .05. None of the other rats showed a preference for either the su-
crose- or water-paired side during testing, all ps > .05.

4. Discussion

Our study confirms an important role for the ECS, specifically CB1Rs,
in sucrose bingeing. More specifically, binge-like intake of sucrose
modified ECS signaling in brain reward regions and CB1R blockade
reduced this behavior in rats. CB1R antagonism, on its own, had no ef-
fect on the development of a sucrose CPP but blocked this effect in an-
imals that had already consumed excessive amounts of sucrose. We
propose that excessive sucrose intake modifies ECS signals related to
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reward processing, rendering animals vulnerable to CB1R antagonism in
the CPP paradigm. Taken together, our findings further the under-
standing of mechanisms sustaining sucrose bingeing, including how
these relate to reward processing in brain regions that are also impli-
cated in drug addiction.

Our study provides the first evidence that CB1R antagonism reduces
binge-like intake of a sucrose solution, measured in animal models as
excessive intake during the first hour of access (Avena et al., 2005;
Maracle, Normandeau, Dumont, & Olmstead, 2019; Smail-Crevier et al.,
2018). The effect was manifested, specifically, during the final sessions
of intermittent sucrose access following administration of RIM. Our
findings corroborates previous evidence that CB1R blockade in rats
dose-dependently decreases bingeing of palatable foods that are high in
sugar (Dore et al., 2014), sugar and fat (Parylak et al., 2012), or fat only
(Scherma et al., 2013). The reduction in binge-like eating following RIM
administration may reflect a general decline in palatable food intake
(Dore et al., 2014), although we did not observe an effect of drug on
daily intake of sucrose, or on hourly intake in rats that did not exhibit
binge-like eating (i.e., 24 h sucrose group). Admittedly, these measures
may be less sensitive to disruption by CB1R antagonism in that
binge-like eating is an exaggerated response that occurs within a short
period of time and, given the half-life of the drug, effects would have
dissipated by two or 3 h into the sessions (Jarbe, Gifford, & Makriyannis,
2010). Thus, although some details require further clarification, it is
becoming increasingly clear that CB1Rs play an important role in over
consumption of sweet foods.

Our post-mortem assessment revealed an interesting pattern of ECS-
related changes following excessive sucrose intake. This included an
upregulation of CB1R gene expression in the NAc, increased AEA levels
in the PFC, and decreased 2-AG levels in the HPC; importantly, these
changes were only apparent in rats that exhibited binge-like intake of
sucrose. In contrast to our findings, binge intake of high fat or high fat-
high sugar foods decreased CB1R gene expression in the NAc (Bello
et al., 2012; Blanco-Gandia, Cantacorps, et al., 2017), providing further
evidence that the biological consequences of high fat and high sugar
diets are dissociable (Avena, 2010). Our study is the first to assess brain
endocannabinoid levels in an animal model of sucrose bingeing, sup-
porting clinical reports of alterations in blood AEA levels in BED patients
(Monteleone et al., 2005). We also observed sucrose-induced decreases
in ECS enzymes (FAAH and MAGL) that were not restricted to bingeing
rats, suggesting that excessive sucrose intake, itself, may impact ECS
function. Not surprisingly, these changes were limited to the NAc, an
area that is closely associated with consumption of palatable food
(Kelley, Baldo, Pratt, & Will, 2005).

A role for the ECS in sucrose bingeing likely occurs through an
interaction with brain reward systems. Indeed, both palatable food
(Joseph & Hodges, 1990; Phillips, Atkinson, Blackburn, & Blaha, 1993).
and endocannabinoids (Solinas, Justinova, Goldberg, & Tanda, 2006)
increase dopamine (DA) release in the NAc shell, with the latter acting
via CB1Rs in this region (Sperldgh, Windisch, Ando, & Sylvester Vizi,
2009). Moreover, NAc neurons encode signals related to food reward
and this effect is attenuated by CB1R antagonism (Hernandez & Cheer,
2012; Thoeni, Loureiro, O’Connor, & Liischer, 2020). CB1Rs appear to
form heteromers with NAc opioid receptors (Rios, Gomes, & Devi, 2006;
Rodriguez, Mackie, & Pickel, 2001), which mediate the hedonic aspects
of sweet foods (Pecina & Berridge, 2005). Intriguingly, excessive sucrose
intake also increases binding of both mu opioid and DA D1 receptors in
the NAc (Colantuoni et al., 2001), pointing to an interaction between
multiple transmitter systems in the control of palatable food intake.
Finally, an ECS contribution to food reward may reflect a more general
role for this system in reward processing in that both CB1Rs and endo-
cannabinoids in the NAc play a role in reward linked to social interaction
(Manduca et al., 2016; Trezza et al., 2012; Trezza & Vanderschuren,
2008; Wei et al., 2015) and to a morphine CPP (Khaleghzadeh-Ahangar
& Haghparast, 2015).

Modifications in ECS processes following extended sucrose access
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may explain our seemingly contradictory findings in the CPP paradigm.
More specifically, in animals with no prior exposure to sucrose (i.e., rats
that had not gone through the sucrose binge experiment), CB1R antag-
onism did not alter the development of a sucrose CPP. In contrast, the
highest dose of RIM eliminated a CPP in rats that had consumed
excessive amounts of sucrose during binge sessions (24 h sucrose group).
RIM had no effect in the 12 h sucrose groups because these animals did
not exhibit a CPP (i.e., there was nothing to block). The elimination of a
sucrose CPP across all three drug conditions (vehicle, RIM 1, and RIM 3)
in all 12 h sucrose groups matches our earlier report (Smail-Crevier
et al., 2018), suggesting that the lack of a CPP in these animals is due to
prior binge-like intake. We proposed, previously, that this behavior
modifies brain reward systems, impacting the later expression of a CPP.
Our current findings add to this discussion by indicating that excessive
sucrose intake, itself, may also disrupt ECS function. That is, 28 days of
sucrose consumption may have compromised ECS-linked reward pro-
cessing, rendering animals susceptible to CB1R blockade in the CPP
paradigm. This was manifested by the absence of a CPP in the 24 h su-
crose, 3 mg/kg RIM group.

An alternative interpretation is that the lack of CPP in RIM-treated
animals reflects alterations in neural mechanisms of anxiety in that su-
crose bingeing increases anxiety-like behavior in rats (Avena, Bocarsly,
et al., 2008), and the ECS plays an important role in regulating
stress-related responses, such as anxiety (Morena, Patel, Bains, & Hill,
2016). In support of this idea, the 24 h sucrose group exhibited ECS
changes in the mPFC and HPC, brain regions that are particularly
vulnerable to stress manipulations. Finally, the fact that CB1R antago-
nism reduced sucrose consumption during conditioning, but did not
block a CPP during testing (i.e., in rats who had no prior experience with
sucrose), is consistent with evidence showing a dissociation in mecha-
nisms that control these two processes (Papp, Willner, & Muscat, 1991;
Smail-Crevier et al., 2018; White & Carr, 1985; Agmo, Galvan, & Tala-
mantes, 1995).

To the extent that preclinical research is applicable to drug devel-
opment, our findings suggest that cannabinoid compounds may be
appropriate tools to treat BED. CB1Rs could be the most promising target
in that CB1R expression is elevated in eating disorder patients (Frieling
et al., 2009). Moreover, CB1R antagonists reduce binge eating in both
rats (Dore et al., 2014; Parylak et al., 2012; Scherma et al., 2013) and
humans (Pataky et al., 2013), although at least one drug, SR141716
(Rimonabant), produces adverse events in BED patients (Pataky et al.,
2013). Selective targets of peripheral, rather than central, CB1Rs may
mitigate these negative side effects. As an example, AM6545, a
peripherally-restricted CB1R antagonist, diminishes intake of a high
fat-high sugar diet in mice, with no alteration in consumption of stan-
dard chow (Argueta & DiPatrizio, 2017). In addition, cannabidiol, a
CB1R antagonist with CB2R agonist activity, reduces sucrose intake in
mice, an effect that is potentiated by CB1R blockade and inhibited by
CB2R blockade (Bi, Galaj, He, & Xi, 2020). Currently, there are only two
drugs approved by the US food and drug administration to treat BED:
lisdexamfetamine (Vyvanse), an inactive prodrug promoting the release
of monoamines (Gasior et al., 2017; McElroy et al., 2015), and daso-
traline, a DA and norepinephrine reuptake inhibitor (Grilo et al., 2020).
Lisdexamfetamine produces multiple adverse effects (Ward & Citrome,
2018) and dasotraline was recently withdrawn from drug development.
Given the paucity of alternative therapies for BED (Hutson et al., 2018),
a strategic focus on ECS mechanisms may provide the best options for
treating this disorder.

Finally, our study adds to the growing discussion concerning
addictive-like properties of palatable food. On a general level, our model
of sucrose bingeing shares a number of commonalities with drug
addiction (Bocarsly & Avena, 2013, pp. 179-191), including escalation
of intake (Colantuoni et al., 2001), signs of somatic withdrawal
(Colantuoni et al., 2002; Avena, Bocarsly, et al., 2008), and neuro-
chemical changes in the NAc, such as increased DA release (Avena et al.,
2005; Rada, Avena, & Hoebel, 2005) and reduced DA D2 receptor
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availability (Colantuoni et al., 2001). Most telling, sucrose bingeing
induces compulsive responding and electrophysiological changes in the
bed nucleus of the stria terminalis (Maracle et al., 2019) that match
behavioral and biological consequences of cocaine self-administration in
rats (Krawczyk, Georges, et al., 2011; Krawczyk, Sharma, et al., 2011).
Further, food craving in humans is associated with enhanced activity in
the HPC, NAg, insula, and orbitofrontal cortex (Pelchat, Johnson, Chan,
Valdez, & Ragland, 2004; Rolls & McCabe, 2007), the same regions that
are activated in drug craving (Everitt & Robbins, 2016; Koob & Volkow,
2010). In addition, future experiments will investigate possible sex dif-
ferences in the effects of binge intake on ECS processes. Given that
baseline levels of endocannabinoids and reactivity towards cannabi-
noids are sex-dependent (for review see Fattore & Fratta, 2010; Craft,
Marusich, & Wiley, 2013), we may expect distinct patterns of ECS
changes in males and females following excessive intake of palatable
food. These differences may contribute, at least partially, to the higher
prevalence of eating disorders in females than males (Bulik, Yilmaz, &
HArdaway, 2015).

The ECS may provide a link between responses to palatable food and
addictive behaviors, particularly as cannabinoid mechanisms are inti-
mately linked to drug addiction (Silveira et al., 2017). In support of this
idea, CB1R antagonism reduces the proportion of animals that transition
from controlled to compulsive feeding in a mouse model of
addictive-like eating (Mancino et al., 2015). At the same time, the
concept of food addiction is not universally accepted (Treasure, Leslie,
Chami, & Fernandez-Aranda, 2018; Westwater, Fletcher, & Ziauddeen,
2016; Ziauddeen, Farooqi, & Fletcher, 2012), with a growing awareness
that research should focus on identifying biological underpinnings of
specific behavioral patterns that lead to excessive intake of food or drugs
(Dileone, Taylor, & Picciotto, 2012). Our findings inform this line of
investigation by highlighting how endocannabinoid mechanisms in
brain reward regions may contribute to binge eating.
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Introduction

Alcoholic neuropathy is a devastating condition since it affects 65% of alcoholic use
disorder (AUD) patients in the USA and is largely resistant to treatment (Zeng et al., 2017). It
occurs in the nervous system and is caused by damaged or injured neurons. It is characterized
by hyperalgesia (enhanced sensitivity to pain) and allodynia (exaggerated pain response to a
stimulus that does not normally elicit pain). Alcoholic neuropathy develops following long
term excessive alcohol intake with patients usually complaining of pain in the extremities
(Chopra & Tiwari, 2012). Alcohol has direct neurotoxic effects caused by its metabolites such
as acetaldehyde, a known neurotoxin, or indirectly by nutritional deficiency, especially
thiamine (or vitamin B1) resulting in oxidative stress (Chopra & Tiwari, 2012). Preclinical
animal models of alcoholic neuropathy have shown possible mechanisms in the periphery
such as reduced density of unmyelinated or small myelinated fibers (Koike et al., 2001),
decreased nerve conduction (Bosch et al., 1979), and increased number of glial cells in the
spinal cord (Narita et al., 2007). A few studies focused on brain mechanisms in pain related

regions, identifying an increase of microglia in these sites (Hore & Denk, 2019).

Interestingly, elevated pain is also observed in individuals with eating disorders. Binge
eating disorder (BED) a newly recognized eating disorder by the DSM-5, characterized by
huge amounts of food intake in a short time and in the absence of compensatory behaviors is
comorbid with painful conditions. Cross sectional studies providing community surveys
reported significant associations between BED and chronic pain (Kessler et al., 2013a) and in
a longitudinal study, recurrent binge eating was associated with chronic or frequent pain
(Johnson et al., 2002). Unfortunately, the etiology of chronic pain in these individuals were

not further analyzed. We only found an old case study on 2 female patients with anorexia and
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bulimia nervosa in which they measured a lack of sural sensory nerve action potential
detection (Alloway et al., 1985), a characteristic of demyelinating neuropathies (Surpur &

Govindarajan, 2017).

Neuropathic pain involves a sensory experience as well as emotional and cognitive
components (IASP), confirming involvement of both peripheral and central nervous systems.
The latter may occur through the mesocorticolimbic reward network such as the nucleus
accumbens, the ventral tegmental area and the prefrontal cortex contributing to the transition
from acute to chronic pain. In parallel, the reward system is also implicated in BED (Boswell
et al., 2021) and AUD (Volkow & Morales, 2015). Therefore, the reward network may play a
major role in neuropathic pain comorbidities. The biological intersection between neuropathic
pain, AUD and BED may involve neuroinflammatory signaling. Preclinical studies show
neuroimmune signaling in brain reward involved in reward in spare nerve injured animal
models (Chu Sin Chung et al., 2017; Taylor et al., 2017), in preclinical experiments of ethanol
consumption, binge drinking and preference (Erickson et al., 2019) and in only one recent
preclinical study showing that sucrose bingeing in rats produces microgliosis and
morphological changes of the microglia in brain regions associated with reward (Patkar et al.,
2021). However the close characteristics between BED and AUD may suggest similar

underlying mechanisms (Schulte et al., 2017).

The goal of our study is first to model binge drinking and sucrose bingeing in male
and female mice, allowing us to investigate sex difference in the progression of intake. In
parallel we measured mechanical and thermal sensitivity to identify any dysregulation in
nociceptive responses due to alcohol or sucrose intake in each sex. Finally, we looked at
alcohol or sucrose deprivation effects on thermal and mechanical nociception and assessed the

impact of withdrawal on nociceptive responses.
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Materials and methods

Ethanol intake procedures

Animals and housing

Male (n=22) and female (n=23) C57BL/6J mice (Charles River Laboratories) were 4
weeks old upon arrival and housed 3 or 4 animals/cage under a 12-hour light dark cycle and
standard temperature and humidity conditions (22+2°C, 55%10%). After 2 weeks of
acclimation to the environment, animals were isolated in 11,5 x 29,5 x 13 cm (339 cm?) cages
and the following week habituated to a two-bottle choice paradigm. Mice were 8 weeks old.
At the start of the experiment, females weighed between 16 and 20.,9 grams, and males
weighed between 19.,5 and 23.,3 grams at the beginning of the experiment. . Experiments
were approved by the institutional ethics committee CREMEAS (Comité d’Ethique pour
I’'Expérimentation Animale de Strasbourg, France) (APAFIS#22688-2019110512492230).

Intermittent access to 20% ethanol 2-bottle choice

Ethanol (EtOH) 99.9% (Carlo Erba reagents) was dissolved in tap water (v/v) and
delivered in tubes. This procedure is adapted from (Hwa et al., 2011). Mice were habituated
to EtOH with access to 3% (Monday and Tuesday), 6% (Wednesday and Thursday) and 10%
ethanol v/v (Friday, Saturday and Sunday) in a 2-bottle choice paradigm (Figure 14). For the
next 8 weeks, the intermittent access group (IA group) received access to 20% ethanol for 24
hours every Monday, Wednesday and Fridays, beginning 2 hours after the start of the light
cycle (Figure 14). EtOH intake, divided by body weight (mL/g and g/Kg), was measured 2
hours, 4 hours and 24 hours after access. To avoid side preferences, the placement (left or
right) of the water and EtOH bottles were alternated each session. A control group with
continuous access to EtOH (CA group) had access to 20% EtOH v/v in a 2-bottle choice

paradigm for 8 weeks.
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a. Weekly timeline b. 2-bottle choice paradigm

Von Frey &
plantar baselines Von Frey + plantar measures once a week

Week 0 Week 1 Week 2 ...9 Week 10 - 14> H pat
P::t:_t:::;:‘ 3%-6%-10% 20% ethanol exposure Forced £
choice paradigm ethanol exposure abstinence ?

c. Daily timeline
2h 4h 24h

BEC
measure

1A Intermittent ethanol access and ad libitum food
] ] [
B Ethanol (20% v/v)

IA = Intermittent Access

CA Continuous access to ethanol and food access CA = Continuous Access
n= 15/group
(Nimatos™ 7& Normatesy=8)

e 5 I F=Food
24F Ad libitum food without ethanol access 24= 24 hours

Figure 14 Binge drinking paradigm in mice. Experimental timeline for the intermittent access to ethanol on a weekly (a) or
daily (c) basis in a 2-bottle choice paradigm (b). Animals were habituated to the 2 bottles both filled with water (week 0). On
the same week, von frey (VF) and plantar baselines were measured. Week 1 was the habituation to EtOH with escalation
concentrations of EtOH (3%, 6%, 10%). Week 2 to week 9, the intermittent access (IA) group had access to EtOH (in green)
Every Other Day (EOD) on Mondays, Wednesdays and Fridays, and the continuous access (CA) group had access every day.
EtOH access started 2 hours after the beginning of the light cycle. There was no food restriction (brown) in any group.
Solution and food were measured 2, 4 and 24 hours after the start of access. Weight was measured on alternate days.

Blood Alcohol concentration analysis

On the last Wednesday of 20% ethanol access, 4 hours after the beginning of the access period,
blood samples were collected from the submandibular vein (Figure 16).Tubes were centrifuged and
serum was collected. NAD-ADH reagent was used for alcohol determination in blood (BAC, mg/dL).
Briefly, alcohol dehydrogenase (ADH) catalyzes the oxidation of alcohol to acetaldehyde with the
simultaneous reduction of nicotinamide adenine dinucleotide (NAD) to NADH. Calculations were

based on 0.08% (w/v) EtOH standard (Figure 15).

Alcohol Concentration =

Ass0_Sample x Concentration of ethanol std
A340 Standard

Alcohol (mg/dl) = Asyg_Sample x 80
A340 Standard

Figure 16 Blood collection Figure 15 Calculation of blood alcohol
from the submandibular concentration. The calculation is based on EtOH
vein in mice 0,08% standard.

68



Sucrose intake procedures
Animals and housing

Male (n=21) and female (n=22) C57BL/6J inbred lab mice were housed 3 or 4
animals/cage under a 12-hour light dark cycle and standard temperature and humidity
conditions (22+2°C, 55£10%). Two weeks before the beginning of the access, animals were
isolated in 11,5 x 29,5 x 13 cm (339 cm?) cages and the following week habituated to a two-
bottle choice paradigm. Mice were 8 weeks old. Females weighed between 17,4 and 20,1
grams. Males weighed between 19,4 and 24,8 grams for males at the beginning of the
experiment. Experiments were approved by the institutional ethics committee CREMEAS
(Comité d’Ethique pour I'Expérimentation Animale de Strasbourg, France) (APAFIS#22688-
2019110512492230).

Limited access to sucrose

Caster sugar (Erstein) was dissolved in tap water (w/v) and delivered in centrifuge
tubes. This procedure is adapted from (Yasoshima & Shimura, 2015). For the next 2 weeks
(Figure 17.a.), the limited access group (4SUC/24F group) received access to 17,1% sucrose
for 4 hours every day during 2 weeks beginning 2 hours after the start of the light cycle
(Figure 17.c.). A first control group with continuous access to sucrose (24SUC/24F group) had
access to 17,1% solution w/v in a 2-bottle choice paradigm for 2 weeks. The second control
group (24F) had no access to sucrose. Sucrose intake, divided by body weight (mL/g), was
measured 1 hour, 4 hours and 24 hours after access. To avoid side preference, the
placement (left or right) of the water and sucrose bottles was alternated each session (Figure

17.b).
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a. Weekly timeline b. 2-bottle choice paradigm
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Figure 17 Sucrose bingeing paradigm in mice. Experimental timeline for the intermittent access to ethanol on a weekly (a)
or daily (c) basis in a 2-bottle choice paradigm (b). Animals were habituated to the 2 bottles both filled with water (week 0).
On the same week, Von Frey (VF) and plantar baselines were measured. Week 1 to week 2, the limited access (4SUC/24F)
group had access to sucrose (in orange) every day for 4 hours and the continuous access group (24SUC/24F) had access
every day. Sucrose access started 2 hours after the beginning of the light cycle. There was no food restriction (brown).
Solution intake were measured 1 hour, 4 hours and 24 hours after the beginning of the access. Weight was measured
before the start of the access. (4SUC: 4 hours access to sucrose; 24F: 24 hours access to food).

Assessment of mechanical sensitivity

Mechanical withdrawal thresholds were assessed using the Von Frey test on
Tuesdays during the 8 weeks of ethanol access and the 5 weeks of forced abstinence.
Animals were first habituated to the apparatus over 3 days. On the first day of habituation,
mice were allowed to move freely on the wire mesh. On the second day of habituation, mice
were placed in a chamber over the wire mesh. On the third day of habituation, mice were
placed in the chamber on the wire mesh and the experimenter moved its hand around under
the grid. Three baseline measures were done during week 0 during the 2-bottle choice
habituation and the third measure was used for the following analysis (Figure 18).
The procedure was done as follows:
-Animals were placed in the chamber and had 20 minutes to acclimatize to the apparatus.
-The first filament 0,16 from the 6 monofilaments set (0,02-0,04-0,07-0,16-0,4-0,6-1-2)
(Figure 18) was applied on the hind paw plantar surface following the Up Down method

(Chaplan et al., 1994). The filament was correctly applied when it is bent.
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-When the mouse responded, the lower filament was applied. If there was no response, the
higher filament was applied.
-Each foot was stimulated 6 times and the scores were recorded on the scoring sheet (Figure

18).

I Size in mm Force in
grams

&

' { Antmal Side ‘
— AN |
244 0,04

2.83_0.07/0.08

3,61_0.40/0.32

3,84_0.60/0.64

4.08_1.001.28
4.31_2.0012.56

Figure 18 Von Frey apparatus and scoring sheet. Animals were on an elevated wire mesh, confined in a chamber. The
experimentater applied the filament to the plantar surface of the mouse hind paw. If they responded, a filament with a
smaller diameter was applied. This up and down procedure was repeated 6 times.

Assessment of thermal sensitivity

Thermal sensitivity was assessed using the plantar test on Thursdays during the 8
weeks of ethanol access and the 5 weeks of forced abstinence. Animals were first habituated
to the apparatus described in (Figure 19) over 3 days. On the first day of habituation, mice
were allowed to freely move on the glass plane. On the second day of habituation, mice were
introduced in a chamber placed over the wire mesh. On the third day of habituation, mice
were placed in the chamber and the experimenter moved the infrared emitter source for sound
and movement habituation.
The procedure was done as follows:
-Animals were placed in the chamber and had 20 minutes to acclimatize to the apparatus.
-The infrared emitter source targeted the hind paw and detected paw withdrawal latencies in
seconds. There is a cut off set at 20 seconds to avoid tissue damage. The same measure was

repeated on the right hind paw.

7l;ligure 19 The plantar apparatus is composed of an emitter of a
laser beam, a glasss panel and animal chambers.



Statistical analysis

Ethanol and sucrose consumption

We used RStudio (Version v1.3.1093) and the package Ime4 to perform a linear mixed
effects analysis. The dependent variable was sucrose, ethanol, kilocalories and water intake
and weight evolution. The fixed effects part of the model is the interaction groups*sessions
for the binge drinking experiment and groups*days for the sucrose bingeing experiment. The
random effect part of the model is the subjects intercept. The intercept and the interaction
estimates (e.g. the slope coefficient) reflect the difference from zero for the baseline level
group. The other groups intercept and slope coefficient are compared to the baseline group.
We used the linear mixed model analysis against the repeated measure ANOVA because it
considers the correlated errors that result from multiple measurements per subjects, it can
handle missing data as long as it meets the missing random definition and it can handle

uneven spacing of repeated measurements.

Nociception

Thermal and mechanical sensitivity thresholds were assessed by a mixed ANOVA
design using the Afex package from R, (Rstudio v1.3.1093). The fixed effects part of the
model is the interaction groups*weeks. The random effect part of the model is represented by
subject error divided by the within-subjects error which are the weeks since the same subjects
are tested each week. When sphericity was violated (Machley’s p < 0,001), the Greenhouse-
Geisser correction was used. We checked the homogeneity of variance (Levene test, car
package) and the normal distribution of the residuals (Shapiro, moments package). Data with
non-normal distribution was transformed. If data were positively skewed we did a squared
root, cubed root or logarithmic transformation. If data were negatively skewed, we did a
square, a cubed root or logarithmic transformation. Post hoc analysis were conducted by
multiple pairwise comparisons for the interaction groups*week (Emmeans package from R)
using the Tukey correction method. We compared groups within each week and weeks within

each group.
Blood Alcohol concentration

Blood alcohol concentration (BAC) was assessed using an ANOVA modelling the

BAC as a function of group and sex. Normality and homogeneity of variance were checked
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using the same tests mentioned earlier. Transformation was performed in non-normally

distributed data according to the skewness of the distribution as described before.

Cluster analysis

Cluster analysis was used to identify high and low bingers in the ethanol procedures
based on total intake over 4 hours across sessions. High and low drinkers were identified
based on total daily intake across sessions. The data were partitioned into two groups
generated with the k-means clustering using the factoextra package from RStudio (Version
v1.3.1093). The goodness of the K means clustering is reported by the ratio Between Sum of
Squares / Total Sum of Squares, the percentage representing the minimization of the Within

Sum of Squares, to optimize intra class similarity and lower inter class similarity.

Correlation
Correlation analysis between 2 variables was performed using the Spearman method

with the Corr package from RStudio (Version v1.3.1093).

Results

Intermittent access to ethanol induces binge drinking in male and female mice.

Figure 20.a. shows that IA and CA groups significantly escalated their ethanol intake
over days in the first 2 hours of access (IA: t= 7,038; df= 608,19; p=5.27.10"%; CA: t=2,11;
df= 609,13; p=0,035). Moreover, the rate of escalation was significantly higher in the 1A
group (IA vs CA: t= -3,56; df=608.,65; p=4,02.10*). In addition, intake of the IA group
increased significantly over days during the first 4 hours of access (Figure 20.b.) (t= 7,68;
df= 607,82; p= 6,49.10"*) and was significantly higher than the CA group (t= -4,54; df=
608,13; p= 6,67.10°). Daily intake (Figure 20.c.) was significantly increased in both IA
(t=10,68; df=607,33; p<2.107'%) and CA (t=6,43; df=607,67; p=2,56.10") groups.

The differences reported above are not biased by measurements being taken during the
light cycle. As shown in Supplementary Figure 1a and b, daily ethanol intake patterns were
equivalent between IA and CA groups. Even though the pattern was the same, the IA group
drank more than the CA group on EOD (Supplementary figure 1 f.). Analysis of sex
differences (Figure 20.d.) showed that rate of daily intake of females was significantly higher
than males in both A (t=-2,54; df=303,26; p=0,012) and CA (t=-2,14; df=302,71; p= 0,033)
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groups. However, no sex differences were found after 2 hours and 4 hours of access

(Supplementary figure 2).
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Figure 20. Data corresponds to EtOH intake (g/Kg) on every other day (EOD) which corresponds to IA EtOH access days. a.
IA and CA groups escalate significantly their EtOH intake after 2 hours of access. IA escalation rate is significantly higher
than CA mice. b. IA escalates significantly their EtOH intake after 4 hours of access and is significantly higher than CA mice.
c. IA and CA groups show a significant EtOH daily intake escalation, IA group significantly higher than CA. d. Females
increase their intake across the 8 weeks at a higher rate than males in both IA and CA groups. ***:p< 0,001; **:p< 0,01;
*:p< 0,05.

Identification of clusters

We performed k-means clustering to identify high and low ethanol drinkers within the
IA and CA groups. Because 2 hours, 4 hours and 24 hours total ethanol intake across the 2
months are dependent, we determined clusters for each variable separately and compared how
much clustering minimizes the sum of squares within (SSW) by comparing the division of
between sum of squares (SSB) with the total sum of squares (SST). For the IA group, by
assigning 2 clusters for the 2 hours and 4 hours ethanol intake data (g/Kg), we achieved a
reduction of SWW of 76.,4%. However, for the CA group, assigning 2 clusters to the 2 hours
ethanol intake data (g/kg) achieved a reduction of SSW of 61.,5%, and for the 4 hours ethanol

intake data a reduction of 68.,6%.

The division of high and low drinkers was finally based on 4 hour intake for the
following reasons: The blood ethanol concentration measures were done at 4 hours after the

beginning of access on the testing day. Furthermore, with the 4 hours data the within group
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difference was minimized and between group dispersion was maximized. Figure 21 shows
total intake over 2 hours and 4 hours EOD as well as the total daily intake for each cluster
within each group. IA high drinkers were significantly higher than IA low drinkers in total
EtOH intake after 2 hours (df=26; t=3.,35; p=0.0025) and 4 hours of access (df=26; t=5,059;
p<0,0001), although total daily intake did not differ. The CA high drinkers were significantly
higher than the low drinkers (df=26; t=2,854; p=0,0084). In the IA group, 7 out of 8 high
drinkers were female mice and in the CA group all high drinkers were females. Moreover, the
CA high drinkers were not significantly different from the IA high and low drinkers at 2 and 4
hours. In fact, even though the IA mice drank more in terms of overall intake than CA mice
on EOD (Supplementary figure 1), if we repeat the analysis separating the clusters, the
significant difference was only found between IA high drinkers and CA low drinkers

(p=0.019).
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Figure 21 High and low drinkers total intake across the 8 weeks of access after 2 hours (a), 4 hours (b) and 24 hours (c) of
access. High and low drinkers defined by the total intake at 4 hours show a significant difference at all measurement
timepoints in the CA group (a,b,c). The IA group shows a significant difference between the high and low drinkers after 2
hours and 4 hours of access (a,b) but not in total daily intake (c). ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Blood alcohol concentration (BAC) from the IA, CA and 24F groups.

After 4 hours of cumulative drinking in the IA and CA groups on the day before the
final session, BAC was analyzed. The raw data did not fulfill the ANOVA assumptions
(homogeneity of variances and normality), so we did a cube root transformation since data
were positively skewed. We found a statistical difference for BAC by running ANOVA 2
factors group*sex, according to the independent variable group (Fp34) =5,146; p=0,011), sex
(Fass =11,859; p=0,0015), and the interaction between both independent variables (F 34
=9,719; p=0.00046). BAC was higher in females from the [A (p=0,00041) and CA

75



(p=0,0015) groups than females from the 24F group (Figure 22 b.). BAC was higher in
females than in males in IA group (p=0,0034) and in CA group (p=0,019).
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Figure 22 Blood alcohol concentration 4 hours after the beginning of Etoh access in the IA group. BAC was measured on
the last week of EtOH access in the serum. a. There was a significant increase of BAC in the sucrose access groups compared
to 24F. b. There was a significant interaction effect between group and sex. IA females were significantly higher than the
24F females and the IA males. IA females are significantly higher than the 24F females and the CA females. No differences

were found between the males. BAC: blood alcohol concentration. ***:p< 0,001; **:p< 0,01; *:p< 0,05.

K means cluster analysis was performed on BAC measures, groups IA and CA
combined, according to the BAC and the 4-hour ethanol intake variables on the test day. The
high ethanol and BAC mice, named cluster 1 in Figure 23 a. includes 11/30 mice, 5 of them
from the IA group. IA sex distribution in cluster 1 is partitioned as 1/7 male mice and 5/8
female mice are in cluster 1 (Figure 23 c.). In the CA group, 6/15 are in cluster 1, all of them
being females (Figure 23 c.). Therefore, most of the cluster 1 are female mice with a highest
proportion from the CA group. Correlational analysis revealed that there was a positive
significant correlation between ethanol intake and BEC (r=0,39; p=0,042), the positive slope
is represented by the trend line in red (Figure 23 b.)
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Figure 23.a. Cluster identification according to BAC and total 4 hours EtOH intake in IA and CA groups combined. The
SSB/SST ration was 69,4%. b. Correlation between BAC and EtOH 4 hours total intake is represent in dotted lines for the IA
group, full black line for CA group and red line for both groups combined. c. Scatter plot representing the males and females
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from IA group (blue and pink open circles respectively) and males and females fom the CA group (blue and pink circles).
EtOH: ethanol, BAC: blood alcohol concentration.

Nociception results

We evaluated mechanical and thermal sensitivity in mice each week during ethanol
exposure and forced abstinence. The graphs in Figure 24 show nociception results during the
third baseline level and during the first and before the last week of EtOH access (week 2 to
week 8) and forced abstinence (week 10 to week 14). Figure 24 a. shows that withdrawal
from alcohol increased mechanical sensitivity between the last week of EtOH access and the
last week of forced abstinence in [A (t= 3,501; df= 41; p=0,0094) and CA groups (t= 3,019;
df= 41; p=0,033). We also compared pain sensitivity between the clusters (Figure 23 c.). Only
IA high drinkers increased mechanical sensitivity between the last weeks of EtOH access and

forced abstinence (t=3,95; df=25; p=0,0046).

Withdrawal from alcohol increased thermal sensitivity (Figure 24 b.) in the CA group
between the baseline and the last week of withdrawal (t= 3,32; df= 42; p=0,015) and week 2
and the last week of withdrawal (t= 3.233; df= 42; p=0,019). Moreover, the CA low drinkers
were significantly different from the [A high (t=2,93, df=26, p=0,033) and low (t=2,99,
df=26, p=0,029) drinkers (Figure 24 d.).
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Figure 24. Mechanical and thermal sensitivity following EtOH intake. a. Both EtOH access groups IA and CA showed
increased mechanical sensitivity between week 8 (before the last week of EtOH access) and week 14 (last week of EtOH
forced abstinence. b. Comparison within the clusters shows that high drinkers of the IA group showed a significant decrease
between week 8 and week 14. c. Thermal sensitivity was increased in the CA group between the third baseline and the last
week of forced abstinence (week 14) and between the 1* week of EtOH 20% access (week 2) and week 14. d. Low drinkers
from the CA group shows a higher 3™ baseline compared to all the other clusters. CA low drinkers significantly increased
thermal sensitivity between the 3™ baseline and the last week of forced abstinence. IA HD: Intermittent Access High
Drinkers; CA HD: Continuous Access High Drinkers; IA LD: Intermittent Access Low Drinkers; CA LD: Continuous Access Low
Drinkers. ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Limited access to sucrose induces binge intake

Figure 25 a. shows that limited access to a sweet solution induces binge intake. The
4SUC/24F group significantly escalated sucrose intake across 14 days during the first hour of
access (t=7,935; df=3,64.10% p=2,63.10""). In contrast, the control group 24SUC/24F
significantly decreased sucrose intake over days during the first hour (t=-2,68; df=3,64.10%
p=0,00763). Moreover, the rate of escalation was significantly different between the
4SUC/24F group and the 24SUC/24F group during the first hour (t=-7,508; df=3,64.10%
p=4,67.10") and after 4 hours (t=-9,744; df=3,64.10%; p<2.10") across days (Figure 25 a.b.).
The evolution rate of daily intake across the 14 days (Figure 25 c.) increased significantly in
the 4SUC/24F group (t=3,73; df=3,64.10%; p=0,00023) while it decreased in the 24SUC/24F
group (t=-5,24; df=3,64.10% p=2,79.107). Moreover, the evolution rate of daily intake was
significantly different between 4SUC/24F and 24SUC/24F (t=6,34; df=3,64.10%; p=6,98.10"")
groups. Sex differences were only observed in the 4SUC/24F group during the first hour of
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access (Figure 25 d.), males showing a higher escalating rate than females (t=1,99;

df=1,82.10% p=0,048).
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Figure 25 Sucrose intake in mL/Kg. a. Mice with limited access to sucrose (4 hours/day) showed a significant escalation of
the intake during the first hour of access as well as in the control group 24SUC/24F The escalation was significantly higher in
the 4SUC/24F group compared to 24SUC/24F. b. 4 hours intake significantly increased across days in the 4SUC/24F group.
4SUC/24F daily intake significantly increased while it significantly decreased in the 24SUC/24F group. Moreover the rate
was significantly different between both groups. d. Escalation rate was significantly higher in males than females during the
1* hour of intake in the 4SUC/24F group. ***:p< 0,001; **:p< 0,01; *:p< 0,05.

We tried to partition data into high and low drinkers using k means clustering.
However, by assigning the data to 2 clusters, we only achieved a reduction of the sum of
squares of 56,9% in the 4SUC/24F group, and 69,9% in the 24SUC/24F group in total first
hour intake, as well as a reduction of 72,6% for 4SUC/24F and 59,9% or 24SUC/24F in total
daily intake data. By partitioning data of the percentage of weight intake (calculated as
(weightgay 14 - weightg,y 1/Weighta,y 14)x100) into 2 clusters, we achieved a reduction of SST of
72,9% for the 4SUC/24F and 71,9% for the 24SUC/24F groups. However, these clusters did

not partition the data according to other variables like sex (Supplementary figure 3).

Figure 26 a. shows a significant weight gain across the 14 days only in the CA group
24SUC/24F (t=6,76; df=543,99; p=3.57.10"). The 24F control group decreased bodyweight
during the 2 weeks in a significant manner (t=-2,32; df=543,99; p=0,021), but the rate was
significantly lower than the 24SUC/24F group. Intake of the limited access group, 4SUC/24F,
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was stable across the 14 days. Figure 26.b. shows that limited and continuous access to
sucrose decreased water intake. Interestingly, the rate of intake across the 2 weeks was
significantly negative in the 24F control group (t=-4,42; df=5,590.10% p=1,17.10) and
significantly different from 4SUC/24F (t=-2,68; df=5,59.10% p=0,0077) and 24SUC/24F
(t=3,31; df=5,59.10; p=0,00099). While the 24SUC/24F group significantly decreased their
daily rate of sucrose intake (Figure 25.c.), they significantly increase their daily chow intake
rate (t=2.96 ; df=4,99.10% ; p=0,0032) (Figure 26.c.). While 4SUC/24F significantly increased
their sucrose daily intake figure 10.c. they decreased their daily chow intake. These results are
in line with the stable kilocalories intake Figure 26.d. for 24SUC/24F (t=-0,30; df=4,62.10%
p=0,77) and 4SUC/24F (t=-0,063; df=4,61.10% p=0, 95) groups. On the other hand, 24F mice
significantly decrease their daily kilocalories intake across the days (t=-3,98; df=4,61.10%
p=8,15.10°).
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Figure 26 Body weight gain and consumption of chow and water and total calories intake across the 14 days a. Weight
significantly increased in both control groups, 24F and 24SUC/24F. the continuous access group 24SUC/24F rate of increase
was significantly different to weight evolution rate of the 4SUC/24F and 24F groups. The level of daily water intake was
significantly higher in the 24F group compared to the 4SUC/24F and 24SUC/24F groups (intercept). 24F decreases water
intake across the days. c. Daily chow intake was significantly increased in the 24SUC/24F group and significantly decreased
in the 4SUC/24F and 24F groups. d. Daily calories intake significantly decreased in the 24F groups and was significantly
different than the rate of calories intake for 4SUC/24F and 24F groups. ***:p< 0,001; **:p< 0,01; *:p< 0,05.

We evaluated mechanical and thermal sensitivity in mice each week during the 2

weeks of sucrose exposure and 4 weeks of forced abstinence. The graphs in Figure 27 show
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the third baseline level, the first and the last week of sucrose access and forced abstinence.
Figure 27 a. shows that withdrawal from sucrose increased mechanical sensitivity between the
first week of sucrose access and the last week of forced abstinence in 4SUC/24F (t= 3,56; df=
40; p=0,0083) and 24SUC/24F (t= 3,045; df= 40; p=0,032) groups. The 4SUC/24F group also
increased their sensitivity between the second week of exposure and the last week of forced
abstinence (t= 3,65; df= 40; p=0,0064). We also evaluated sex differences (Supplementary
figure 4) , showing that there was a decrease of sensitivity in the 24F control group but only in
males between the last week of sucrose access and the last week of forced abstinence
(t=2,903; df=37; p=0,046)z. Only females from the 24SUC/24F (t=3,022; df=37; p=0,035)
and 4SUC/24F (t=3,972; df=37; p=0,0028) groups show decreased mechanical sensitivity
between the first week of sucrose access and the last week of forced abstinence, and between
the last week of sucrose access and the last week of forced abstinence for 4SUC/24F females

(t=3,32; df=37; p=0,017).

Figure 27 b. shows that 4SUC/24F group decreased threshold of thermal sensitivity
between the first week of access and the first week of forced abstinence (t= 2,88; df= 40;

p=0,047).
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Figure 27 Mechanical and thermal sensitivity during and following sucrose bingeing. The significant decrease between
baseline and week 1 thermal sensitivity is explained by data from males (t=-3,7; df=37; p=0,0059) but not females (t=-0,073;
df=37; p=1). ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Discussion

In this present study, we show that alcohol deprivation, following either continuous or
intermittent access to the drug, significantly decreases nociceptive sensitivity threshold to a
mechanical stimulus. In contrast, the threshold to respond to heat stimuli was decreased only

in animals that had continuous alcohol access prior to deprivation. This suggests that high
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alcohol bingeing (i.e.: displayed by the [A group) may alter sensitivity to mechanical, but not
thermal, stimuli during withdrawal. Alcohol induced sensitivity seems to be determined by
the amount of EtOH consumption since only mice with higher EtOH intake in the IA group
showed significant decreases in mechanical nociceptive sensitivity threshold. The effect
could reflect sex differences in that there was a higher proportion of females than males in the
IA high drinkers group. This makes it important to highlight sex-specific patterns of alcohol
consumption since EtOH withdrawal induced hyperalgesia in preclinical (Dina et al., 2006;

Gatch, 1999, 2002) and clinical studies (Jochum et al., 2010) only focus on males.

In a previous study, male mice had higher baseline thermal nociceptive thresholds (tail
flick and hot plate tests) than females (Mitrovic et al., 2003). It is well documented that
alcohol alleviates pain (Egli et al., 2012). Since females exhibit higher drinking levels than
males, they might be more sensitive to the nociceptive stimuli or less sensitive to alcohol
analgesic effects. Therefore, to counteract these potential effects, they would drink more and
wipe out the sex effect in Von Frey and Hargreave’s tests. This could explain the absence of
significant sex differences in nociceptive measures. However, our baseline measures did not
show sex differences other than in CA group for Hargreave’s test (p=0,038). To our

knowledge, no studies looked at sex differences to tolerance of alcohol induced analgesia.

Pain is modulated by central nervous system which acts as a top down control, such as
the mesocorticolimbic reward network, especially the prefrontal cortex (Maleki et al., 2019).
To date, there is little evidence on the neuroimmune responses between pain and AUD
intersection. However, we do know that alcohol modulates neuroimmune signaling differently
such as the chemokine network between in males and females (Y. Blednov et al., 2005) and
throughout the mesocorticolimbic circuit with increased astrogliosis and reduced number of
neurons following alcohol treatment which tends to be higher in females than males or
differently expressed cytokines in region and sex dependent manner (Alfonso-Loeches et al.,
2013; Baxter-Potter et al., 2017). These previous results could support our hypothesis in that
females show more brain damage in response to alcohol intake, which might increase
nociception and therefore alcohol intake for its analgesic effects allowing same level
responses as males. Another explanation to higher drinking levels in females is that alcohol is
also consumed to alleviate aversive emotional states (Koob, 2021). It is already documented
that emotional experience such as anxiety and mood impairments are associated with pain in

patients with alcohol disorders (Maleki et al., 2019). Negative affect is more associated with

82



initiation, maintenance and relapse in AUD in females than males in preclinical and clinical
studies (Peltier et al., 2019). Moreover, the course and negative consequences of alcoholism
were also shown to be significantly faster (telescoping effect) and higher in women (Diehl et
al., 2007). For the next experiments we should therefore measure anxiety and depressive like

behaviors and see whether they correlate with the amount of alcohol consumed or the BAC.

Our results provide new insight into the relationship between binge eating and
nociception using a validated preclinical model of sucrose bingeing. Compared to thermal
nociception, thresholds for mechanical nociception were decreased for a shorter period
following sucrose bingeing, suggesting that mechanical and thermal nociceptors might be
differently affected by sucrose intake. Males escalated significantly faster than females in
sucrose intake during the first hour of access in the 4SUC/24F group. This results is in
conflict with sucrose bingeing studies in rats (Smail-Crevier et al., 2018) and our own results
from previous cohorts. This might either be a cohort effect or due to the stress induced by the
nociceptive tests. Moreover, decrease of mechanical threshold was only observed in females
24SUC/24F, which might be interpreted as a sign of negative emotional state.

Since AUD, BED and neuropathic pain involve the reward circuit, there are several
interesting points to look at for future studies. One would investigate the neuroimmune
mechanisms underlying these 3 disorders in the reward circuit; identifying commonalities
could help in understanding the development of comorbidities (Hildebrandt et al., 2021;
Maleki et al., 2019). Targeting similar mechanisms between comorbidities would probably
allow better outcomes in therapeutic interventions since one disorder can lead to relapse of
another. Therefore, individuals with co-occuring AUD or BED with neuropathic pain pose a

unique challenge in the development of therapeutic strategies.
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Supplementary figure 1 a&b 1A and CA mice drink 13,8% and 14,7% of their total EtOH intake after 2 hours of access
respectively (black histograms). IA and CA groups drank 26,9% and 26,5% of their total EtOH intake after 4 hours of access
respectively (light grey histograms). Mice from IA and CA groups consumed EtOH during the light cycle. c. On EOD, total
intake was significantly higher in the IA than CA group after 2 hours (p=0,0089) and after 4 hours (p=9,2.107). d. There were
no significant sex effects in 2 hours total intake. In 4 hours total intake there was a significant sex effect, females drinking
more than males (F(1,26)= 5,81; p=0,023), but no significant interaction .e. The CA group drank significantly more across all
access periods than the IA group (p=6,32.10*) but the IA drank more on EOD (p=0,023). f. In EOD daily EtOH access the IA
group was significantly higher than the CA group. ***:p< 0,001; **:p< 0,01; *:p< 0,05.
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Supplementary figure 2 Sex differences after 2 hours and 4 hours of access. No sex differences were observed after 2 or 4
hours of access.
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Supplementary figure 3. Body weight gain in cluster. K means clustering in 2 samples High and Low percentage of weight
across the 14 days of access were performed within each experimental group.
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Supplementary figure 4. Sex differences in mechanical sensitivity. a. Both males and females increased mechanical
sensitivity between the 1% week of sucrose access and last week of forced abstinence, week 6. b. Only 24SUC/24F females
increased sensitivity between week 1 and week 6. Only 24F males increased mechanical sensitivity between week 2 and
week 6. ¥**:p< 0,001; **:p< 0,01; *:p< 0,05.
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Introduction:

Binge eating disorder (BED), which affects 1.4% of females and 0.4% of males
(Erskine & Whiteford, 2018), is characterized by excessive consumption of food, usually high
in sugar and/or fat (Hildebrandt et al., 2021; Yanovski et al., 1992), within a short period of
time. Bingeing episodes are typically accompanied by a sense of loss control over food intake
(Colles et al., 2008; Latner & Clyne, 2008). BED was recognized as a distinct eating disorder
in 2013 by the Diagnostic and Statistical Manual of Mental Disorders (DSM)-5 after being
part of Eating Disorders Not Otherwise Specified (EDNOS) in the DSM-IV. Today, no

effective therapeutic strategies exist to treat BED.

BED and substance use disorders (SUD) are commonly comorbid (Yanovsky 2013;
Hudson et al., 2008; Wilfley et al., n.d.). For example, the lifetime prevalence of alcohol use
disorder (AUD) in BED individuals is 19.9% (Bogusz et al., 2021). AUD usually develops
after a diagnosis of BED suggesting that excessive food intake may precipitate the onset of
excessive alcohol consumption. If this is true, BED patients may be using alcohol as a coping
mechanism as individuals with this disorder report high levels of distress and negative affect
(Haedt-Matt & Keel, 2011). In addition, BED individuals use psychoactive substances,
especially alcohol, to regulate negative emotions 1 (Azevedo et al., 2021). The relationship
between BED and alcohol consumption may also explain poor treatment outcomes in that the
severity of symptoms is increased in comorbid conditions (Becker & Grilo, 2015).At least
some preclinical studies support the hypothesis that BED may exacerbate the development of
AUD: high fat bingeing increases ethanol consumption and motivation to obtain the drug
(Blanco-Gandia et al., 2017), with the eftect continuing during forced cessation from high fat
bingeing (Blanco-Gandia et al., 2018). Sucrose bingeing also increases subsequent ethanol

intake in rodents (Avena et al., 2004b).
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The high comorbidity of AUD and BED could be explained by a shared dysfunction in
neurobiological mechanisms that underlie these disorders. For example, at the behavioral
level both are associated with negative affect such as depression and anxiety (Ferriter & Ray,
2011). Individuals suffering from these disorders often engage in drinking or eating to
regulate negative emotions (Cooper et al., n.d.; Jackson et al., 2003). In addition,
neuroimaging studies reveal increased blood flow in the prefrontal cortex of BED and AUD
patients exposed to food- or alcohol-associated cues respectively (George et al., 2001;
Karhunen et al., 2000). Most notably, both BED and AUD are linked to alterations in brain
reward systems, specifically mesocortical dopamine function (Boswell et al., 2021). In both
disorders there is a transition of dopaminergic neurotransmission that progresses from a
reward driven behavior localized in the ventral striatum to a goal (dorsomedial) and then
habitual (dorsolateral) driven behavior possibly mediating the transition from goal-directed to

compulsive behaviors (Everitt & Robbins, 2013; Furlong et al., 2014).

Overconsumption of refined carbohydrates and saturated fat may influence brain
reward mechanisms by inducing neuroinflammation (Jamar et al., 2020). For example, high
fat (De Souza et al., 2005a; Décarie-Spain et al., 2018; Thaler et al., 2012) and high sucrose
(Fuente-Martin et al., 2013; Gao et al., 2017) diets increase neuroimmune signaling in the
nucleus accumbens and the lateral hypothalamus. In the same manner, genetic,
pharmacological, and behavioral studies point to neuroimmune signaling in reward pathways
involved in alcohol addiction (Erickson et al., 2019). Based on this evidence, we proposed
that excessive intake of high fat/high sugar induces neuroimmune signaling in brain reward

regions, thereby impacting behavioral responses to alcohol.

The primary aim of this study was to evaluate the influence of sucrose bingeing on
ethanol reward. To do so, we measured ethanol reward in the conditioned place preference
(CPP) paradigm following sucrose bingeing in mice. The secondary aim was to investigate
mechanisms that could mediate the effect of sucrose bingeing on ethanol reward, specifically
neuroinflammation in brain reward regions. To do so, we measured expression of genes
involved in neuroinflammation, as well as specific endocannabinoid genes that are involved in
food and alcohol reward. For both systems we targeted the prefrontal cortex, the nucleus
accumbens, the dorsal striatum and the lateral hypothalamus for markers of inflammation and

ECS genes. Results from this study provide insight into the etiology of comorbid alcohol
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abuse in individuals with BED as well as possible brain mechanisms mediating this

relationship.
Materials and methods

Subjects

Male and femaleC57BL/6J mice were either from Charles River Laboratories, 4 weeks
old upon arrival, or bred in the lab. They were housed 3 or 4 animals/cage under a 12-hour
light dark cycle and standard temperature and humidity conditions (22+2°C, 55£10%). One
week before the beginning of sucrose access, animals were isolated in 11.5 x 29.5 x 13 cm
(339 cm?) cages and habituated to a two-bottle choice paradigm with access to water only. All
experiments took place during the light cycle. Experiments were approved by the institutional
ethics committee CREMEAS (Comité d’Ethique pour I’Expérimentation Animale de
Strasbourg, France) (APAFIS#2018100414319951).

Limited access to sucrose

Animals from 6 distinct cohorts (Figure 28) were exposed to the sucrose bingeing
paradigm (cohorts A, B, C, D, E & F). Caster sugar (Erstein) was dissolved in tap water,
measured as weight per volume (17.1% g/L), and delivered in centrifuge tubes. This
procedure is adapted from (Yasoshima & Shimura, 2015). All groups had access to food ad
libitum (24F). For the next 2 weeks, the limited access group (4SUC/24F group) received
access to sucrose for 4 hours per day over 2 weeks, beginning 2 hours after the start of each
light cycle (Figure 29.a.). One control group had continuous access to sucrose (24SUC/24F
group) in a 2-bottle choice paradigm for 2 weeks. A second control group (24F) had no access
to sucrose. Sucrose intake, divided by body weight (mL/g), was measured 1 hour, 4 hours and
24 hours after exposure. To avoid side preference, the placement (left or right) of the water

and sucrose bottles was alternated each session (Figure 29.b.).
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Cohort A Cohort B Cohort C
n=27 n=137 n=63
7,9-8,6 weeks old 8,6-11,4 weeks old 4,4-6 months old

Cohort D
L 3
? n=25

9,7-10,6 weeks old

Cohort E
n=54
10-10,5 weeks old

' /\; Cohort F
(N
9
>

n=45
9,5-10,5 weeks old

Figure 28. Six different cohorts went through the sucrose bingeing experiment followed by either CPP EtOH (Cohorts
A,B,C), EtOH preference (Cohort D), gene expression (Cohort E), or metabolic profiling (Cohort F).
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Figure 29 Schematic diagram showing the within day schedule for sucrose bingeing. Mice had ad libitum access to water
and chow. The experimental group 4SUC/24F had 2 bottles of water; 2 hours after the start of the light cycle, one bottle was
removed and replaced by a bottle of sucrose 17.1% for 4 hours. A first control group received continuous access to a bottle
of water and a bottle of sucrose 17.1%. A second control group 24F had access to two bottles of water. To control for side
preference, the left/right position of the bottle was alternated daily. Consumption of sucrose and water was recorded
following the 1* hour, as well as after 4 hours and 24 hours of access. Animals were weighed every morning before the start
of the access to sucrose. (24SUC: 24 hours access to sucrose; 4SUC: 4 hours access to sucrose; 24F: 24 hours access to food)

Conditioned place preference to ethanol
Subjects

Following sucrose access sessions, mice from cohort A were tested for a CPP to EtOH, dose
3g.Kg™20% v/v in saline). Male (n=12) and female (n=15) mice were aged between 7,9 and 8.6 weeks
old at the start of the experiment. Females weighed between 15,8 and 19,9 grams and males
weighed between 17,1 and 23,9 grams at the beginning of the experiment.
In parallel, after sucrose access sessions, mice from cohort B were tested on distinct EtOH doses
(2g.Kg™?, 3g.Kg™; 4g.Kg™; 20% v/v in saline). Males (n=69) and females (n=68) were aged between 8,6
and 11,4 weeks old at the start of the experiment. Females weighed between 17 and 21,8 grams and
males weighed between 20 and 28.3 grams at the beginning of the experiment.
Older mice from cohort C were tested on distinct EtOH doses (2g.Kg™, 3g.Kg™; 4g.Kg™; 20% v/v in

saline). Males (n=31) and females (n=32) were aged between 4.4 and 6 months old at the start of the
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experiment. Females weighed between 20.4 and 26.3 grams and males weighed between 23.8 and
32.7 grams at the beginning of the experiment.

Pre-conditioning:

The purpose of the pre-test is to familiarize the animals with the apparatus. Mice were placed in the
corridor and once the recording started, they had access to both compartments during 30 minutes.
The mice were then returned to their home cage.

Conditioning sessions:

Within each group and sex, mice were randomly assigned to one ethanol (EtOH) associated
compartment (2g.Kg™, 3g.Kg™; 4g.Kg?; 20% v/v in saline) and one sodium chloride (NaCl) 0.9%
associated compartment in a counterbalanced manner (Figure 30). Mice were brought from the
animal house to the testing room and immediately received their intra peritoneal injection. The mice
were confined to their compartment for 5 minutes and returned to their home cage. The
conditioning trial sessions to EtOH and NaCl occurred on alternating days over 8 days, also in a
counterbalanced manner (keeping 48 hours between identical trial sessions).

Preference test:

Mice were placed in the corridor and allowed access to both compartments during 30 minutes. Time
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Figure 30 The conditioned place preference (CPP) apparatus consisted of 2 distinct chambers with photo beams sensors.
One chamber had a wire mesh floor, while the other chamber had horizontal stripes. They were separated by a corridor
with a smooth surface. In the pre-conditioning phase, the animals had access to both compartments through the corridor
during 30 minutes. During the conditioning phase, mice received 4 intraperitoneal injections of EtOH (2, 3 or 4 g.Kg™)
alternating with 4 intraperitoneal injections of NaCl 0.9% with one injection/day. After each injection, animals were
confined to the EtOH or NaCl 0.9% associated compartment for 5 minutes. The preference test occurred the day after the
last conditioning session. Animals had again access to both compartments during 30 minutes through the corridor. (EtOH:
ethanol; NaCl: sodium chloride).

2-bottle ethanol preference

Mice from cohort D were tested for EtOH consumption and preference at 5 different
concentrations. Males (n=12) and females (n=13) were aged between 9.7 and 10.6 weeks old
at the start of the experiment. Females weighed between 17.2 and 23.8 grams and males
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weighed between 19.4 and 27.5 grams at the beginning of the experiment. The protocol was
based on (Avena et al., 2004a; Y. Blednov et al., 2005). Briefly, 3%, 6%, 9%, 12% and 15%
EtOH concentration volume to volume (v/v in tap water) were offered to mice on 4 days,
starting with the lowest concentration and increasing to the highest over days. Bottle sides

were exchanged every 2 days.

Gene expression following sucrose bingeing

After 17 days of sucrose access, gene expression was measured in mice from cohort
E. Males (n=23) and females (n=31) were aged between 10 and 10.6 weeks old at the start of
the experiment. Females weighed between 18.2 and 22.1 grams and males weighed
between 22,5 and 27,7 grams at the beginning of the experiment.
Brain were microdissected following decapitation on the next day of the 2 weeks sucrose
access, at the time sucrose access would have been provided for the 4SUC/24F group (see
Figure 4, as previously described REF DN or RB?). Samples were immediately frozen in dry
ice and kept at -80°C until use. Gene expression involved in neuroinflammation and the

endocannabinoid system (Table 1) PFC, NAcc, DS, LH (Figure 31).

Metabolic profiling

Glycemia and liver weight of mice from cohort F were measured following the
sucrose access protocol that was extended to 17 days. Males (n=22) and females (n=23) were
aged between 9.5 and 10.5 weeks old at the start of the experiment. Females weighed between
18.2 and 22.1 grams and males weighed between 22.5 and 27.7 grams at the beginning of the

experiment.

The metabolic profiling was assessed on the next day at the time sucrose access would
have been provided for the 4SUC/24F group. During decapitation, a drop of blood was
collected on a test strip (Accu-Chek). This meter displays blood glucose in mg/dL. The 5
lobes of the liver were dissected and weighed (g) for histological analysis, the biggest lobe
was cut and frozen in isopentane for 1 minute between -40°C to -45°C. For gene expression
analysis, about 120mg of tissue was cut, frozen in a perforated tube in liquid nitrogen and

stored at -80°C.

92



LH / Amygdala

Figure 31 Coronal brain slices displaying brain areas where gene expression was measured. Bregma is indicated under

each region. (PFC: prefrontal cortex; NAc: Nucleus Accumbens; DS: Dorsal Striatum; LH: lateral hypothalamus).

Brain dissection, RNA extraction and quantitative polymerase chain reaction (qPCR)

(Cohort E).

All along the extraction steps we made sure to get rid of ribonucleases (RNases) by
spraying RNaseZAP. To homogenize and lyse the tissue we added 800 uL of ribozol (VWR,
Fontenay-sous-bois, France) which has the capacity to isolate RNA and contains a chaotropic
agent to denaturate proteins. We performed ups and down with a potter homogenizer. All
samples were then left for 10 minutes at room temperature for effective homogenization
before going back to ice. We then added 160 pL of chloroform (2:10 ratio;
chloroform:ribozol). The tube was turned up and down 10 times, centrifuged at 12 000
relative centrifugal force (rct) for 2 minutes at 4°C degrees. The solution was separated into 3
phases, the lower phase being denaturated proteins, the middle phase being DNA and the
upper phase being RNA. The upper aqueous phase was transferred to a new tube, and we
added 400 pL of isopropanol to precipitate RNA. The solution is centrifuged once for 15
minutes and once for 3 minutes at 12000 rcf 4°C, being wash by ethanol 75% (v/v) in
between. A final centrifugation is done for 3 minutes and after eliminating ethanol by

pipetting and with evaporation, RNA was resuspended in 20 pL of miliQ ultrapure water.

We next measured RNA concentration (ng/dL) with a NanoVueTM (GE healthcare)
spectrophotometer (GE healthcare). The absorbance ratio 260/230 was measured to quantify
organic components contamination. The absorbance ratio 260/280 was measured to quantify

the contamination by DNA.
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We collected an amount of 750 ng of RNA as template in reverse transcription to
synthesize complementary DNA (cDNA). RNA is incubated with iScript Reverse
Transcription Supermix (iScriptTM ¢DNA Synthesis Kit, Biorad, France), which contains:
dNTPs, primers, reverse transcriptase (Moloney Murine Leukemia virus), water and bufter.
The reaction temperature started with 5 minutes at 25°C for hybridation, 30 minutes at 42°C

for inverse transcription and 5 minutes at 85°C for inactivation of the enzyme.

Quantitative polymerase chain reaction was run in triplicate on 0.5 plL. ¢cDNA, 3 pL
primers (500nM for each forward a reverse primers) 12 pul. of Sso Advanced™ Universal
SYBR Green supermix (Biorad, France) in a 96-well plate. These were run in a thermal cycler
(CFX96 Touch™ apparatus Biorad, France) following the program : 30 s at 95 °C followed
by 40 amplification cycles of 5 s at 95° and 45 s at 60 °C. Gene expression is standardized
against the housekeeping gene acidic ribosomal phosphoprotein PO (36B4) and compared to
the group control with no access to sucrose (24F). Primers were designed using the primer

designing tool from NCBI (Table 1).

Statistics
Sucrose consumption

Data from sucrose access sessions was analyzed using RStudio (Version v1.3.1093)
and the package Ime4 to perform a linear mixed effects analysis. The dependent variable was
sucrose intake. The fixed effects part of the model is the interaction groups*days for sucrose
intake and weight evolution. The random effect part of the model is the subjects intercept. The
intercept and the interaction estimates (e.g. the slope coefficient) reflect the difference from
zero for the baseline level group. The other groups intercept and slope coefficient are
compared to the baseline group. We used the linear mixed model analysis against the repeated
measure ANOVA because it considers the correlated errors that result from multiple
measurements per subject; it can handle missing data as long as it meets the missing random

definition and it can handle uneven spacing of repeated measurements.

Conditioned place preference to ethanol

Comparisons of time spent in the ethanol associated compartment versus the NaCl
associated compartment were assessed by a mixed ANOVA design using the Afex package
from R, (Rstudio v1.3.1093). The fixed effects part of the model is the interaction

compartment*group*dose*sex. The random effect part of the model is represented by subject
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error divided by the within-subjects error which are the compartments since the same subjects
navigated between each compartment. When sphericity was violated (Machley’s p < 0,001),
the Greenhouse-Geisser correction was used. We checked the homogeneity of variances
(Levene test, car package) and the normal distribution of the residuals (Shapiro, moments
package). Data with non-normal distribution was transformed. If data were positively skewed
we did a squared root, cubed root or logarithmic transformation. If data were negatively
skewed, we did a square, a cubed root or logarithmic transformation. Post hoc analysis were
conducted by multiple pairwise comparisons for the interaction
compartment*group*dose*sex (Emmeans package from R) using the Tukey correction
method. We compared time spent in the compartments within each sex, group and ethanol

dose.

EtOH preference

EtOH preference as a % of intake was analysed with a mixed design ANOVA using
the Afex packages from R. The fixed effects were the interaction between sex, group and
concentration, the random part of the model was the subjects error divided by the
concentration error since the same subjects were tested at each concentration. Multiple
pairwise comparisons were performed for the interaction (Emmeans package from R) using

the Tukey correction method.

Gene expression

Gene expression was measured as technical triplicates for each subject. Triplicate with
more than one quantification cycle (Cq) from the two other values was considered an outlier
and removed. From Cq data, the relative gene fold expression was calculated using the delta
delta Cq method. The first delta is the difference between the gene of interest Cq and the
housekeeping gene Cq for each subject. The second delta is the difference between the Cq of
each sample and the average Cq of the control group for the gene of interest (Livak &
Schmittgen, 2001). Differences in gene expression between the groups were analysed by a
two-way ANOVA, the interaction part of the model being group*sex in each region of
interest. We checked the homogeneity of variance (Levene test, car package) and the normal
distribution of the residuals (Shapiro, moments package). Data with non-normal distribution
were transformed. If data were positively skewed we did a squared root, cubed root or
logarithmic transformation. If data were negatively skewed, we did a square, a cubed root or

logarithmic transformation Post hoc analysis were conducted by multiple pairwise
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comparisons for the interaction Group*Sex (Emmeans package from R) using the Tukey

correction method.

Metabolic profiling analysis

Differences in gene expression between the groups and sexes were analysed by a two-
way ANOVA, the interaction part of the model being group*sex for the dependent variables
liver weights and glycemia. We checked the homogeneity of variance (Levene test, car
package) and the normal distribution of the residuals (Shapiro, moments package). Data with
non-normal distribution were transformed. If data were positively skewed, we did a squared
root, cubed root or logarithmic transformation. If data were negatively skewed, we did a
square, a cubed root or logarithmic transformation Post hoc analysis were conducted by
multiple pairwise comparisons for the interaction Group*Sex (Emmeans package from R)

using the tukey correction method.

Correlation

A correlation matrix between gene expressions, sucrose intake and percentage of
weight gain was done for each region using the Spearman method and the Bonferroni
correction (package psych from R). Data with non-normal distribution were transformed as

mentioned previously.

Results
Intermittent access to sucrose induces binge intake

In cohort A (Figure 32), the limited access group 4SUC/24F significantly increased
sucrose intake across days during the first hour (t=6,806; df=2,27.10% p= 8,81.10'"), although
there was no significant escalation at the 4 hour measure (t=0,858; df=228,82; p=0,392). The
rate of escalation was significantly higher in the 4SUC/24F group compared to 24SUC/24F
group after 1 hour (t=4,701; df=2,272.10% p=4,48.10°) and 4 hours of access (t=5,557
df=228.84; p=7,62.10®). In fact, Figure 32.b. shows a significant decrease in sucrose intake of
the 24SUC/24F group across the days (t=-7,046; df=228.82; p=2,14.10"""). No sex differences
were observed. No sex differences were observed within the 4SUC/24F and 24SUC/24F

groups after 1 hour (Figure 32.c.) or across daily access (data not shown).

Sucrose bingeing does not increase body weight gain
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In Figure 32.d, only the control groups 24SUC/24F (t=7,70; df=348,0002; p=1,48.10"
1) and 24F (df=348,0007;t=5,14; p=4,61.107), increased their weight significantly across the
14 days and were significantly heavier than the 4SUC/24F group (4SUC/24F vs 24SUC/24F:
t=-6,44; df=348,00019; 4,06.10™° ; 4SUC/24F vs 24F: t=-4,63; df=348,00044; p=5,13.10°).

EtOH induced CPP at 3g.Kg™" is blocked by sucrose bingeing

The pairwise comparison test demonstrated significantly greater time spent in the
EtOH (3 g.Kg™") paired compartment compared to the NaCl paired chamber for 24SUC/24F
(t=3.,44; p=0,0023) and 24F (t=2,91; p=0,0081) groups (Figure 33.a.). However, the limited
access group showed no significant difference between time spent in each compartment (t=-

0.257; p=0.7998).
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Figure 32 Sucrose intake and Weight evolution across the 14 days of access (cohort A). Mice from the 4SUC/24F group
(white circles) significantly escalated their intake compared to the 24SUC/24F group (dark circles) during the first hour (a)
and over daily (b) access. The 24SUC/24F group did not significantly increase their intake during the first hour (a) and
significantly decreased their daily intake (b). No sex differences were observed during the first hour of access and intake of
both females and males from the 4SUC/24F group escalated significantly (c). Weight significantly increased in both control
groups 24F and 24SUC/24F and with a significantly higher rate than the experimental group, 4SUC/24F, which was stable
(d). (4SUC: 4 hours access to sucrose; 24SUC: 24 hours access to sucrose; 24F: 24 hours access to food; BW:
bodyweight).***:p< 0,001; **:p< 0,01; *:p< 0,05.

Limited access to sucrose blocks EtOH induced CPP at all doses
Mice from cohort B that underwent the sucrose access protocol (Supplementary figure

5) were then tested on different EtOH doses for a CPP (Figure 6). Pairwise comparison tests

97



on data from the 24F group showed a significant difference between EtOH 3 g.Kg™ and NaCl
paired compartments (t=2,41; p=0,018) as expected from the last cohort. No EtOH induced
CPP was observed at 2 g.Kg™! (t=0,27; p=0,79) or at 4 g. Kg' (t=0,69; p=0,49). Data from the
4SUC/24F group shows no EtOH induced CPP at 2 g.Kg™ (t=0,92; p=0,36), 3 g.Kg" (t=0,63;
p=0,53) and 4 g.Kg' (t=0,92; p=0,36). Females but not males with limited access to sucrose
showed an EtOH induced CPP at the highest dose. Pairwise comparison tests revealed an
EtOH induced CPP for the dose group 4 g.Kg"' for females (t=2,57; p=0,011), but not males
(t=-1,48; p=0,14) (Supplementary figure 6). However, no significant differences were
observed in a distinct experiment (Cohort D) evaluating EtOH consumption at different

concentrations between the groups (Supplementary figure 7).
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Figure 33 CPP to distinct concentrations of EtOH following sucrose bingeing. CPP was measured at 2, 3 and 4 g.Kg" doses.
Only the control groups expressed an EtOH induced CPP at 3 g.Kg™. (EtOH: ethanol; NaCl: sodium chloride; CPP: conditioned
place preference). ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Limited access to sucrose induces binge like behavior in old mice of cohort C.

Figure 34.a. shows that the limited access group, 4SUC/24F, significantly increased
sucrose intake across days during the first hour of access (t=12,88; df=3,45.10% p<2.10"°) and
a significant escalation after 4 hours of access (t=18,25; df=3,44.10% p p<2.107%) (Figure

34.b.). There were no sex differences after one hour of access (Figure 34.c.), however intake
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after 4 hours (Figure 34.d.) of access escalated at a higher rate across days in females than

males (t=4,51; df=3,44.10% p=8,72.10°).
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Figure 34 Sucrose intake across the 14 days of access in old mice (cohort C). Graphs show sucrose intake in mL/g. a. Mice
with limited access to sucrose (4 hours/day) showed a significant escalation of intake during the first hour and during daily
access. b. No sex differences were observed during the 1* hour of access, but both escalated significantly. For daily intake,
the rate of sucrose escalation iwas significantly higher in female than males, though both significantly escalated their daily
intake (BW: body weight) ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Pairwise comparison tests on data from old mice in cohort C showed a significant
difference between time spent in the EtOH 4 g.Kg™' and NaCl paired compartments in the 24F
group (t=-4,26; p=0,0021), which expressed a conditioned place aversion to EtOH (Figure 8).
The 24F group did not express a CPP at EtOH 3g.Kg™ as expected from the last cohorts (A
and B). However, the 4SUC/24F group did express CPP at EtOH 3g.Kg™ contrary to young
mice (t=8,89; p=0,003). Sex differences were observed at EtOH 4g.Kg™ dose in both groups
(Supplementary figure 6). Females from the 4SUC/24F group had a higher t-score than males,
the difference being close to significant (Females: t=2,26; df=6; p=0,064; Males: t=1,19;
df=6; p=0.28). Aversion in the 24F group was expressed by females but not males (Females:

t=-6,89; df=8; p=0,0001; Males: t=-1,34; dt=6; p=0,22).
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Figure 35 CPP to distinct concentrations of EtOH following sucrose bingeing (Cohort C). CPP was measured at 2, 3 and 4
g.Kg* doses. The experimental group 4SUC/24F expressed an EtOH induced CPP at 3 g.Kg™ and the control group expressed
an EtOH induced CPP at 4 g.Kg™. ***:p< 0,001; **:p< 0,01; *:p< 0,05.

Sucrose bingeing regulates gene expression in regions involved in reward processing and
metabolic regulation

In animals from cohort F (Supplementary figure 8) we evaluated gene expression in
several reward-related brain structures (Table 5). In the PFC, genes involved in
neuroinflammation were regulated with a significant group effect (F(2,47)=3,62; p=0,035).
Figure 36.a. shows increased GFAP expression in the 4SUC/24F group compared to the 24F
group (t=-2.,75; df=47; p=0,023). Figure 36.b. shows a significant sex effect for CCL2, with a
higher expression in females than in males (t=2,405; df=46; p=0,02).

In the DS, GFAP analysis showed a significant interaction between group and sex
(F(2,37)=3.,43; p=0,043). Males from the 24F group showed a higher expression of GFAP
compared to the 24F females (t=-2,24; df=37; p=0,031) and 24SUC/24F males (t=-2,75;
df=37; p=0,024).

Sucrose intake increased TNFa expression in the NAcc (F(2,41)=3,19 ;p=0,051). Post
hoc analysis did not show any significant differences between the groups, however, t scores
were higher between the 24F and 24SUC/24F groups (t=-2,397; df=41; p=0,0541) and
between the 24F and 4SUC/24F groups (t=-2,133; df=41; p=0,0957).

In the LH, the analysis showed a significant sex effect for GFAP Figure 36.f.
(F(1,37)=3,59; p=0,066) and IBA1 Figure 36.g. (F(1,43)=5.82; p=0,02). Males expressed
significantly more GFAP (t=-1,879; df=37; p=0,068) and IBA1 (t=-2,309; df=39; p=0,026)
than females. Figure 36.g. showed a significant interaction between group and sex for IL10
(F(2,15)=6,67; p=0,0085). Males in 4SUC/24F (t=-2,849; df=15; p=0,031) and 24SUC/24F
(t=-2,851; df=15; p=0,031) groups expressed significantly more IL10 than 24F males. Sucrose
access decreased CBI1 expression (F(2,29)=7,16 ;p=0,0029). The 24F group expressed
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significantly more CB1 than 24SUC/24F (t=2,49; df=29; p=0,047) and 4SUC/24F (t=3.9;
df=29; p=0,0015) groups.
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Figure 36 Gene expression in brain regions of interest following sucrose bingeing (Cohort E). In the PFC, genes involved in
neuroinflammation were modulated. GFAP was expressed significantly more in the 4SUC/24F group compared to the
control 24F group. A sex difference was observed for CCL2, with females expressing more than males. In the DS, males from
the 24F group expressed more GFAP than females from the same group and males from the 24SUC/24F group. In the NAcc,
TNFa was expressed at lower levels in the 24F group compared to both sucrose access groups. In the lateral hypothalamus,
CB1 was expressed at higher levels in the 24F group compared to both sucrose access groups. (PFC: prefrontal cortex; NAcc:
Nucleus Accumbens; DS: Dorsal Striatum; LH: lateral hypothalamus, GFAP: glial fibrillary acidic protein, CCL2: C-C Motif
Chemokine Ligand 2; TNFa: tumor necrosis factor alpha; CB1: cannabinoid receptor 1; IBA1: lonized calcium binding
adaptor molecule 1; IL10: interleukin 10). ***:p< 0,001; **:p< 0,01; *:p< 0,05.

We next analyzed the correlation of gene expression, total 1* hour and daily sucrose
intake across the 14 days, as well as weight gain in cohort E (Figure 37). In the PFC, the
catabolic enzyme FAAH increased with CB1 (r=0,77; p=0,044) in the 4SUC/24F group. In
the control group 24SUC/24F, neuroinflammation genes were correlated, with TNFa
increasing with the microglial marker IBA1 (r=0,71; p=0,073). There was a negative
correlation between CCL2 and CB1 (r=-0,88; p=0,0021). When groups were combined, we

were able to observe more significant correlations (results in Figure 37).

Even though no changes were observed in GFAP and CCL2 in the NAcc, all groups
combined shows a significant positive correlation between CCL2 and the astrocytic marker
GFAP (1=0,62; p=0,019). In the 4SUC/24F group, CCL2 was correlated with the pro-
inflammatory cytokine TNFa (r=0,86; p=0,0024), whereas in the 24SUC/24F group CCL2
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was positively correlated with the anti-inflammatory cytokine IL10 (r=0,88; p=0,019). IBA1
was positively correlated with total daily sucrose intake with a high r coefficient value nearly

reaching the statistical significance threshold (r=0,80; p=0,063).
In the DS, TNF and CB1 were negatively correlated (r=-0,82; p=0,034) in the
4SUC/24F group. In the 24SUC/24F group IBA1 and the anti-inflammatory cytokine IL-10

were positively correlated (r=0,92; p=0,029).

In the LH, only the combined groups showed significant correlations (Figure 37).

4asuc/24F | | 245UC/24F ] | 4sUC/24F | [ 245UC/24F

£ 8
a ™sBAL
0073 -
=071 . oa
e vscat wowen @ ©®
catzvs a1 =0,034 ~ @@ o6 0,029 Y 1)
p=0,0021 =082 cou =092 ooz
088 .: i) ..

s 33z

. 08
®
°® o
N
Q oo T
& =
z TNFus CeL2 o @ BALVSSUCZHW O
p=0, 0024 * £=0,063
0857 "~ @@ o wos
~ QO wovscaz
w @ 0019

=088

Figure 37 Spearman rank correlogram of total sucrose intake, percentage of weight gain and gene expression (cohort
E). In each brain region (PFC, NAcc, DS, LH) relation gene GFAP, IBA1, CB1, FAAH, TNF, CCL2, IL10 expressions, total
1" hour and daily sucrose intake across days and weight gain were analyzed. Color scale represents Spearman's correlation
coefficient. Significant p values and the corresponding r coefficient are written next to the correlogram. GFAP: Glial
fibrillary acidic protein, IBA1: ionized calcium-binding adapter molecule 1,

CB1: Cannabinoid receptor type 1, FAAH: Fatty acid amide hydrolase; TNFo: Tumor Necrosis Factor, CCL2: chemokine
(C-C motif) ligand 2, TL-10: Interleukin 10, SUCTH.W: total 1* hour sucrose intake, SUC24H.W: total daily sucrose intake,
WEIGHT: percentage of weight gain, PFC: prefrontal cortex; NAc: Nucleus Accumbens; DS: Dorsal Striatum; LH: lateral
hypothalamus.

Sex differences in glycemia and liver weight in cohort F was measured (Supplementary
figure 9).
Blood glucose concentration was measured the day after the last day of access at the

time animals from 4SUC/24F group would have been provided with sucrose. Analysis
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showed a significant sex effect (F(1,39)=5,52; p=0,024), males having higher levels than

females (Figure 38.b.). Analysis of liver weights showed a significant group effect
(F(2,39)=7,045; p=0,0024) (Figure 38.c.) and sex effect (F(1,39)=42,16; p=1,075.10") (Figure
38.d.). Post hoc analysis revealed lower liver weights in the 4SUC/24F group compared to the
control groups 24SUC/24F (t=2,681; df=39; p=0,028) and 24F (t=3,19; df=39; p=0,008).
Males had overall heavier livers than females (t=-6,49; df=39; p<0,0001).
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Figure 38 Metabolic profiling following sucrose access (cohort F). No differences in glycemia were observed between the
groups (a). However, males had a higher glycemic load than females (b). The control group 24F had heavier livers than both
sucrose access groups (c). Moreover, males had heavier livers than females (d). ***:p< 0,001; **:p< 0,01; *:p< 0,05.
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Supplementary figure 5 Sucrose intake across the 14 days of access (cohort B). Graphs show sucrose intake in mL/Kg. a.
Mice with limited access to sucrose (4 hours/day) showed a significant escalation of intake during the first hour of access (a.
t=22,22; df=8,79.10% p<2.107¢) and during the 4 hours of access (c. t=29,84; df=8,79.10% p<2.10™). b. No sex differences
were observed during the 1* hour of access, but both sexes escalated intake significantly. The rate of sucrose escalation was
significantly higher in female than males (t=2,70; df=8,78.10% p=0,0072). (BW: body weight) ***:p< 0,001; **:p< 0,01; *:p<
0,05.
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Supplementary figure 6 Sex differences in CPP to ethanol following sucrose bingeing in young (cohort B) and old (cohort
C) mice. Graphs show time spent in NaCl and EtOH associated compartment in seconds. a. Young female mice from the
4SUC/24F group expressed a CPP to Ethanol. b. Old female mice showed a high t-score with a p value close to significance.
c. Females, but not males, in the 24F control group expressed a CPP to the EtOH associated compartment. ***:p< 0,001;
**:p< 0,01; *:p< 0,05.
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EtOH preference
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Supplementary figure 7 (Cohort D). EtOH preference following sucrose bingeing. There was a significant effect of EtOH
concentration.EtOH preference at 3%, 6% and 9% were significantly higher than 12% and 15% concentrations.
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Supplementary figure 8 Sucrose intake across the 14 days of access (cohorts D&E). Graphs show sucrose intake in mL/Kg.
a. Mice with limited access to sucrose (4 hours/day) showed a significant escalation of intake during the first hour of access
(t=5,87; df=7,95.10%; p=6,53.10°) whereas the control group 24SUC/24F was stable (t=0,36; df=7,95.10% p=0,72). The
escalation was significantly higher in the 4SUC/24F group compared to the 24SUC/24F group (t=-3,92; df=7,95.10%
p=9,68.10°). c. Daily intake decreased significantly across days in the control group 24SUC/24F(t=-7,67; df=7,95.10%
p=4,46.10"") while it increased significantly in the 4SUC/24F group (t=2,29; df=7,95.10%; p=0,022). No sex differences were
observed during the 1* hour of access (b) or in daily intake (d).***:p< 0,001; **:p< 0,01; *:p< 0,05.
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Supplementary figure 9 Sucrose intake across the 14 days of access (Cohort F). Graphs show sucrose intake in mL/Kg. a.
Mice with limited access to sucrose (4 hours/day) showed a significant escalation of intake during the first hour of access
(t=17,87; df=4,78.10% p<2.10) whereas the control group, 24SUC/24F, was stable (t=-1,25; df=4,78.10% p=0,21). The
escalation was significantly higher in the 4SUC/24F group compared to the 24SUC/24F group (t=13,5; df=4,78.10% p<2.10
'), c. Daily intake increased significantly across days in the control group 24SUC/24F (t=3,036; df=4,54.10%; p=0,0025) and
the bingeing group 4SUC/24F (t=10,91; df=4,54.10% p<2.10™"). The 4SUC/24F group had a significantly higher increase than
the 24SUC/24F group (t=3,036; df=4,54.10% p=0,0025). b. Females escalated at a higher rate during the 1% hour of access
compared to males (t=2,83; df=2,39.10% p=0,005) .d. No sex differences were observed in daily intake.*** p< 0,001; **:p<
0,01; *:p< 0,05.
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Supplementary figure 10 Correlation analysis between EtOH preference and total daily sucrose intake across the 14 days
of access (Cohort E). In the 4SUC/24F group, no correlations were significant (a). There was a positive relation between
total daily sucrose intake and EtOH 15% preference in both sexes (b. & c.). In the 24SUC/24F group, there were no
significant correlations (d). However, when data were analyzed by sex, females show a significant correlation between daily
sucrose intake and preference for EtOH 12% and 15% (r=1, p=0). Preference for each concentration was negatively
correlated in both groups.
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Supplementary figure 11 Correlation between liver weight and body weight gain, total sucrose intake, and kilocalorie
intake (Cohort F). There was a positive correlation between weight gain and liver weight in all groups. There was a negative
correlation between sucrose intake, kilocalories intake and liver weight.
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Supplementary figure 12 EtOH Consumption preference and EtOH CPP set up in control mice. We used two different
paradigms to measure ethanol reward by voluntary intake and by cue induced reward responding. a. Animals from the
intermittent access group had access to EtOH in a 2-bottle choice paradigm only during the day cycle, Animals from the
continuous access group had access to EtOH in a 2-bottle choice paradigm during day and night cycles. All concentrations
were available for 4 sessions and after every 2 sessions, left and right bottle positions were exchanged in order to control
side preference. b. EtOH CPP was measured at 2 doses 2 g.Kg™ and 3 g.Kg™ using the same protocol described in the
methods. To control for any chamber preference bias, we tested a control group with injections of NaCl 0.9%.
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Supplementary figure 13 Gene expression analysis in Cohort E. CCL2 did not show a significant GROUP*SEX interaction,
however by still running the post hoc analysis, females expressed significantly more CCL2 than males in the 4SUC/24F
group. CB1 in the PFC did not show any significant effects, however by still running the post hoc analysis of the iIGROUP*SEX
interaction, the t value was higher in the 4SUC/24F group, with CB1 expression higher in males than females.
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Supplementary figure 14 Distributiuon of calories between chow and sucrose (Cohort F). Total calorie intake from chow
(3,952 Kcal/g) and sucrose 17,1% (0,684 Kcal/mL) across days of access.

GENE NM Forward Reverse

36B4  NM 007475.5 TGAGATTCGGGATATGCTGTTG TTCAATGGTGCCTCTGGAGAT

GFAP  NM 001131020.1 CAACTGCAGGCCTTGACCT TCTTCCTGTTCGCGCATTTG

IBAT ~ NM _001361501.1 GTCCTTGAAGCGAATGCTGG CATTCTCAAGATGGCAGATC

CBI NM_007726.5 GGGCAAATTTCCTTGTAGCA CAGGCTCAACGTGACTGAGA

FAAH NM _010173.5 CCCCAGAAGCTGTGCTCTTT TCAGTCAGATAGGAGGTCAC
A

TNFa  NM 013693.3 CCGATGGGTTGTACCTTGTCT GTGGGTGAGGAGCACGTAGT

CCL2 NM 011333.3 CCAACTCTCACTGAAGCCAGC CAGGCCCAGAAGCATGACA

IL10 NM 010548.2 TGGGTTGCCAAGCCTTATCG CTCTTCACCTGCTCCACTGC

Table 5 Primer sequences

Discussion

The primary finding in this study is that sucrose bingeing in mice modifies responses
to EtOH-related cues. Specifically, sucrose bingeing blocked a CPP to EtOH, at least at one
dose (3 g.Kg™). When we tested lower (2 g.Kg"') and higher (4 g.Kg™") doses of EtOH, only

sucrose bingeing females expressed a CPP at the higher dose. Thus, we conclude that repeated

109



binge-like consumption of sucrose reduces EtOH reward in female mice and blocks EtOH
reward at all doses we tested in males. These results point to sex differences in the effects of
sucrose bingeing o rewarding effects of alcohol which may reflect sex-dependent
modifications of brain reward mechanisms. This could also explain why tolerance to sucrose
reward, measured behaviorally by escalation of the intake overtime (Avena et al., 2009), was

higher in females than in males (Supplementary figure 5).

Our results also provide evidence for differences in the effects of sucrose or fat
bingeing on reward responses. More specifically, we did not observe a CPP to EtOH to lower
concentrations in male mice following sucrose bingeing, contradicting a previous report that
fat bingeing males respond to subthreshold doses of EtOH (Blanco-Gandia et al., 2017).
Therefore, we provide new evidence that different macronutrients may differ in reward
responses to EtOH. This fits with evidence that sucrose and fat bingeing produce distinct
withdrawal signs in animals. However, we should point out that the previous study (Blanco
Gandia 2017) was only conducted in males, on a different mouse strain (OF1) and at a

younger age.

Our finding that sucrose bingeing did not impact later consumption for EtOH
contradicts previous evidence in rats (Avena et al., 2004b). These discrepancies may be due to
differences in food access during sucrose bingeing sessions; we provided continuous EtOH
access as opposed to intermittent access to EtOH as during the EtOH preference test. Our
finding that higher sucrose intake in female bingeing mice is associated with increased
consumption of high dose EtOH (Supplementary figure 10.e.) matches evidence that high
saccharin intake in rats is associated with increased alcohol consumption (Gosnell & Krahn,
1992). Thus, it may be excessive intake of a sweet solution, not the sucrose itself, that induces
changes in alcohol responses. Although we did not observe the same relationship in males,

that may be due to a higher level of intake in females.

Hepatocytes play an essential role in carbohydrate and lipid metabolism. The liver has
the ability to quickly adjust its size to the rest of the body by cell division or death. This was
confirmed by a significant and positive relation between weight gain and liver weights as
observed in forensic autopsies (Simon et al., 2020). The livers were significantly heavier in
males than females and could be explained by body weight differences. Sucrose access is

associated with reduced weight gain and therefore liver weight, which is consistent with some
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results in the literature (Sumiyoshi et al., 2006). Since total calorie intake was not
significantly different between the groups, the limited access pattern might explain body and
liver weight differences (Supplementary figure 14). Further investigation should be run on
liver glycogen and lipid content. According to our glycemia results, it seems like hepatic
gluconeogenesis might not be affected. Sugar intake might increase fatty acid synthesis in the
liver, however we do not know if a large amount of sucrose intake within a short period of

time leads to higher synthesis (Wei et al., 2022).

Sucrose bingeing induced specific changes in brain reward regions, including an
increase of GFAP expression (an indication of astrogliosis) in the PFC. Given the role of
CCL2 which attracts immune cells, neuroimmune modulation in the PFC induced by diet
might be higher in females than males and may be confirmed with protein analysis. There was
a negative correlation between CCL2 and CB1 expression only in the continuous access
group. This is consistent with the literature showing that CB1 agonists decrease CCL2
expression in a mouse microglial cell culture exposed to LPS (Kozela et al., 2010). In
addition, the positive correlation between IBA1 and TNFa in the group given continuous
access to sucrose might reflect the recruitment of activated microglia releasing TNFa. These
differences could explain the absence of an EtOH CPP in this group, given that dopaminergic
signaling to the PFC is involved in a CPP to cocaine (Shinohara et al., 2017) and CPP to
EtOH (Groblewski et al., 2012) and might be disturbed in sucrose bingeing animals.

In the food control group DS GFAP expression was higher in males than females, but
this difference was wiped out in the intermittent sucrose access group. It is important to point
out these sex differences in the DS since it is involved in reward driven behaviors. Anti-
inflammatory mechanism through the endocannabinoid system might be going on in the DS
the intermittent access group due to a negative correlation between CB1 and TNFa and the

fact that CB1 agonist has anti-inflammatory effects (Walter & Stella, 2004).

The neuroimmune cells in the NAcc of the sucrose access groups might acquire a pro-
inflammatory profile due to increases of TNFa. The intermittent access shows positive
correlation between TNFo and CCL2 despite no changes in IBA1 and GFAP levels. CCL2
and IL10 are positively correlated in the 24SUC/24F group. IL10 is an anti-inflammatory

cytokine, suggesting that 24SUC/24F might have ongoing neuroprotective mechanisms.
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Inflammation in the NAcc might provide evidence of anxiodepresssive like behavior as
observed following saturated fat diet (Décarie-Spain et al., 2018).

In the LH, sex dependent expression of astrocytes and microglia markers were found
independent of the experimental group. These results provide evidence for sex dependent
differences in cytoarchitecture and energy metabolism (Berthoud & Miinzberg, 2011).
Finally, the decrease of CB1 receptor in the LH requires further investigations to identify in
which cell types. CB1 is expressed on y-aminobutyric acid and glutamatergic neurons of the
LH and activation results in retrograde inhibition. We could expect a decrease of CB1 on
glutamate neurons in the sucrose access groups allowing activation of orexigenic neurons
such as melanin-concentrating hormone and orexin neurons that could explain the escalation

of sucrose intake (Silvestri & Di Marzo, 2013).

Due to COVIDI19 lockdown, behavioral experiments have been delayed and older
animals were tested for an EtOH CPP following sucrose bingeing. Our results show that age
influences reward responses to EtOH as 2 months old sucrose bingeing mice do not exhibit an
EtOH CPP at any dose. Older bingeing mice since 3 g/Kg was sufficient to produce CPP un
like the 24F control group suggesting that sucrose bingeing modifies EtOH CPP but at
different doses according to the age. However, 2 months old female mice exhibit EtOH CPP
at 4 g/Kg suggesting a shift to the right of the dose response curve compared to 24F controls.
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VI. General discussion

Several elements of my results have already been discussed in the corresponding
articles.

I decided in this general discussion chapter to develop specific points that I think will
provide new elements for ongoing research on BED. In a first step, we will provide our
hypothesis on ongoing neurochemical processes in the brain following sucrose bingeing
(Figure 40) based on our gene expression results, summarized in Figure 39. In a second step,
we will try to relate these findings to behavioral adaptations and compare these to addiction
related changes. This will allow us to move on to our third topic, whether BED is a form of
food addiction. And finally, we will discuss the importance of comorbidities in BED and
AUD. Across these elements of discussion, we will point out and provide interpretations on

sex differences results and importance in research (Figure 41).

VI.1 Does neuroinflammation develop in the brain reward
pathway following sucrose bingeing?

There is growing evidence that high sucrose diet causes systemic inflammation and
preliminary data suggest it also produces neuroimmune responses in the brain (Fuente-Martin
et al., 2013; Patkar et al., 2021). In this thesis we investigated whether neuroinflammation
could be observed in reward associated brain regions in a BED mouse model, similar to what
has been described in models of drug addiction (Lacagnina et al., 2017). Our results provide
further knowledge on the underlying neurochemical processes of BED and further evidence

on the similarities between BED and SUD.

Our gene expression analysis following 2 weeks of sucrose bingeing shows signs of
astrogliosis in the PFC via an increase of GFAP in mice given intermittent access to sucrose
(4SUC/24F group). However, we do not know if these changes mirror an anti- or pro-
inflammatory environment. CCL2 is a proinflammatory chemokine and its expression in the
hypothalamus is increased following LPS administration (Le Thuc et al., 2016). Interestingly,
our results investigating CCL2 gene expression in the same region, PFC, show a significant
sex effect, with females expressing more CCL2 than males. Since the F value of the

group*sex interaction is higher than 1, this means that the variance between the groups is
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higher than the variance within the groups. We therefore decided to run the post hoc analysis
after the interaction. Sex differences were only observed in the intermittent access to sucrose
group (4SUC/24F), which was higher in females than males (t=2,67; df=46, p=0,011). This
suggest a polarization towards a proinflammatory profile of PFC astrocytes that might be

observed in sucrose bingeing females.

The endocannabinoid system also has an immunomodulatory role (Karoly et al.,
2020). Interestingly, we also found a sex difference for PFC CB1 expression within the
sucrose bingeing (4SUC/24F) group despite no group*sex significant effect. According to the
t-value, males had higher mRNA CB1 levels than females (t=-1,457; df=42; p=0,1525).
According to the literature, CB1 binding can induce anti-inflammatory processes. For instance
JWH150, a strong CB1 agonist and weak CB2 agonist, reduces the concentration of pro-
inflammatory factors in LPS stimulated cells including I1.-6 and CCL2 (Bort et al., 2017).
After administration of CB1 agonist (WIN55212-2), mRNA of pro-inflammatory cytokine
TNFa, IL-6 and IL1-B decreased (Walter & Stella, 2004). This is in line with what we
hypothesize in female sucrose bingeing mice, such as a polarization of astrocytes towards pro-
inflammatory profile which seems to be absent in males probably due to CB1 anti-
inflammatory actions. As described in the introduction, astrocytes are involved in glutamate
reuptake, however, in a pro-inflammatory environment, this process can be dysregulated. We
can expect spillover of glutamate in females of the 4SUC/24F group, leading to an
overexcitation of glutamate receptors. The PFC has glutamate projections to the DS and the
NAcc. Therefore gene expression changes in PFC may induce subsequent alterations in these

regions.

Gene expression data in the DS, a structure involved in stimulus response learning,
show sex differences, with higher expression of GFAP in males than females. Interestingly,
these sex differences observed in the 24F control group are wiped out in the 4SUC/24F group.
This could reflect an increase of 4SUC/24F female GFAP and supports our hypothesis of
increased glutamatergic projections from the PFC. The DS is involved in sensorimotor
integration. It is partitioned into the dorsomedial striatum involved in goal directed behaviors
and reward processing and the dorsolateral striatum involved in habit learning and
instrumental response. According to the rodent stereotaxic atlas, the PFC punches we
analyzed included orbitofrontal, prelimbic, infralimbic and anterior cingulate cortex regions.

What might be going on in females ? We could suggest a decrease of cortical inhibition and
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an ongoing transition from goal directed to habit driven behaviors. The infralimbic provides
inputs in the dorsolateral striatum and has an important role in the development of habitual
behaviors. While the prelimbic provides inputs to the dorsomedial striatum and is implicated
in goal directed behaviors (Chen et al., 2021). A rat study looked at the development of habit
driven behaviors following restricted access to palatable food by measuring their response in a
devaluation test (Furlong et al., 2014). In this task, the animals did not change their behavior
in the instrumental task following reward devaluation. Moreover, c-Fos immunoreactivity was
increased in the infralimbic, cingulate/motor and somatosensory cortices and in the
dorsolateral striatum. Therefore, the restricted animals show accelerated shift to habit driven
behaviors. In another study, BED obese individuals exposed to food cues (view and smell)
show an increase of striatal DA levels by PET scan (Wang et al., 2011), suggesting a role of
this structure in desire, motivation and maybe anticipation of reward. Based on these
elements, our results suggest that females might have an ongoing transition from goal directed
behaviors to habit learning mirrored by a potential increase of GFAP, as a consequence of
potential increase of glutamatergic projections from the PFC (see previous hypothesis). In
addition, still in the DS, our correlation analysis revealed a negative relationship between
TNFa and CB1 in the bingeing group 4SUC/24F. As mentioned before, cannabinoids have an
anti-inflammatory effect. For these reasons we believe there might be some neuroprotective

mechanisms going on in the DS, which might be more efficient in males than females.

There are multiple lines of evidence that circulating inflammatory factors can favor
the development of anxiodepressive behavior. Recently, an elegant study was able to correlate
increase of NAcc inflammation with anxiodepressive-like behavior following a saturated fat
diet (Décarie-Spain et al., 2018). Indeed, by inhibiting the IKKf}, an upstream regulator of
NFkB, they reversed anxiodepressive-like behavior but also compulsive seeking of sucrose.
These results go in line with the hypothesis that our sucrose bingeing animals are transitioning
towards a compulsive phenotype. However the previous study was only performed on male
mice. A more recent study from the same authors pointed out the importance of oestrogens in
depressive-like behaviors by running the same experiments but this time in females. Signs of
neuroinflammation in the NAcc were lower, and anxiodepressive-like behavior was not
reversed by inhibiting IKK[ (Décarie-Spain et al., 2021). However, there was an increase of
oestradiol, which has anti-inflammatory properties, and might explain the sex differences. In
our results, the NAcc shows an increase of TNFa mRNA expression, suggesting potential

inflammation. There was no hint of any sex differences but we should point out a critical
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difference which is the duration of the experiment. As we will discuss later on, sex differences
should always be assessed to avoid the risk of sex dependent treatment resistance (see
paragraphs V.3 & IV.4). At the mechanistic level, we hypothesized earlier on an increase of
glutamate release from the PFC. PFC has glutamatergic inputs to the NAcc. TNFa increases
synaptic strength by increasing a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARSs) trafficking at the cell surface of neurons (Beattie 2002). Hence, it is
possible that TNFa promotes an increase of AMPAR at the neuron cell surface in response to
increased glutamate and therefore resulting in increased activity of the NAcc. In fact, the
increase of TNFa goes in line with previous studies showing increased activity of the NAcc.
Upon sucrose intake, cFOS expression increases in several structures such as hypothalamic
nuclei, the prefrontal cortex and the nucleus accumbens (Mitra et al., 2011) which are part of

the limbic circuit (Lapidus et al., 2014).

Considering our results in the LH, sex dependent expression of astrocytes and
microglia markers were found independent of sucrose exposure. They were higher in males.
Despite no significant group effect in GFAP analysis, the F value was equal to 1, (this means
that the variance between the groups is equal to the variance within the groups) and the post
hoc analysis showed a high t value within the 4SUC/24F group, males expressing more GFAP
than females (t=-1,57; df=37; p=0,12). In the same manner IBA1 expression analysis did not
show a significant interaction but only a significant sex effect. Despite no significant group
effect in GFAP analysis, the F value was higher than 1 (this means that the variance between
the groups is higher than the variance within the groups), the highest expression being
observed in 4SUC/24F group. The post hoc analysis showed a high t value within the
4SUC/24F group, males expressing more than females (t=-1,57; df=37; p=0,12). In the same
manner IBA1 expression analysis also did not show a significant group*sex interaction but
only a significant sex effect. However, post hoc of the interaction shows that IBA1 mRNA is
significantly higher in males than females only in the 24F control group (t=-2,34; df=39;
p=0,024). Our results provide evidence for sex dependent cytoarchitecture and suggest sex
differences in energy metabolism since the LH is involved in energy assimilation and
expenditure (Berthoud & Miinzberg, 2011). We might again believe that females may have a
lower inflammatory profile than males as mentioned before because of oestrogens (Décarie-
Spain et al., 2021). Metabolic disorders are comorbid with BED so it is important to note that
LH expresses leptin receptors on orexin neurons. In pro-inflammatory environment, SOCS3
expression increased and this can decrease phosphorylation of leptin receptor (Figure 10).
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However, we would need further metabolic analysis to provide more evidence of any leptin or
insulin resistance in our conditions. Furthermore, our results provide molecular evidence in
support of gender differences observed at the human level, that men with BED have more
metabolic dysregulations than women with BED (Guerdjikova et al., 2014, 2019).
Hypothalamic astrocytes are also nutrient sensors thanks to glucose transporters. We may
have an increase of astrocytes to regulate coordination with neurons in glucose sensing.
Another hypothesis could be that glutamate release from astrocytes is increased and therefore
leads to more activation of orexin neurons activity. Astrocytes can also synthesize lactate
taken up by orexin neurons through monocarboxylate transporters and maintain neuronal
activity (Berthoud & Miinzberg, 2011). The observed decrease of CB1 mRNA could suggest
decreased retrograde inhibition of LH neurons. The LH sends orexigenic projections to the
NAcc and the VTA (Xu et al., 2020), and orexigenic neurons are known to mainly have a
glutamatergic phenotype . We could therefore suggest an increase of these projections due to
disinhibition because of decreased CB1 on GABA neurons projecting to orexin neurons. This
would result in an increase of dopaminergic release from the VTA to the NAcc. Indeed, the
animals were sacrificed at a period of sucrose solution expectation. As tested in bees, DA is
released during anticipation of palatable food which helps to modulate motivation for the
reward (Huang et al., 2022), a process also observed in rodents (de Lartigue & McDougle,
2019). In this case, we should be aware that we are measuring molecular adaptations to

sucrose intake anticipation and maybe not changes induced by sucrose exposure.
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Figure 39 Schematic representation of gene expression results obtained following sucrose
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VI.2 Can we talk about food addiction ?

There is no clear consensus within the scientific community about food addiction. In
this section, we will provide evidence for food addiction based on the criteria for SUD (DSM-

5). We will also talk about sex differences in “food addiction™ vulnerability.

One of the criteria of SUD is tolerance. Our results show that animals from the
bingeing group increased significantly their intake across the days. According to the literature,

this behavior is apparent to signs of tolerance in substance abuse (Avena et al., 2009).

Another component of addiction is craving. According to Nogueiras R. et al, 2012,
craving for highly palatable food involves the opioid system (Nogueiras et al., 2012). MOP in
the NAcc shell increases liking and enhances wanting for preferred food. This can precipitate
the desire for food and relapse into unhealthy eating habits. Our results from the KO study
show that MOP is particularly implicated in bingeing. We also show that TNFa expression is
increased in the NAcc. There is evidence from the literature that stimulation of microglial
MOP by morphine increases PKCe—-Akt-ERK1/2 signaling pathway and can induce
expression of pro-inflammatory cytokines such as TNFa (Merighi et al., 2013). We could
therefore suggest an increase of microglial MOP binding in the NAcc probably through local
release of enkephalin and more precisely in the NAcc shell hedonic hotspot as shown in mice
exposed to a high fat diet (Nogueiras et al., 2012). In fact, intermittent access to glucose

during 30 days increases D1 receptor and MOP binding (Colantuoni et al., 2001).

Craving might be triggered by withdrawal symptoms. Though we did not measure any
withdrawal behaviors, it has been shown that after 8 days of intermittent access to glucose, 12
hours glucose deprivation induces opioid like signs of withdrawal suggesting an opioid
dependence (Colantuoni et al., 2001). In this case, naloxone, an opioid antagonist, precipitates
withdrawal signs but only in the experimental group. Interestingly the authors found a
decrease of extracellular DA in the NAcc and an increase of acetylcholine. According to
Lewitus GM, TNFa regulates D2 receptor cell surface expression in the striatum (Lewitus et
al., 2014). The D2 receptor is involved in preventing withdrawal symptoms notably in the

NAcc. We could suggest that TNFa might be involved in the withdrawal symptoms.
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Genetic studies have identified a high frequency of 7agA1 D2 receptor polymorphism
(C. A. Davis et al., 2009). This allele is associated with reduced D2 receptor density in the
striatal region and hypersensitivity to reward. An argument used to oppose food addiction is
the lack of evidence of a specific addictive substance since BED individuals usually binge on
processed foods (Novelle, 2018). The addictive potential of sugar has only been shown in
preclinical studies. But interestingly, when looking at withdrawal signs, these were not
observed in animal models of fat diet bingeing (Bocarsly et al., 2011). This provides evidence

that sweet taste might induce more addictive like behaviors than fat.

Overall, in our gene expression results we might have indicators of underlying
mechanisms involved in addictive-like behaviors. The PFC and the striatum enhance craving
shown in cocaine abusers (Volkow, Logan, et al., 1999b). Our results show changes in PFC
and striatum at the level of inflammatory gene expression. Elevated orbitofrontal cortex
activity is associated to drug craving (Volkow, Wang, et al., 1999). Our tripartite synapse
glutamate spillover theory in the PFC can therefore be associated with sucrose craving. We
already know that forced abstinence following glucose bingeing induces craving in rats

(Avena et al., 2004a).

Cross-sensitization is another aspect of drug addiction. Avena et al., showed that
sucrose bingeing animals increase alcohol consumption at higher concentration (9%) during
the first hour of access of alcohol (Avena et al., 2005). In the literature, they refer to this
phenomenon as consummatory cross-sensitization which has also been shown for cocaine in
sucrose bingeing rats (Caroll 2007). In our experiments we haven’t been able to reproduce
these results in the EtOH preference test (see discussion of section III.5. of the results for
further explanations). However, sucrose bingeing animals show absence of EtOH reward
response at lower and higher doses in our experiments. Our results are in agreement with a
recent study showing that fat bingeing modified EtOH reward response in the CPP, with
bingeing rats responding to a subthreshold of EtOH dose (Blanco-Gandia et al., 2017). We

therefore bring evidence of altered sensitivity to drugs depending on the nutrient.

Whether BED is considered as a food addiction or as an eating disorder is an ongoing
debate. One aspect to consider in this discussion is the type of criteria and the number of
criteria needed to be diagnosed, as these represent critical measures to qualify the behavior

towards food as “addiction”. When applying the DSM IV SUD criteria to BED women,
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92,4% meet the criteria (Cassin & Von Ranson 2007). However, when applying the Yale
Food Addiction Scale to BED patients, only 57% meet the criteria (Gearhardt et al., 2009).
Therefore, despite similarities between BED and addiction, not all BED individuals meet
criteria of food addiction. Therefore in humans, not all BED individuals present addictive-like
behaviors. Correlation analysis between symptoms from food addiction and BED show that
some have a low correlation, the 2 symptoms from the YFAS that are less present in BED are
“consumed more than planned” and “use in physically hazardous situations”. Interestingly, a
high correlation between food addiction and BED is observed in individuals with severe
forms of BED; Moreover, there is a higher proportion of females with severe BED than males
(10,4% vs 1,7% respectively) (Burrows et al., 2017). This suggests that women may be more

prone of to having a food addiction phenotype than men.

Vi.3 Are signs of food addiction more pronounced in
females ?

As mentioned earlier, there is a higher prevalence of women with severe BED than men
(Burrows et al., 2017). The overall prevalence presents a female to male ratio of 6:4
(Guerdjikova et al., 2017). Individuals with food addiction according to the YFAS and BED
according to the standardized Binge Eating Scale report higher emotion dysregulation,
depression, negative affect and low self-esteem (Burrows et al., 2017). Women with BED
report higher rates of psychopathology such as depression (Guerdjikova et al., 2014) and
mood disorders (Guerdjikova et al., 2007) than men. Moreover, a PET scan study showed that
major depressive disorder is associated with active microglia in the PFC and the anterior

cingulate cortex (QGritti et al., 2021).

We provide preliminary results on neuroinflammatory basis of depression in BED
with increased GFAP in the PFC and a potential increase of CCL2 in the PFC of females
(Figure 39). Moreover, we hypothesized an increase of glutamate in the tripartite synaptic
cleft in females PFC (Figure 40). Extracellular glutamate measured by microdyalisis was
increased in the PFC following induced stress in rats (Sanacora et al., 2012). Therefore we
could expect a neurochemical alteration due to stress in female sucrose bingeing mice.
However, recent evidence shows that chronic stress is associated with PFC inhibition
(McKlveen et al., 2016), therefore further behavioral and neurochemical analysis are needed

to provide more evidence for sex dependent stress associated with BED.
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Our results are in line with the literature showing higher intake of sucrose in females
than males (Grimm et al., 2001). A heightened impulsivity may predict the course of
development of SUD and in the same manner of BED. It was shown that BED individuals
resent higher food sensitivity and spontaneous behavior in response to food stimuli (Schag et
al., 2013). Also, women display a faster progression from first use to addiction than men, also
called the “telescoping effect” (Zakiniaeiz & Potenza, 2018). From our results we hypothesize
that female sucrose bingeing mice show neurochemical changes that could result in an
increase of DS activity through increased glutamate in the tripartite synaptic cleft, and could

reflect signs of impulsivity (Figure 40).

V1.4 Are comorbidities associated to BED and AUD sex
dependent ?

BED and AUD co-occur with psychiatric and medical comorbidities. Patients may be less
efficiently treated if their potential co-morbidities are not evaluated. This could be one of the
reasons for poor treatment outcomes. Eating disorders, in particular bulimia nervosa and BED
are associated with co-morbid alcohol abuse (Conason & Sher, 2006). Interestingly, an
empirical study questioning adolescents about their eating habits and the frequency of drug use
revealed that alcohol was the most commonly used drug amongst binge eaters who do not
display compensatory behaviors (Crisp, 1967). Individuals engaging drug use show behavioral
similarities with those engaging binge eating. They show emotional dysregulation deficits and
use bingeing and drugs as coping mechanisms. They also show impulsive behavior that is
mainly attention base impulsivity according to the Barrat Impulsiveness Scale and cue craving
(Schulte et al., 2017). Interestingly, we found sex differences in EtOH CPP following sucrose
bingeing. Only females from the 4SUC/24F group expressed CPP at 4g.Kg™', whereas their
male counterparts did not. This contrasts with human literature showing that men are more
prone to develop SUD than women (Wilfley et al., 2000). Consideration should be given to the
absence of social and cultural factors in our experiments which play a critical role in the
development of SUD in humans. Therefore, we suggest that a history of BED may increase the
risk of altered EtOH reward responses in a sex dependent manner. According to the gateway
hypothesis, excessive intake of one substance (e.g. sucrose) produces neural adaptations that
influences responses to another substance (alcohol). Indeed, according to the age of onset in

clinical studies with patients having both ED and SUD, the development of these disorders
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seems to follow a gateway pattern (Beary et al., 1986; Lacey & Moureli, 1986). However we

were not able to identify this behavior in EtOH consumption preference test as Avena et al. did.

The gateway hypothesis also depends on the age of onset of BED. While 3 g.Kg"' was a
rewarding dose for the control groups in 2 month old mice, which wasn’t for mice between 4
and 6 months old expressing an aversion 4 g.Kg"' dose. These results are in line with the fact
that the risk of developing drug dependence decreases with age. An evolutionary explanation
of adolescence as a sensitive period suggests that exploration of the environment is necessary
to increase survival and reproductive fitness. Impulsivity and novelty seeking are associated
with substance abuse during adolescent development (Jordan & Andersen, 2017).
Interestingly, while 3 g.Kg" was a rewarding dose for the 4SUC/24F mice at 4-6 months old,
4 g Kg' was only rewarding for female 4SUC/24F mice. Therefore these results provide
further evidence on the critical impact of both the age of onset of BED and sex in alcohol

related disorders in BED individuals.

VII. Conclusion and perspectives

Our results support the hypothesis that neuroinflammatory processes occur following
sucrose bingeing in specific brain regions of the reward pathway. We believe that these
contribute to the onset and maintenance of BED and may interplay with dopaminergic
signaling. One level of investigation to better understand these alterations and get a wider
representation of up and down regulated genes, would be to conduct a gene microarray
analysis and measure expression of genes involved in neuroinflammation, as well as the
opioid, endocannabinoid and dopaminergic systems. This targeted approach would provide
insights into specific signaling pathways that may be involved, and connect these results with
potential biological mechanisms. However, if no differential gene expressions are found in the
microarray analysis, we will move on to RNA sequencing, a method without a priori,
allowing the detection new target genes involved in BED. Following the identification of
some gene candidates, it is necessary to look at protein levels (see next paragraph).
Investigation of gut microbiota dysbiosis and inflammation in the blood and the liver would
also provide a better understanding of how sucrose bingeing induces neuroadaptations and
neuroimmune signaling. Indeed, following a high fat diet for 4 weeks, hypothalamic

inflammation was observed while no inflammation appeared in the liver or the adipose tissue,
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suggesting distinct kinetics in the development of inflammation following specific diet. These
results would therefore give insight into whether neuroinflammation is induced by systemic
inflammation and if targeting systemic inflammation is an efficient method of reducing
problems associated with neuroinflammation. Moreover, it will allow a better characterization
of obese induced inflammation since this condition is known to cause inflammation in the

peripheral tissues.

To localize immune signaling and identify specific cells, fixed brains from animals of
sucrose bingeing experiments have been collected to conduct immunofluorescence studies. By
the end of my PhD and with A.S. Aubry’s help (PhD student in the lab), we have set up
immunofluorescence protocols to quantify astrocytes and microglia in the brain. To examine
astrocytes, we decided to target SOX9, a transcription factor which expression is not
diminished by age or functional astrocyte status. Moreover, the nuclear localization allows a
precise analysis, and therefore this analysis would be more conservative than the cytoplasmic
marker GFAP (Sun et al., 2017). To examine microglia, we targeted IBA1 combined with the
cluster of differentiation 68 (CD68). CD68, a transmembrane glycoprotein localized on
lysosomes, is elevated in activated microglia undergoing phagocytosis. Therefore, this will
allow us to separate activated from non-activated microglia (Hopperton et al., 2018). These

analysis will be conducted in the near future.

We also provided evidence that binge eating alters alcohol reward. We already know
that intermittent access to sucrose in rodents is associated with DA release in the NAcc even
after repeated binge episodes (Avena et al., 2005), a phenomenon which is also observed with
EtOH (Di Chiara & Imperato, 1985). Additionally, we showed that sucrose bingeing involves
MOP and CB1 (Awad et al., 2020; de Sa Nogueira et al., 2021), both also known to be
involved in EtOH intake (Font et al., 2013; Karoly et al., 2020). With our project we are
providing new evidence that there might be neuroimmune similarities between BED and
AUD. These common underlying mechanisms might explain comorbidity between BED and
AUD. By targeting the immune system in sucrose bingeing animals, with viral-mediated
approaches for example as seen in Décarie Spain et al. 2018 & 2021, inhibiting an important
enzyme that causes activation of the transcription factor NFkB, we could expect to reinstate
normal EtOH CPP behavior. Specific brain structures would be selected for such approaches,

on the basis of the immunofluorescence results.
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We observed sex differences in inflammatory gene expression following sucrose
bingeing. This points out the importance of sex differences in neuroimmune analysis to avoid
sex dependent resistance to therapies. Indeed, minocycline, an antibiotic known to reduce
neuroinflammation, decreases alcohol intake in mice but affects weight and water intake in a
sex dependent manner (Agrawal et al., 2011; Wang, 2018). Tigecycline, an antibiotic
structurally similar to minocycline, was also shown to reduce ethanol intake in male and
female mice though it was more efficient in males (Bergeson et al., 2016). Indeed, sex
differences in escalation of intake of sucrose or alcohol and in EtOH CPP might be due to sex
differences in the alteration of immune related genes in the reward pathway. In addition, it is
known that neuroinflammation can be neurotoxic for dopaminergic neurons for instance
(Crews & Vetreno, 2011), so we could expect distinct neurotoxic effects in males and

females.

Negative affect is experienced in BED individuals. There is also growing evidence of
the relationship between anxiodepressive behaviors and neuroinflammation. We decided to
better characterize our BED mouse models, by examining these behaviors is an ongoing
experiment in our team. A first step was to establish well-being measures to assess mice
across periods of sucrose access. To that end, A.-S. Aubry, Dr. K. Befort and I have set up the
burrowing test in the animal facility (Jirkof, 2014). Briefly, we expose animals to a bottle
filled with clay beads and measure their normal digging behavior by evaluating the weight of
beads they moved out. We expect sucrose bingeing animals to express a lower digging
behavior than controls as an indication of lower well-being levels. We have also set up the
nesting test (Deacon, 2006), which is another indicator of well-being, by measuring the
construction of the nest in a time dependent manner. To characterize our sucrose bingeing
model, we will also test anxiodepressive like behaviors. The splash test that we have
previously used in the lab in a pain study (Roeckel et al., 2018) will be used to characterize
the well-being and depressive like behavior in rodents. A.-S. Aubry is now setting up the
elevated plus maze test as a measure of anxiety. Comparisons will be conducted between and
within groups to compare individuals with different periods of sucrose access: 2 versus 8
weeks. These ongoing experiments will allow us to characterize time dependent changes in

anxiety like behavior and to determine whether the effect is sex-dependent.

Out of personal interest and scientific curiosity, I started to look at the benefits of

physical exercise as a therapeutic strategy in SUDs and BED (Figure 41). There is evidence
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that physical exercise helps addicts to abstain from drug use and prevent relapse. Indeed,
exercise is mood enhancing, has anxiolytic effects and reduces acute distress of withdrawal
(Linke etal., 2015). Incorporation of physical exercise in alcoholism treatment programs was
shown to be beneficial (Brown et al., 2009; Murphy et al., 1986). Moreover, combining
physical exercise therapy with cognitive behavioral therapy in BED treatment programs helps
to reduce depressive symptoms in BED individuals. It also represents a driving force towards
the engagement of binge episodes which increases maintenance and relapse into BED
(Vancampfort et al., 2013). It is also shown that physical exercise in rodent models reduces
neuroinflammation (Seo et al., 2019). We could add this parameter in our BED mouse model
to examine the evolution of the behavior in parallel of the neuroinflammatory process. In any
case, we cannot exclude this area of research and promote access to physical exercise for

BED patients and to the population in general.
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Figure 41 Potential neuroimmune mechanisms are at the intersection between AUD, BED and neuropathic

pain. In the literature and our preliminary results, there is evidence that immune system related gene
expressions are sex dependent. In humans this could be due to environmental factors, however in preclinical
studies we exclude this factor. During clinical diagnosis we believe it is necessary to screen for comorbidities. As
mentioned earlier, specific gene polymorphisms are associated to comorbid disorders, one disorder can induce
relapse to another, and treatment efficiency can be decreased. Today, the only drug to be approved for BED, is
Lisdexamphetamine, which reduces binge episodes in severe forms of BED by reducing appetite. However,
there are poor treatment outcomes, and this is because BED is usually comorbid with risk factors of relapse.
This is one of the reasons why clinical trials examine drug associations, targeting for instance depression and
weight balance by combining Bupropion + Naltrexone or Samidorphan which is a combination of

buprenorphine for major depression and olanzapine for weight loss (Heal & Smith, 2021).
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