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CHAPTER 1 - INTRODUCTION

1. OBESITY

At this moment, the number of obese people in the world is supposed to be around
2.1 billion; which represent 30% of total adult population® and, unfortunately, this
number rises every day. It was in the 1990s when the World Health Organization
began sounding the alarm of obesity being a new pandemic disease?. In the same
years, public awareness campaigns were initiated to sensitize policy-makers, private
sector partners, medical professionals and the public at large; but they did not result
in an effective action in slowing the diffusion of the pathology. Over time, obesity
epidemic diffused not only in industrialized societies; but also in developing

countries; thus transforming it in a world-wide concern?.

Obesity is generally characterized by excessive accumulation of body fat in various
districts of the body. Clinically, the most used parameter to define overweight and
obesity is the body mass index or BMI, which is obtained by dividing a person’s
weight in kilograms by his squared height in meters. The value obtained defines

different classes of pathological conditions, such as:

- BMI < 16,5: severely underweight

- 16,5 < BMI > 18,4: underweight

- 18,5 < BMI > 24,9: normal weight

- 25 < BMI > 29,9: overweight

- 30 < BMI > 34,9: obese | class (moderate obesity)
- 35 < BMI > 39,8: obese |l class (severe obesity)

- BMI > 40: obese lll class (very severely obese)

BMI is the most used index to describe body mass and obesity; but it doesn’t take
into account lots of other factors; such as gender, age, percentage of lean/fat mass3.

For this reason, it is always accompanied by other measures, for example the



abdominal circumference, since the accumulation of fat in the visceral area is

correlated to cardiovascular and metabolic disorders®.

Lots of factors can influence the development of obesity: there appears to be a
complex relationship among biological, psychosocial, and behavioural factors, which
include genetic makeup, socioeconomic status, and cultural influence>.
Independently from the clinical reason which causes obesity development,
hyperphagia or chronic overeating is a primary behavioural component of this
pathology®’; many forms of obesity can be considered as a consequence of
overeating®. This deregulated feeding behaviour results from increased availability of
calorie-dense foods®®, reduction of physical activity due to a sedentary lifestyle,
unhealthy eating habits, increased stress exposure!®!!, which contributed to the

mass diffusion of the pathology?®.

Besides environmental factors, obesity development has been linked to
microorganisms, epigenetics, increased maternal age, lack of sleep, endocrine
disruptors, pharmaceutical iatrogenesis; comorbid conditions and their treatments
may also be an important factor!3. Table 1 gives an insight into the most common

causes of obesity.

Genetic causes Neurologic
Brain injury
Monogenetic disorders: Brain tumor
Melanocortin-4 receptor mutation Consequences of cranial irradiation
Leptin deficiency Hypothalamic obesity
Proopiomelanocortin deficiency
Endocrine
Syndromes Hypothyroidism
Prader Willy Cushing syndrome
Bardet Bied| Growth ormone deficiency
Cohen Pseudohypoparathyroidism
Alstrom
Froehlich Psycological
Depression

Eating disorders

Drug-induced
Tricyclic antidepressants, oral
contraceptives,
antipsychotics,anticonvulsants,
glucocorticoids, sulfonylureas,
glitazones, beta blockers

Table 1: Summary of the principal causes of obesity. The table was extracted from 4.
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For this reason, we can state that obesity is a heterogeneous disorder?>. In the last
years, as new mechanisms behind obesity development were discovered, researchers
differentiated obesity into two different types: metabolic and hedonic'>®. In
particular, metabolic obesity is associated with impairments of the homeostatic
control of food intake whereas hedonic obesity is characterized by disruptions of the
reward system?® that cause persistent overeating, increased ratio between energy
expenditure and body mass, comorbidity with eating disorders, depression, anxiety,

stress, sleep deprivation®®.

Alongside with its spread diffusion, what makes obesity an important pathology to
study is its harmfulness: for both men and women, it has been observed a
progressive increase of the risk of death with an increased degree of obesity'’. In
fact, obesity is considered a risk factor for the development of numerous pathologies

such as:

- Cardiovascular diseases: hypertension'®, myocardial infarction!®, stroke?’;
- Metabolic disorders, such as type 2 diabetes??, chronic hyperglycemia??;

- Dementia®3, Alzheimer’s’ disease?*;

- Cancer, especially breast and endometrium one'’; colon and kidney?>;

- Hepatic dysfunction and cirrhosis’;

- Pulmonary diseases such as sleep apnea and asthma?¢;

- Osteoarthritis?’;

- Fertility, pregnancy and delivery complications??;

- Increase of anxiety, depression and suicide??.

Up to date, several aspects regarding obesity are still unknown; among them, the
availability of effective treatments is the most urgent. The majority of the efforts in
containing the pathology are based on prevention: individuals have to limit energy
intake from fats and sugars, increase the consumption of fruit and vegetables, have a
healthy and active lifestyle with regular physical activity?. When prevention is not
sufficient and obesity is developed, the first type of intervention focuses on diet
control and physical exercise, accompanied by various behavioural therapy

techniques, such as self-monitoring, goal-setting, cognitive restructuring,
6



mindfulness3°. This type of behavioural intervention often fails in producing sustained
weight loss and so it is accompanied by pharmacological or surgical treatments3?,
which can be used alone or in combination3?. FDA approved pharmacological
treatments available up-to date include: the 5-HT2c receptor agonist lorcaserin
(Belvig); glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide (Saxenda); or
complex polypharmacological combination of phentermine/topiramate in extended
release (Qsymia) and naltrexone/bupropion (Contrave)3. Among all these available
treatments, only liraglutide and naltrexone/bupropion combinations have been
approved as weight loss agents also by EMA3L. Surgical treatments include: gastric
bypass, vertical sleeve gastrectomy, sclerotherapy, intragastric balloon,
biliopancreatic diversion3*. Therefore, no one-size-fit-all treatment has been
encountered®, since treatments not only have to promote weight loss and body fat

reduction, but also have to change the way brain responds to food stimuli®.

2. PHYSIOLOGICAL CONTROL OF FOOD INTAKE

The fundamental cause of obesity and overweight is an energy imbalance between
caloric intake and energy expenditure (basal metabolism, body temperature
maintenance, physical activity): when energy intake exceeds the energy expenditure,
the excessive energy can be stored as fat, bringing to the development of obesity?’.
Energy balance is controlled by multiple physiological signals, which go from the
periphery (where adipose tissue acts as storage and liver controls lipid and glucose
metabolism38) to the central nervous system (CNS; that acts as an integration centre

and elaborates behavioural responses3?) and vice versa.

There are numerous mechanisms by which the CNS controls food intake and receives
information about it, and they involve both neural control of the gut and chemicals
(hormones and peptides) which act as signals to regulate feeding.

In particular, we can talk about the gut-brain axis: gastrointestinal tract (Gl) is
innervated by the autonomic nervous system (parasympathetic and sympathetic
divisions). Most important nerves are: the vagus and pelvic nerves, which exert an

inhibitory effect on Gl and the splanchnic nerves, which exert an excitatory effect. In
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addition to these components, there is also an enteric nervous system (ENS),
composed by a set of neurons located in the myenteric plexus®. The ENS is
controlled by the CNS thanks to vagal and pelvic efferents. These fibres convey to the
CNS all the stimuli produced in the intestine, both mechanical or chemical, such as
distension, contraction, neurotransmitters, nutrients, cytokines, mediators of
inflammation, hormones*.. On the other hand, splanchnic efferent neurons regulate
nociception and stress response®?.

In addition to all these nerves which control in-situ the Gl tract, there are several
regions of the brain that are involved in the control of food intake; in particular
circumventricular organs lacking a functional blood-brain barrier (BBB), such as the
area postrema (AP)*, which is activated by levels of circulating nutrients and, in turn,
activates other nuclei in the brainstem?*. Brainstem nuclei, such as the nucleus of the
solitary tract (NST), are involved in the control of vagal efferents and modulation of
the ENS and, at the same time, receive information from the periphery® and project
to hypothalamic nuclei*>*®. Hypothalamus communicates with vagal efferents® and
regulates appetite through various molecules and receptors, such as
endocannabinoids*’, neuropeptide Y (NPY), pro-opiomelanocortin (POMC), alpha-
melanocyte-stimulating hormone (a-MSH), Agouti-related peptide (AgRP), cocaine-
and amphetamine-regulated transcript (CART), cholecystokinin (CCK), and glucagon-
like peptide 1 (GLP-1)324,

As said before, food intake is modulated by a lot of peptide and hormonal mediators,
released both by periphery and CNS; these signals regulate feeding behaviour, food
processing, intestinal motility and metabolism.

The GI, in particular, produces more than 20 different mediators*®. Gastric distension
and the presence of nutrients in the intestine activate the release of peptide YY
(PYY), GLP-1, oxyntomodulin (OXM); which act on endocrine glands, smooth muscle
and peripheral nervous system®%>!, Other hormones play crucial roles in the
sensation of hunger and satiety; for example, CCK, PYY, GLP-1 and OXM can reduce
food intake by acting on the orexigenic and anorexigenic signals in the
hypothalamus®?°3 and at the same time enhance the feeling of satiety during the

interval between meals regulating Gl motility>*>.
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Talking about hormones, the peptide ghrelin is produced by the stomach and
released into the bloodstream. Ghrelin is made up by 28 amino acids and undergoes
post-transcriptional addition of octanoic acid on the serine 3 6 which enables it to
cross the BBB and bind the growth hormone secretagogue receptor (GHS-R)>’. Levels
of ghrelin increase during fasting and decrease after a meal; for this reason, it is
defined as the “hunger hormone”>’. Peripheral administration of ghrelin reduces the
use of fat from adipose storage; whereas the central administration of ghrelin
produces an increase of food intake and release of growth hormone in rats.
Disruption of ghrelin signalling causes alterations in energy homeostasis®>0:
pharmacological inhibition of GHS-R was thought as a strategy in the treatment of
obesity but even if GHS-R antagonists were able to decrease food intake in fasted
animals®® and a vaccine against ghrelin induced weight loss in preclinical studies®?!, no
promising results were obtained for human treatment of obesity®®. On the other
hand, agonists of ghrelin were used for the treatment of anorexia in patients

experiencing appetite loss or malnutrition®?.

PYY is a peptide hormone related to NPY. Both peptides bind Y receptors and have a
characteristic structure deriving from the presence of PP proteins. In our bodies, PYY
is present in two different isoforms, which differ for the presence of the N-terminal,
PYY136 and PYY336. Numerous studies suggest that only the last one has a higher
affinity towards the Y2 receptor (Y2R)>3. Acute administration of PYYs3.36 can reduce

food intake®3.

Among all the hormones that regulate food intake, another important one is CKK.
CCK was the first intestinal hormone to be identified as involved in the regulation of
feeding behaviour®*. Produced in the duodenum, it is released during the after-meal
period and acts thanks to the activation of CCK receptor 1 (CCK1) in vagal fibres.
Antagonists of CCK1 increase food intake in rodents and humans®®%; while KO
animals for CCK1 are obese and hyperfagic®. Despite this, continuous infusions of

CCK are unable to reduce food intake®®.



Pancreatic polypeptide (PP) is synthetized in the endocrine pancreatic parenchyma
and has high affinity for Y4 and Y5 receptors. Its levels increase after a meal and
decrease during fasting®’. Acute administration of PP reduces food intake in mice and
humans®”%8; while chronic administration reduces body weight in ob/ob mice®.
Recent studies assume that PP is able to delay gastric emptying, carrying out an

anorexiant effect’.

Another peptide involved in the control of food intake is amylin; released by
pancreatic beta cells after the ingestion of food. The 37 aminoacidic peptide has a
role in glucose homeostasis and is able to reduce food intake after peripheral
administration’®. It seems that modulation of noradrenergic, histaminergic and
dopaminergic systems is involved in the anorexigenic effect of amylin’2. Moreover, it
has been reported that obese patients present an increase of the circulating levels of
amylin’3. An analogue of amylin, Pramlintide, is used to reduce body weight in

patients with type 1 and 2 diabetes’*7>.

An important precursor of numerous hormones influencing food intake is
preproglucagon. In L cells of intestinal mucosa, preproglucagon is cleaved into
glucagon, GLP-1, GLP-2, OXM’®.

Glucagon is produced by a-cells of Langerhans islets, in hypoglycaemic states; its
release increases energy expenditure’” and reduces food intake by modulating vagal
tone and gastric emptying’é.

GLP-1 presents two different active forms for CNS and periphery. In the CNS GLP-1
positive neurons are present in paraventricular nucleus (PVN), dorsomedial nucleus
(DMN), hypophysis and thalamus’. GLP-1 is considered a potent incretin: it is
released upon food intake and stimulates the release of insulin®®. GLP-1 peripheral
administration reduces appetite in both humans and rodents®. Agonist of GLP-1
exendin is used in a phase 3 clinical trial to ameliorate glucose homeostasis and
reduce food intake in type 2 diabetes patients. Moreover, GLP-1R agonist exenatide

is already approved as a co-treatment for type 2 diabetes®’.

10



GLP-2 has been found in high concentrations in the brain; where its administration
reduces food intake®?. Peripherally, GLP-2 is able to regulate gastric motility,
digestion and absorption of nutrients; without affecting appetite®°.

Also OXM is released upon the ingestion of food and is able to reduce food intake

when administered centrally®.

Another important hormone related with food intake and glucose homeostasis is
insulin. It is produced by pancreas beta-cells and released upon food ingestion.
Together with its well-known hypoglycaemic effect, insulin acts in the CNS as a
satiety factor®*: insulin receptors are expressed in various regions of the brain, such

as arcuate (ARC), DMN and PVN®>,

Alongside with all these peptide mediators produced in periphery, other molecules
regulating food intake are produced in the brain.

One of the most important orexigenic neuropeptides is NPY; which is synthetized by
neurons in ARC and released in the PVN. Synthesis and release of NPY are regulated
by leptin, insulin and ghrelin®. Different receptor of NPY have been discovered (Y1,
Y2, Y3, Y4, Y5, Y6); among them Y5 receptor seems to be the most involved in the
modulation of feeding behaviour®’. Central administration of NPY is able to increase

appetite®®,

Another peptide, produced in ARC and with orexigenic effect as NPY, is AgRP. Central

administration of AgRP in PVN or DMN results in increased food intake®2.

Other orexigenic peptides are the hypocretins 1 and 2; mostly known as orexin A and
B. Differently from AgRP and NPY, these peptides are produced in the lateral
hypothalamus and stimulate appetite thanks to the activation of orexin receptors
OX1R and OX2R; mainly expressed in ventromedial hypothalamus and PVN
respectively®. Of course, neurons secreting orexins project also to other
hypothalamic nuclei; for example in the ARC there are some NPY secreting neurons

expressing OX1R; thus demonstrating that these peptides work in synergy®.
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In addition to orexigenic signals, the brain produces also anorexigenic ones: between
them we can find melanocortin, deriving from post-transcriptional cleavage of POMC,
whose gene is expressed throughout the hypothalamus, adenohypophysis, pars
intermedia®l. Another melanocortin, a-MSH, is produced in the hypophysis and
activates melanocortin receptors, expressed in brain areas linked to the control of

feeding behaviour, such as the cortex®?.

Other important anorexigenic signal in the brain is CART, which is synthetized in the
hypothalamus, and regulates many processes, including food intake, maintenance of
body weight, reward and endocrine functions through activation of CART receptors,

which are expressed both in the brain and in the gut®2.

Lastly, other neuropeptide involved in the control of food intake is the corticotropin-
releasing hormone (CRH), highly expressed in the PVN. This 41 aminoacidic peptide is
able, when centrally administered, to inhibit food intake and body weight in rats®3. In
humans, peripheral administration of CRH is able to increase energy expenditure and

fatty acid oxidation®3.

As | will further explain in other paragraphs of this thesis, endocannabinoids, lipid
mediators and neurotransmitters also can regulate food intake, nutrition, body
weight. Between them, also histamine can be considered an hypophagic agent.
Histamine is produced by decarboxylation of histidine by the enzyme histidine
decarboxylase®®. Histaminergic system is involved in the anticipatory phase of eating
and in the consummatory phase of feeding behaviour®®. Appetite-suppressing action
of histamine is linked to its effect on H1R in ventromedial hypothalamus®®; that’s why

intra-hypothalamic administration of histamine induces satiety®’.

3. FOOD ADDICTION

As said before, one of the biggest problems in obesity is overeating. But why do
people eat much more than what they need for their energy expenditure? Even if this

seems a simple question, no clear answer is available up-to-date. Since 1950 more
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and more studies began comparing obesity and drug addiction, since they are both
characterized by repeated behaviours that the individual is unable to control despite
awareness of undesirable consequences®. In 1956, Randolph first introduced the
concept of food addiction, referring to a common pattern of symptoms similar to
those of other addictive diseases observed in the consumption of foods such as corn,

wheat, coffee, milk, eggs and potatoes3®.

There are several similarities between addicted and obese persons: obese people
tend to be more heavily influenced by immediate rewards and less responsive to
future consequences, as drug addicted individuals®®>. Moreover, impulsivity and
inhibitory control is impaired both in overeating and drug addiction'®. Obese
individuals have enhanced attentional processing of food and food-related stimuli,
same as individuals with addiction to cocaine, opiates, alcohol, nicotine, cannabis and
caffeine with drug-related stimuli'®’. In addition, people with higher BMI score higher
on neuroticism and extraversion and lower on conscientiousness, personality traits
typical of drug-addicted individuals®®,

However, the possibility for food to be as addictive as drugs is still largely debated,
since food addiction continues to evolve in an extremely complex and
multidimensional pathology'%2. Up to date, food addiction has not been listed in the
Diagnostic and Statistical manual of Mental Disorders (DMS V)93 and the concept still
appears controversial, considering that feeding, unlike drug self-administration, is a
natural reward necessary to survival®'94. Moreover, obesity is a heterogenous and
multifactorial pathology that can depend on lifestyle or other hormonal, genetic
conditions; differently from drug addiction®!. Unlike addictive drugs, it’s difficult to
distinguish from normal consumption and compulsive abuse. Furthermore, the
addictive component of food has yet to be clarified'®. Some evidence suggests that
combination of macronutrients is an important determinant of compulsive
overeating: modern highly processed foods rich in fat and refined sugars are the one
involved in problematic addictive-like behavioursi®; in fact cafeteria-style diet
exposure (characterized by consumption of highly processed and high-palatable food,
rich in sugar and fat) tends to increase overall feeding frequency, food approach

behaviour, energy intake and weight gain®.

13



In this panorama of increased obesity rates around the world and increased tendency
to consume highly processed foods to overcome negative states deriving from the
mind®, researchers tried to develop a more precise way to define food addiction, and
that’s when Gearhardt et al. developed the Yale Food Addiction Scale (YFAS)Y’;
composed by selected questions and used to assess food addiction diagnosis in a
large number of studies'®®, Other markers used to study food addiction are the
reward based eating scale'®® or nausea and increased salivary cortisol elicited by

naltrexonell0,

Besides defining and measuring food addiction, another important focus of reaserch
has been investigating the mechanisms at the base of it: what are the neural circuits
involved in hedonic eating and what the variations that need to occur to cause
addiction?

First of all, it is important to notice that eating is intrinsically rewarding and that the
consumption of palatable food is able to activate the reward system: the neural
circuitry responsible for regulating homeostatic and hedonic feeding are heavily
integrated, regulate feeding behaviour interindipendently!'*'? and usually
harmonize their actions well; since in a physiological state metabolic signals and the
pleasure of eating are coordinated to drive food consumption®. Foods high in fat and
sugar impair both the metabolic and the reward system: the development of
metabolic or hedonic obesity is linked to different sets of susceptibility genes®. In
people addicted to food, overeating may not cause leptin resistance for example, but
changes in the reward system that lead to uncontrollable desire of food and
excessive food intake!!3114: obese people in fact show higher responsivity in reward
and attention regions of the brain in response to food cues3®.

As any other addiction, food addiction is characterized by three salient phases which
allow to distinguish occasional and controlled use from the chronic dependence:
binge/intoxication; withdrawal/negative affect and preoccupation/anticipation
(craving)3e.

Bingeing stage involves nucleus accumbens (ACC) and dorsal striatum (DLS); the
withdrawal stage is due to the activation of amygdala (AMY), stria terminalis, ACC;

whereas the craving stage is due to prefrontal cortex (PFC), hippocampus and insula
14



activation3.

In all these areas the main impairments involve the dopaminergic, opioid and
endocannabinoid systems, which are strictly interconnected. The role of these
systems in food addiction has been confirmed by preclinical and clinical results of
different psychoactive medications aimed at controlling food consumption3®. In
particular, opioid system is associated with pleasure deriving from food reward and it
acts synergically with the dopaminergic one in promoting food intake!?>. Opioid and
endocannabinoids modulate functions of palatability, that is “liking” of food!® and
cause delayed increase of dopamine (DA) (which mediates “wanting” of food) as a
function of increased glucose and insulin®®. As a matter of fact, changes in insulin
signalling in reward regions result in disrupted DA homeostasis!'®: several studies
have demonstrated that impaired glucose metabolism in prefrontal areas of the brain
is accompanied in obese people by poor DA signalling in DLS3®. DA deficiency occurs
with low striatal availability of D2 (dopamine receptor type 2) in obese people!?,
that may put these individuals at higher risk of compulsive eating, due to impaired
ability of DA to modulate signalling between DLS and prefrontal regions, which have
a role in inhibitory control of food intake!!®. At the same time, lower striatal D2
expression has been linked to augmented glucose metabolism in post-central gyrus
and parietal cortex, increased palatability and taste perception, which increment the
reinforcing properties of food!*.

Besides DA, also noradrenaline (NA) transmission seems to be altered in obese
people suffering FA: fMRI images showed a decrease of NA transporters availability
in thalamus'?; which is important considering that dysfunction of central NA is
linked to cognitive and mood disorders and stress responses, including overeating3®.
Differently from the other monoamines, the role of 5HT in food addiction has still to
be clarified. For instance, also other mediators may have a role in FA: Cottone et al.
discovered alterations to CRF expression in AMY of rats after high-palatable diet
withdrawal'?!.

It is not excluded that other areas, different from the ones cited before, could be
involved in food addiction development: restricted and unrestricted access to
cafeteria-style diet for example reduced cannabinoid receptor 1 (CB1) and mu-opioid

receptor expression in ventral tegmental area (VTA)'?2. Moreover, seen its role in
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addiction, in the modulation of the dopaminergic system and in reward, it's not
excluded that food addiction involves several variations to the endocannabinoid
system, that have to be investigated?3.

Still lots of aspects related to food addiction remain unclear; however the discovery
of the neurobiological and cognitive changes that drive this dependence could result
in more targeted and effective psychological and medical treatments of obesity!?412>,
that could be treated as a pathology reducing social stigma of hyperphagic obese
individuals!®l. At the same time, it will increase public health policies that aim to
reduce the consumption of high-palatable food (for example regulating sales,
availability, advertising of these foods%?) in a similar way to what has been done with

cigarette smoking*?®,

4. OBESITY RELATED DISORDERS: ANXIETY AND
DEPRESSION

Anxiety and depression are among the most diffused psychiatric disorders. These two
pathologies can co-exist with obesity: for this reason, a lot of researchers have been

investigating whether there could be a link between obesity, anxiety and depression.

4.1 ANXIETY

Talking about anxiety, it’s important to underline that there are different anxiety
disorders, and all of them are characterized by excessive fear of perceived threats in
the environment. It's common, in the adult life, to experience fear or anxiety in
periods of stress; however, to be diagnosed with an anxiety disorder these symptoms
have to persist at least six months. Anxiety can be associated with depression, drug
or other substance abuse and withdrawal, clinical conditions such as
hyperthyroidism, respiratory disease and cardiac disease. Statistical analysis suggests
that at least one person in fourteen has ever experienced an anxiety-like disorder in
lifetime'?’. Pathophysiology of anxiety is still poorly understood: studies suggest an
over-activation of limbic regions, such as AMY and insula while processing emotional

stimuli and aberrant connectivity between these regions and other areas, such as the
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prefrontal cortex. Also, some genetic causes have been underlined, and in particular
susceptibility in the locus CAMKMT and single-nucleotide polymorphisms on gene

MAG111?7,

In the last years, the neuronal circuits involved in the development of anxiety have
been the focus of various researches: one of the most important regions playing a
role in the pathology is the bed nucleus of the stria terminalis (BNST). This nucleus is
part of the extended AMY and receives various projections both from central and
basolateral amygdala (CEA, BLA). Along with BNST role with anxiety, studies showed
that optical inhibition of cell somata in this region turns in an anxiolytic effect;
whereas inhibition of BLA fibres projecting to BNST results in anxiogenic-like
behaviour. Conversely, activation of BLA-BNST projections leads to anxiolytic
behaviours. Also activation of BNST fibres to hypothalamus has anxiolytic-like effects;
whereas projections to parabrachial nucleus lead to anxiogenic-like response. Still it’s
not clear the role of both GABAergic and glutamatergic fibres in BNST and how their
activation/inhibition can mediate anxiolysis'?®. Another important region in the
regulation of anxiety is amygdala: somatic activation of BLA projection neurons leads
to anxiety-like behaviours; activation of the projections that terminate in CEA has an
anxiolytic action; in addition, changes in GABAergic signalling in the amygdala also
affects anxiety. Moreover, projections from CEA to ventral hippocampus and medial

PFC have been linked to anxiety-like behaviour!?2,

Impairments in the monoaminergic systems can have a role in anxiety: talking about
DA for example, DA receptor deficiency in prefrontal cortex may fail to inhibit
signalling to amygdala with anxiogenic-like response; dopaminergic activity in DLS
can affect insular activity, that predicts anxiety symptom’s severity'?°. Moreover,
patients with social anxiety disorder present DA transporter (DAT) decreased
expression and reduced receptor binding in the striatum, compared to healthy
controls30. Patients with social fear also display lower levels of DA metabolite
homovanillic acid (HVA) in the cerebrospinal fluid'31. On the other hand, symptoms
of anxiety also have been linked with hyperactivity of NA in the CNS: in fact, in stress

conditions, corticotropin releasing factor can activate NA release in locus coeruleus
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(LC) and hippocampus, giving wakefulness and anxiety manifestations. Elevated
serum concentration of NA has been linked with anxiety and so was a single-
nucleotide polymorphism of adrenergic receptors'?®. Differently from DA and NA,
more evidence of 5HT involvement in anxiety has been found: 5HT receptor (5HTR)
5HTR1a activation in hippocampus can exert anxiolytic effects; whereas 5HTRia
knockout, its mutation or overexpression, and low 5HT neurotransmission have been
linked to anxiety-like behaviour in mice. Human studies revealed decreased 5HTR1a
expression and function in insula, AMY, medial PFC, and raphe nucleus in patients
with panic disorder!?®. At the same time, SHTR2a agonism in AMY can cause anxiety;
whereas its antagonism has been indicated as anxiolytic in preclinical studies!3?.
Furthermore, acute stimulation of 5HTR2a and 5HTRc projecting from DR to AMY and
limbic cortex can cause mental agitation, panic attack, anxiety. Moreover, 5HTR;c
agonism induces anxiogenic-like effects in ventral hippocampus and amygdala as
5HTR,c overexpression in amygdala. Generally, low 5HT in CNS has been linked to
higher risk for anxiety!?°.

At the same time, also the endocannabinoid system may be involved in anxiety by
suppressing the outflow of glutamate in hippocampus and periacqueductal grey and
inhibiting release of NA, 5HT, DA and anxiolytic neuropeptides in corticolimbic areas.
On the other hand, the endocannabinoid system interferes with GABAergic
transmission to amygdala, hippocampus and prefrontal cortex; all regions involved in
the development of anxiety33. Pharmacological modulation of cannabinoid receptor
1 (CB1) with its antagonist rimonabant results in anxiogenic behaviours and variants
of CB1 receptor gene have been linked in development of anxiety and depression.
Also cannabinoid receptor 2 (CB2) appears to be involved in endogenous anxiolytic
activity: overexpression of CB2 receptor showed lower anxiety-like behaviours in rats
and modifies response to stress'34. Moreover, endocannabinoid system is able to
regulate hypothalamus-pituitary axis (HPA), whose chronical activation leads to
anxiety and depression in humans'34. However, endocannabinoid role in anxiety is
still not so clear: treatment with analogues of anandamide in the prefrontal cortex
lead to anxiolytic like response due to transient vanilloid receptor 1 (TRPV1)
stimulation while fatty acid amide hydrolase (FAAH) carbamate irreversible inhibitors

and mono acil glycerol lipase (MAGL) inhibitors have been proved to exert anxiolytic
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effect through endogenous acylethanolamides and 2-arachidonoylglicerol (2-AG)

concentration rise34.

4.2 DEPRESSION:

Differently from anxiety, lifetime risk of depression is 15-18%; this means that one in
five people ever experiences depression during life, with an average age of onset of
25 years. Depression appears to be twice as common in women than in men. In the
majority of cases, depression is episodic, even if long-term depression cases (5-6
years long) have been described in literature!®>. When talking about depression, we
refer to a clinical condition characterized by emotional, neurovegetative and
neurocognitive symptoms: patients experience anhedonia, depressive mood, feeling
of worthlessness and guilt, suicidal ideation, fatigue, alterations of sleep and
appetite, indecision and difficulty to concentrate, agitation. To be diagnosed with
depression it is necessary that five or more of these symptoms last for more than two
weeks. Several conditions may cause depression: environmental factors, stress,

pregnancy and parturition, drug administration, anxiety**.

The physiopathology of depression has been the focus of several studies during time,
and different hypothesis have been presented. In particular, increased amount of
plasma cortisol, along with changes in the HPA axis have been detected in depressed
patients. Moreover, alterations of the neuroplasticity in these areas and reduced
amount of brain derived neurotrophic factor (BDNF) have been linked with
depression. Also peripheral concentration of cytokines may influence the
development of depression: these molecules can reach the brain through its afferent
pathways and cross the blood brain barrier causing microglial activation and
neuroinflammation as found in brains of patients with depression by post-mortem
analysis. Other observations confirming this hypothesis come from patients with
autoimmune diseases and severe infections, who are treated with cytokines that are
able to trigger depression. Conversely, even if some studies have shown that
depression is moderately hereditable, no genetic or epigenetic alterations have been

linked to depression yet!3.
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However, most accepted hypothesis on depression physiopathology is the
monoaminergic one. Talking about DA, researchers discovered that poor functioning
of DA neurons may cause depressive symptoms such as hopelessness and loss of
interest and that patients with depression show lower levels of DA metabolites in the
cerebrospinal fluid'?®. At the same time, also NA can be involved in depression
physiopathology: depression has been linked with a decrease of NA in the central
nervous system and increased expression and activity of a, auto receptor; causing
lower noradrenergic neurotransmission. NA decrease in patients has been associated
with less pleasure, interest, happiness, alertness, energy!?°. Also, disturbances in 5HT
synthesis, release, transport and reuptake may cause depression: lack of 5HT in the
brain results in depressive symptoms and may enhance negative emotions. Serum
5HT concentrations in depressive patients are lower compared to controls, and post
mortem analysis showed lower tissue concentration in the brain of both 5HT and
S5HIAA. Serotonergic alterations in depression can derive from reduced synthesis or
abnormal function of serotonergic receptors: depressed patients present a general
reduction of 5HTRia and higher distribution of 5HTRip in globus pallidus; while
suicide patients present SHTR,c dysfunction in the PFC'?°, Seen all these evidences,
there is no surprise that the most used treatments for depression act on

monoamines (monoaminoxidase inhibitors, selective inhibitors of SHT reuptake)®3°.

Furthermore, also the endocannabinoid system has a role in depression:
hypofunctional endocannabinoid signalling has been associated with depressive
illness®3®. In particular, depressed people have high incidence of polymorphisms in
CB2 receptor and CB2 overexpression has been linked with decreased depressive-like
behaviours. Moreover, endocannabinoids play a pivotal role in neurogenesis, whose
alteration has been recognized as one of the main causes of depression. All the
evidences above suggest the endocannabinoid system as a possible target of new

antidepressant drugs'34.

4.3 RELATIONSHIP BETWEEN OBESITY, ANXIETY AND DEPRESSION

Seen the spread diffusion of obesity, anxiety and depression it's not a surprise the

fact that the pathologies can coexist in the same person; but a fundamental question
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is: can anxiety and depression be considered obesity comorbidities? Is there a
functional link between overeating and the development of mental health diseases?

As explained in other paragraphs, overeating is one of the most important
characteristics of obesity and it’s mainly caused by the excessive availability of high-
processed high-palatable foods. However, sometimes the consumption of these
foods is due to the incapability of the individual to overcome negative states deriving
from the mind: in this case it’s possible to talk about emotional eating (EE)**’.
Of course, one of the first interventions against obesity is subjecting patients to
calorie-restricted diets, with the purpose of losing weight: this approach tends to be
unsuccessful because of EE, and in particular because of the incapability of obese
individuals to control eating in response to stress and negative emotions**, When on
diet, the individual is abstinent from comfort food and the body is unable to
understand the difference between starvation and self-deprivation; thus causing a
series of negative emotions that drive the person to abandon the diet!*°. Normally,
typical stress response does not involve eating, because physiological stress
reactions mimic the sensations associated with satiety, but dieters tend to lose their

control on their feelings of satiety and hunger, thus driving them to EE*38,

Even if EE is more common in dieting, it can happen independently, as a response to
alexithymia (incapability to identify and describe feelings), poor interoceptive
awareness, poor emotion regulation strategies. As expected, EE can be experienced
in response to stress, childhood abuse, depression: in this case, the HPA axis may
respond atypically with an hypoactivation causing enhanced appetite and weight
gain. A lowered HPA axis also explains why emotional eaters are more receptive
towards the reinforcing value of food and use it as a medication to overcame
negative emotions**8.In addition, EE tends to occur with external eating (overeating
in response to food cues, such as sight and smell of attractive foods) since people
achieve to shift their attention from negative thoughts to the imminent reward of
food!: studies have demonstrated that overeating happens only in high anxiety —
high food salience conditions and that negative circumstances can enhance the
rewarding effects of food. Moreover, results from other researches show that the
association of depression diagnosis and severity of depression with emotional eating
is significant!.
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Based on these premises, it is not surprising that obesity has an impact on mental
health and that there could be a reciprocal, bidirectional link between this pathology
and anxiety. Increased risk in anxiety for obese people concerns not only adults, but
also children and adolescents, who present higher risk of developing anxiety,
depression and mood disorders when obese; maybe due to obesity-associated health
problems (diabetes, metabolic syndrome)*'. Social factors, genetic, epigenetic
factors along with CNS alterations can try to explain the high incidence of anxiety in
obese patients. As a matter of fact, exposition to maternal high-fat diet and follow up
with the same one, can cause the development of an anxiety-like phenotype in
macaques and rats due to long term alterations to HPA axis, increased
corticosterone-mediated response, alterations of the reward system and of the
serotonergic one'®. In rats, also post-natal overfeeding has been linked with anxiety-
like behaviour, and the same has been showed in childhood and adolescence. On the
other hand, adult rats exposed to high-fat diet for long periods of time displayed
increased anxiety-like behaviours in open field and elevated plus maze paradigms
only when exposed also to a stressor agent (for example cat smell or abstinence from
the palatable diet), indicating that hypercaloric diet consumption per se may confer a
vulnerability to anxiety following exposure to acute stressors, potentially through an
increased baseline in HPA axis / glucocorticoid response#!. Other mechanisms that
could be involved in obesity-driven anxiety are hippocampal atrophy, decreased
blood vessel density, reduced neurogenesis and synaptic plasticity along with high
level of circulating cytokines and impairments in prefrontal cortex and amygdala
functional connectivity!*’. On the other hand, clinical studies have failed in
correlating BMI and anxiety (both for women and men) and contradictory results
have been obtained trying to correlate obesity and anxiety in both sexes; but not a
large number of studies was found with the aim to correlate anxiety and obesity in

humans!42,

Differently from anxiety, epidemiological evidence supports an association between
obesity and depression*3; literature review studies shows that obese people have
55% of possibility to become depressed!*. Depression tends to be associated with a
reduction of food intake, however a sub-group of patients presents an association

between depression and body weight gain; whose mediator was found to be EE!3%.
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Moreover, depression and obesity are commonly co-occurring conditions, both
caused by dysregulation of stress system and characterized by chronic inflammation:
adiposity in obesity is a source of cytokines that can promote neuroinflammation as
well, increase cortisol, leptin, insulin levels dysregulating the HPA axis and
monoaminergic neurotransmission, thus worsening depression*345, In addition,
numerous studies have confirmed that overweight/obesity (especially when
accompanied by adverse metabolic profile!*3) is a risk factor for developing
depression and interestingly demonstrated that treatment of obesity (i.e. by bariatric
surgery) and consequent weight loss can improve depressive symptoms'4>. At the
same time, other clinical trials using bupropion for the treatment of depression show
in obese people significant induction of weight loss, as compared to placebo, and
improvements also in the metabolic profile (insulin resistance, serum total
cholesterol); although different antidepressants can give different results'4>. Several
mechanisms are shared between depression and obesity: first of all, genes near BMI-
associated loci are highly expressed in brain regions involved in energy homeostasis
and mood regulation (hippocampus, hypothalamus and limbic regions)43. Moreover,
genetic loci reliably associated with depression phenotypes overlapped or were
closer to genes associated with BMI and early-onset obesity (gene NEGR1 for
example). Other genome-wide association studies confirmed that the polygenic
architecture of depression is partially superimposable to obesity-related traits*3. In
addition, as mentioned for anxiety, both depression and obesity are associated with
HPA axis and reward system impairments. Furthermore, leptin resistance (common
in obese people) may constitute a phenotype risk for depression and insulin
dysregulation (also characteristic in people with the pathology) may play a role in
neuropsychiatric conditions!*3. Also microbiota alterations noticed in obesity have an
emerging role in the relationship between the pathology and depression, since relate
with impaired gut permeability, inflammation and depression-related brain

processes!4®,
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5.  NEUROINFLAMMATION AND OBESITY

As stated before, obesity is characterized by a chronic state of inflammation:
excessive fat becomes an endocrine organ capable of producing hormones that can
dysregulate several pathways and lead to comorbidities, such as endocrine
disfunctions, incremented cancer risks, atherosclerosis, depression. For example, the
inflammatory state produced by obesity induces peripheral binding of leptin with
reactive protein C, decreasing its physiological efficacy and inducing alterations to
the control of food intake and satiety#’.

Adipose tissue produces chemokines (such as MCP-1 and CCL-2) which recall
monocytes causing macrophage activation and cytokine hyperproduction!®. Several
cytokines can cross bidirectionally the BBB: in particular interleukins, tumoral
necrosis factor alpha (TNF-a), leukaemia inhibitory factor (LIF), adipokines that act as
mediators of inflammation and neurodegenerative processes, induce cellular death,
apoptosis and mediate the release of other cytokines. In CNS, cytokines activate
neuroendocrine system, vary metabolism and neurotransmitters function, alter
neural plasticity and cerebral circuits and contribute to the development of
dementia, cerebral ischemial*?.

A lot of animal models of obesity show that even few days of high-fat diet exposure
can induce fat acid increment in blood, which can cross the BBB and provoke
inflammation in hypothalamic neurons. Such local inflammation in hypothalamus
involves ARC, PVN and median eminence (ME) and induces endoplasmic stress in
neurons, leading to leptin and insulin resistance development**°. In adult male rats,
an increment of immune cells from periphery to CNS has been observed, in particular

in hypothalamus®®?,

Several neuronal cells are involved in inflammation and neuroprotection. Between
them, microglial cells maintain synaptic plasticity and are fundamental during
development and neurogenesis. Microglial cells activation normally has a protective
action on CNS, but chronic and uncontrolled activation can be harmful: in obesity
microglial cells are active in the hypothalamus and secrete cytokines that recall

immune cells from periphery®2. Macrophage cells in hypothalamus release
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fractalkine and activate CX3CR1 receptor sustaining neuroinflammation®3. In obesity,
saturated and unsaturated fatty acids can activate microglial receptor pathway of
tool-like receptor 4-NF-kB, raising cytokines and oxygen reactive species (ROS)
production®™*,

Also glial cells have a pivotal role in neuroinflammation. Not active glial cells have a
small cell body and ramified terminations that monitor all CNS areas; in their active
state they are capable of producing inflammatory mediators, phagocytize other cells
and present antigens!>.

Astrocytes are another class of cells that mediate neuroinflammation: their activation
has been noticed in cerebral trauma, ischemic shock, neuroinflammation; producing
IL-6 and TNF-a and regulating BBB and blood vessels permeability!>.

Along with astrocytes, pericytes modulate BBB homeostasis: these contractile cells
enclose endothelial cells of capillaries and, when activated by immune system,
produce cytokines and ROS, act on tight junctions incrementing BBB permeability®°®.
Other cells involved in immune response are tanicytes and polydendrocytes that
regulate energy homeostasis and at the same time have a role in BBB permeability
modulation.

In neuroinflammation caused by obesity, hypothalamus is the most impacted area so
far. However, recent studies suggest increased levels of tool-like receptor 4,
cyclooxygenase-2 (COX-2), interleukin and iNOS in rats hippocampus after long-term
exposure to high-fat diet'’. Also, in hippocampus is possible to appreciate a
reduction of GLUT1 receptor, linked with memory and cognition>>,

In the same animals, several evidence of cytokine and chemokine production,
increased levels of COX-2 and prostanoids and reduced dendritic density were found
in cortex, along with microglial and astrocyte activation®>,

Even in brainstem, nucleus solitary tract and cerebellum exposition to high-fat diet
provoked increased expression of interleukin, NF-kB, TNFa.

All this evidence, taken together, suggests that neuroinflammation is a common
condition occurring with obesity and that it can be responsible of some of the

impairments associated with obesity comorbidities.
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6. THE ENDOCANNABINOID SYSTEM

Psychoactive effects of cannabis have been known for centuries by human society,
but the discovery of an endocannabinoid system only happened in 1990, when
Matsuda et al. firstly cloned CB1 in the brain'*. A second peripheral receptor (CB2)
was later identified by Munro et al'®®; and respectively in 1992 and 1995 also
endocannabinoid agonists anandamide (AEA) and 2-AG were discovered!3*,

The endocannabinoid system is made up by endocannabinoid receptors, ECs and
their enzymes of synthesis and degradation.

Specifically, CB1 receptor was first isolated in the CNS, where it is mainly expressed;
as one of the most abundant G protein-coupled receptors. In rodent brain, CB1 is
mostly expressed in basal ganglia, SN, globus pallidum, cerebellum, hippocampus,
brainstem, where it regulates appetite, learning, memory, mood and reward*®!. Both
GABAergic and glutamatergic neurons express CB1 receptors; thus giving to the
endocannabinoid system an important role in modulating neurotransmission34,
Principally, CB1 receptors are found presynaptically, where they inhibit
neurotransmitter release. Differently from CB1, CB2 receptor was thought to be
expressed only in immune cells. Only in the last years, CB2 expression was studied
also in the CNS in particular in microglial cells. It seems possible that CB2 receptor is
part of a general neural protective system?34,
Both CB1 and CB2 are coupled to a Gip protein, so their activation decreases the
production of cyclic AMP (cAMP) and inhibits protein kinase A (PKA); stimulates the
mitogen-activated protein kinase (MAPK), P38, Rho kinase, ROCK; affecting synaptic
plasticity, cell migration, neuronal growth. Both receptors can be phosphorylated by
G protein receptor kinases (GRK) and associate with B-arrestin; leading to receptor
internalization and ERK pathway activation'62,

Figure 1 shows pathways of CB1 and CB2 activation.
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Figure 1: CB1 and CB2 signalling pathways.

Other receptors that are suggested to mediate endocannabinoid action are the
orphan G receptor GPR55 and TRPV1; whose binding essays showed affinity both for
2-AG and AEA3,

CB1 and CB2 receptors are activated by the endocannabinoids 2-AG and AEA.
Differently from other neurotransmitters, these molecules are small lipid signals
synthetized “on demand” and are not stored in lipid vesicles in neurons; moreover

they act mostly pre-synaptically rather than post-synaptically3.

2-AG synthesis takes place from 2-arachidonoyl-containing diacylglycerols (DAG);
thanks to enzymes diacylglycerol lipase (DAGL) a and . Several studies
demonstrated that DAGLa is the most abundant isoform in the brain; DAGLB
expression was noticed in the same tissue but it’'s more abundant in the periphery.
DAG precursors come from hydrolysis of membrane phospholipids thanks to PLC or
from phosphatidic acid hydrolysis!®3.

Brain 2-AG levels are 170 times higher than those of AEA; activation of the CB1 and
CB2 receptors by 2-AG is associated with many physiological processes, including
inflammation, food intake, locomotor activity, learning and memory, epileptogenesis,
neuroprotection, pain sensation, mood, stress and anxiety, addiction and reward?®*.
2-AG degradation occurs thanks to the enzyme MAGL, expressed in synaptic
terminals. In certain conditions, 2-AG can be oxidised also by cyclooxygenase 2

(COX2) to produce prostanoids, important mediators of inflammation®°.
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Figure 2 shows synthetic and degradation pathways of 2-AG.
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Figure 2: 2-AG synthetic and degradation pathway.

AEA synthesis can occur in three different ways:

- Directly from the hydrolysis of N-arachidonoyl-phosphatidyl ethanolamines
(NArPE) through enzymatic action of N-acyl phosphatidylethanolamine
phospholipase D or NAPE PLD;

- Through NArPE deacetylation by a/B-hydrolase domain type-4 (ABHD4) and
hydrolysis of glycerophosphoethanolamine by glycerophosphodiesterase
GDE1;

- via PLC-mediated hydrolysis of NArPE to yield phosphoanandamide, which is
dephosphorylated to AEA by a phosphatase.

The most common pathway is the first described?!®3. Several studies indicate that AEA
exerts an overall modulatory effect on the reward circuitry'®®, neuroinflammation,
microglial activation, central control of blood pressure, pain modulation'®’.

AEA degradation is catalysed by the enzyme FAAH. Inhibition of FAAH is able to
increase the endogenous tone of acylethanolamides!33; thus involving important
therapeutical and experimental implications. Also, AEA can be metabolized by COX-2
giving prostanoids; or alternatively it can be hydrolysed by N-acylethanolamine-
hydrolysing acid amidase (NAAA)®>, Differently from 2-AG, AEA is only a partial
agonist of CB1 receptors'®?.

Figure 3 shows AEA synthetic and degradation pathways.
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Figure 3: AEA synthetic and degradation pathway.

Other important lipid mediators, which do not show particular affinity towards CB1
and CB2 receptor but that share AEA biosynthetic and degradation pathways are
palmitoilethanolamide (PEA) and oleoylethanolamide (OEA).

PEA is produced both in the periphery and in the CNS and has anti-inflammatory and
pain-modulating effect!®3; it has also analgesic, antiepileptic and neuroprotective

actions®!, PEA actions are due to its binding to GPR55 and PPARa receptor®34,
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Figure 4: PEA structure.

Like PEA, OEA is produced in intestine and in the CNS; it is known for its

hypophagic'®® and neuroprotective effect'®®; due to its binding with PPARa and

TRPV1 receptors!®s,
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Figure 5: OEA structure.
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All these lipid mediators regulate food intake and are sensors of whole-body energy
status and can act on hypothalamus modifying leptin signalling: higher
endocannabinoids levels have been associated with defective leptin; whereas OEA

acts as a satiety factor engaging brain histamine?3,

In the brain, the endocannabinoid system plays numerous functions: it regulates
learning, memory and cognition; motor activity; mood tone; appetite and food

intake; reward and addiction; neuroprotection; neural development and sleep'’®.

Pathological alterations of the endocannabinoid system have been noticed in nearly
all chronic disorders and in particular in addiction, neurodegenerative diseases, mood
disorders'®® and obesity. Referring to obesity, it is important to know that the
endocannabinoid system has an important role in regulating food intake: orexigenic
effect of endocannabinoids depend on the stimulation of CB1 receptor of
glutamatergic neurons in the cortex; whereas anorexigenic effects can be attributed
to CB1 activation in GABAergic neurons of DLS'’%. Fasting increases endocannabinoid
concentrations within the ACC, activating the release of DA and driving liking and
motivation to consume palatable foods'’2. Cannabinoid receptors in this area
decrease the release of glutamate on GABAergic neurons projecting to ventral
tegmental area (VTA): activation of these receptors turns in VTA dopaminergic
neurons disinhibition!’3. CB1 receptors are also expressed on hypothalamic neurons
controlling food intake, such as POMC expressing neurons: in these cells CB1 receptor
stimulation causes release of the orexigenic peptide B-endorphin and inhibits the
release of anorexigenic peptide a-MSH”4. On the other hand, leptin is able to reduce
cannabinoid levels in the brain and interfere with endocannabinoid system signalling.
Additionally, the endocannabinoid system has a strong relevance in the gut-brain
axis: cannabinoid receptors are expressed on peripheral terminals of sensory
neurons; in parasympathetic and sympathetic terminals; on vagal afferences and

efferences regulating gastric motility'’>.

176 pPlasma

Obesity has been linked to an overactive endocannabinoid system
endocannabinoids correlate positively with markers of obesity and metabolic
disorder: in particular variations in blood concentrations of AEA were noticed when

comparing fat and lean individuals, suggesting that its dysregulation in obese patients
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can contribute to the increased food intake!’’. In addition, intake of high quantities
of fat with the diet impairs endocannabinoid and other lipid signal production;
affecting in particular inflammation and synaptic plasticity'’®. CB1, CB2 and FAAH
genetic alterations have been associated respectively with metabolic syndrome,
overweight and obesity!’>178, Carriers of these polymorphisms have higher levels of
circulating endocannabinoids and show greater reward-related striatal activity!’>.
Likely, this genetic variation may influence the propensity to develop obesity
depending on the diet: rodents with these genetical variations display increased body
weight and metabolic variations only when fed with high fat diet and not with

chow?!?®,

Seen all the physiological processes in which the endocannabinoid system is involved,
the same has been targeted to produce effective drugs against various pathologies: in
particular, CB1 agonists have been used as antiepileptic drugs, neuroprotective in
Huntington’s disease, Alzheimer’s, Multiple sclerosis; CB1 antagonist Rimonabant
was used as anti-obesity treatment (then dismissed due to adverse psychological
reactions); FAAH and MAGL inhibitors have been investigated as antiepileptic drugs

and neuroprotective in neurodegenerative diseases'®.

For the aim of this thesis, it is strongly important to focus on FAAH inhibition: several
animal studies used FAAH inhibitors successfully in depression, anxiety, sleep
disorders, neuropathic pain. However, up to date no FAAH inhibitor has been
approved for use in humans and several clinical trials involving these drugs have been

suspended due to important adverse reactions!.

PF-3845, the drug used in this study, is an irreversible FAAH inhibitor; characterized
by its selectivity, elevated oral bioavailability and lower toxicity*®. The drug is a biaril-
ether-piperidine derived and acts creating a covalent and irreversible bind to S241 of
FAAH enzyme. Its administration results in increased acylethanolamide tone for 24
hours®33; it is able to produce antialgesic, anti-inflammatory*®, antidepressant and

anxiolytic effects'®3,
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7. CENTRAL MONOAMINERGIC NEUROTRANSMITTERS:
DOPAMINE

Discovered by Carlsson et al in 1957, dopamine (DA) is a chemical neurotransmitter
of the brain'®. As other monoaminergic transmitters, it is a small charged molecule,
normally unable to cross the BBB!> and synthetized from amino acids by regulated
enzymatic reactions. DA has essential roles in regulating movement!®, spatial

187

memory function!®’, motivation!88

, arousal'®, reward %0, lactation®!, sexual

behaviour'®?, and nauseal?3, etc.

DA is synthetized from tyrosine (an amino acid introduced with diet) in a two-step
reaction that takes place in the cytosol of dopaminergic neurons. The enzyme
tyrosine hydroxylase (TH, the rate-limiting enzyme of the reaction) converts tyrosine
in levodopa (L-DOPA) using oxygen and iron as co-factors®*. Then, L-DOPA is
converted in DA by the enzyme DOPA decarboxylase (DDC). Other synthetic
pathways can occur: for example DA could be indirectly synthetized from
phenylalanine!® or, in SN, from p-tyramine through cytochrome P450 2D6 (CYP)%,
After being synthesized, DA is stored in vesicles via the vesicular monoamine
transporter (VMAT) until firing. Moreover, in adrenergic and noradrenergic neurons,
DA could further be processed in norepinephrine and epinephrine by the enzyme DA-
beta-hydroxylase (DBH)¥’.

Usually, DA is metabolized by enzyme monoamino-oxydase B (MAO-B) into 3,4-
Diidroxyphenylacetaldehyde (DOPAL), further processed by enzyme aldehyde
dehydrogenase (ALDH) in 3,4-siidroxyphenilacetic acid (DOPAC). DOPAC can be
further metabolized in homovanillic acid (HVA) by enzyme catechol-O-
methyltransferase (COMT)®4. When not stored in vesicles or metabolized by MAO
and COMT, DA undergoes spontaneous oxidation, generating DA quinones, which are
more toxic species'®. DA quinones polymerize and form neuromelanin, a dark
pigment that gives its characteristic colour to SN,

Figure 6 shows DA pathways of synthesis and degradation.
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Figure 6: Dopaminergic pathways of synthesis and degradation.

DA release is mediated principally by two different mechanisms: phasic and tonic
release. Phasic release occurs in response to action potential in dopamine-containing
cells; whereas tonic release happens independently from presynaptic action
potentials and it is regulated by the activity of other neurons®. After being released
in the synaptic cleft, DA is internalized by selective reuptake mediated by DA

transporter (DAT) and metabolized.

Five different types of DA receptors have been sequenced until now: D1, D2, D3, D4,
D5. All types of DA receptors are metabotropic (G-protein coupled) and lead to the
formation of second messengers, which can activate or inactivate specific signalling

pathways%4,

Principally, DA receptors are widely expressed in the central nervous system, but can
also be found in retina, blood vessels, heart, kidney, adrenal glands, gut; where they
control catecholamine release and the renin-angiotensin system?®. In the brain, D1
and D2 type receptors are the most abundantly expressed, and rarely co-expressed

on the same cell?%,

DA receptors are subdivided into two different families: D1-like (receptor D1 and D5)
and D2-like (receptor D2, D3, D4). D1-like receptors are expressed mainly in the

striatum, ACC, SN pars reticulata, AMY and frontal cortex; whereas D2-like receptors
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are expressed in striatum, globus pallidum, nucleus accumbens core, VTA,
hypothalamus, AMY, cortical areas, hippocampus, pituitary gland?®l. Moreover, D1-
like receptors are coupled to Gas; while D2-like receptors are coupled to Gai. Another
difference between the two families of receptors is that DA has from 10 to 100-fold
greater affinity for D2-like receptors, as compared to D1-like. Additionally, several
studies demonstrated that DA receptor can dimerize with other receptors (for
example there is evidence of D2-D4 dimers, or D1-NMDA ones) which have complex

and different signalling properties®.

When DA binds to D1-like receptors, since they are coupled to Gas proteins, it
activates protein adenylate cyclase, which produces higher levels of cAMP that
stimulate the activity of protein kinase A (PKA). Differently, when a D2-like receptor
is activated, since it is coupled to Ga; protein, there is the inhibition of adenylate
cyclase, less production of cAMP and inhibition of the activity of PKA. PKA has lots of
targets, including cAMP response element-binding protein (CREB), glutamate
receptors, GABA receptors, ion channels'®®. Another target of PKA is the dopamine
and cAMP regulated phosphoprotein 32-kDa (DARPP-32), which is able to amplify
PKA signalling and integrate or modulate signalling pathways of numerous
neurotransmitters?®2, DARPP-32 inhibits protein phosphatase 1 (PP1), which is
responsible of histone dephosphorylation, thus promoting a phosphorylated state in
the cell and enhancing PKA-mediated signalling. PP1 inhibition inactivates striatal
enriched tyrosine phosphatase (STEP) dephosphorylation, which does not
dephosphorylate extracellular-signal regulated kinases (ERK) that has a role in cell
death and development. ERK could also be activated by D2-like receptors with a
mechanism that is still unclear’®. At the same time, D2-like receptor activation
increases the concentration of Ca?*, and promote calmodulin-dependent protein
phosphatase 2B (PP2B), which can dephosphorylate DARPP-32293, DARPP-32 may

interact with different proteins, hormones, and neurotransmitters2°2,

Ggy subunit of both receptors D1 and D2-like has been shown to participate in the
modulation of GABA receptors, brain derived neurotrophic factor (BDNF) activation
and several ion channel modulation such as: G protein inwardly rectifying potassium

channels (GIRKs), L and N type Ca%* channels, Na*/K* ATPase!%.
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Other dopaminergic receptors may also couple with Gag protein (D5, D1-D2 dimers),
which results in phospholipase C activation (PLC) and production of diacylglycerol
(DAG) and inositol triphosphate (IP3); which result respectively in incrementing Ca®*
concentration and activation of protein kinase C (PKC). These activations result in
PP2B and calcium calmodulin dependent protein kinase Il (CaMKIl) pathways

regulation®4,

Other G protein coupled receptors can modulate dopamine receptors: in particular G
protein coupled receptor kinases GRK2 and GRK3 can phosphorylate D1, D2 and D3
receptors. In particular, D2 receptor phosphorylation results in its binding to B-
arrestin and internalization. The complex D2 receptor-Barrestin is capable to
inactivate PI3K-AKT signalling (linked to cell survival, proliferation, glucose
metabolism, gene transcription) and activate GSK3 pathway (related to circadian

response and reward behaviour)'%,

Figure 7 shows most important pathways for DA signalling.
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Figure 7: Dopaminergic signalling pathways.

As mentioned before, DA has fundamental roles in neuromodulation, motivation,
reward, cognitive function, feeding and influences both the immune, cardiovascular,
gastrointestinal and renal systems; all these actions are exerted thanks to central

pathways. In the brain, DA is mainly synthetized in VTA and SN; which are the two
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main brain areas where dopaminergic cell nuclei reside. From VTA and SN,
dopaminergic neurons release projections to other brain areas. In particular, we can
talk about a mesocortical pathway (from VTA to PFC) and a mesolimbic pathway (from
VTA to ACC), which combine in the mesocorticolimbic system that has a fundamental
role in reward and motivation, appetite-motivated behaviours, determination of
personality traits. Mesocorticolimbic system is fundamental also in regulating food
intake: food exposure leads to DA release in these regions and high-palatable food
consumption causes DA neuron firing from VTA to ACC. Disfunction in the
mesocorticolimbic system have been related to drug addiction, reward impairments,

mood disorders2%.

From VTA other projections reach amygdala, hippocampus, cingulate gyrus and

olfactory bulbs!®*,

On the other hand, neurons departing from SN project to the DLS, forming the
nigrostriatal pathway; principally involved in controlling movement, motivated

behaviours, central pain modulation%4,

Another pathway involving DA is the tuberoinfundibular: it is composed by projections
of DA neurons from ARC and PVN to pituitary gland; this pathway is involved in the

control of the secretion of prolactin®®*,

The less investigated dopaminergic pathway is a diencephalic cluster in the dorsal
posterior hypothalamus (known as A1l region), which projects to neocortex,
serotonergic dorsal raphe (DR), dorsolateral funiculus; controlling ascending sensory

information, cardiovascular and sympathetic activity®*.

Figure 8 shows dopaminergic pathways in CNS.
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Figure 8: Dopaminergic pathways in CNS. Image was extracted from Klein et al*®,

Numerous diseases involve dopaminergic system disruption: between them, we can
find Parkinson’s disease, Huntington’s disease, schizophrenia, attention deficit,
hyperactivity disorder and addiction?®*; at the same time numerous pathological
conditions can disrupt the dopaminergic system and, between them, we can also find

obesity.

Several studies have been investigating the role of the dopaminergic system in obesity,
and whether dopaminergic impairments could cause obesity or if obesity could cause
modifications to the neurotransmitter’s pathways: several obesity-related psychosocial
(emotional eating, depression) and metabolic (insulin sensitivity) factors have been
linked to disturbances in the dopaminergic system?%. On one hand, in the last years a
new hypothesis on obesity pathogenesis has been investigated: the reward deficiency
hypothesis states that excessive food intake is necessary to compensate a diminished
reward effect of food consumption due to decreased dopaminergic activity!’. DA has
a crucial role in feeding, since transgenic mice that do not synthetise DA die of
starvation because of their lack of motivation to eat?®: in humans, palatable food
ingestion causes DA release in DLS in proportion to the self-reported level of pleasure
deriving from eating?”’. In mild obesity, decreased tonic/increased phasic DA release

was noticed; differently from increased tonic/ decreased phasic DA release in the
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progression of obesity pathology?®®. On the other hand, patients with metabolic
obesity due to leptin deficiency show major activation of DA mesolimbic targets to
visual food stimuli, associated with food wanting, even when the subject had just been
fed?%*, Moreover, alterations of normal response to orexigenic and anorexigenic

peptides in dopaminergic neurons were detected in these subjects?%°,

Preclinical and clinical studies in obesity have provided evidence of reduced DA
signalling in the striatum: importantly, a decrease of D2, that in this region has been
linked to compulsive food intake; decreased metabolic activity in ACC and orbitofrontal
cortex that facilitate hyperphagia, reduced sensibility to rewards compensated with
overeating. Moreover, a negative correlation between D2 and BMI was reported in
obese and overweight people?®. In the same area, blunted striatal DA concentrations
have been described in numerous studies and low striatal DAT levels were detected?%°.
In addition to lower D2 availability, weight gain has been associated with genetic
differences in D2, in Taql allele of ANKK1 gene?®. Moreover, D4-L allele modifications
have been associated with higher BMI?°. Polymorphisms in DA receptors D2, D3, D4;
in DA transporter (DAT1), in enzymes of DA degradation (COMT, MAO) have been
related with obesity?!l. At the same time, evidence suggests that increased
consumption of high-fat foods causes decreased DA activity in VTA2!2, Moreover, diet-
induced obesity has been linked to decreased TH expression in DA relevant brain
regions?%, All this evidence of decreased activation of DA in response to food intake
might be the reason of overconsumption, which takes place in order to compensate

weak DA signals?®3,

8. CENTRAL MONOAMINERGIC NEUROTRANSMITTERS:
NORADRENALINE

Another important central neurotransmitter is noradrenalin or norepinephrine (NA),
discovered in the early ‘40s by UIf von Euler?'4. Central NA is produced in locus
coeruleus (LC) and it’s involved in learning, anxiety, pleasure, arousal, attention,

stress21>216,
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NA shares the same biosynthetic and degradation pathways of DA; since it's
synthetised from the amino acid tyrosine. Tyrosine goes through hydroxylation and
decarboxylation, giving DA; which is further oxidated by enzyme DBH to produce NA.
Once produced, NA is stored in vesicles thanks to transporters VMAT-1 and VMAT-2.
Due to neuron stimulation, NA is released in the synaptic cleft; and then reuptake by
norepinephrine transporter (NET) into the presynaptic neuron or metabolized by
enzyme COMT and MAO, likewise DA. In the preferential way of degradation, NA is
converted in NA aldehyde by MAO; then reduced by ALDH in 3,4-
dihydroxyphenilglycol and processed by COMT in 3-Methoxy-4-hydroxyphenyl glycol
(MOPEG)?226,

Figure 9 shows synthesis and degradation pattern of NA.
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Figure 9: Noradrenergic pathways of synthesis and degradation.

Like DA, NA release can happen in two distinct modes: tonic and phasic. Tonic activity
is typical of wakefulness, decreases during slow-wave sleeping and ceases during
REM sleep. On the other hand, phasic release happens during focused attention and

accurate task performance?®,

Central actions of NA are promoted by its binding to noradrenergic receptors. All
noradrenergic receptors are coupled to G protein, and can be subdivided into three
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different families: a1, a2, B. In general, excitatory effects are mediated by ai and B
receptors; whereas inhibitory ones are mediated by L.
a1 receptors are linked to Gq sub-unity; their activation results in PLC activation, IP3
and DAG production; increased intracellular Ca?* concentration, reduction of
potassium conductance and increased cell excitability. Principally, these are
postsynaptic receptors in hippocampus, thalamus, striatum, raphe, VTA.
Differently, a, receptors are coupled to Gip protein; their activation inhibits
adenylate cyclase and results in increased potassium conductance, decreased
intracellular Ca?* concentration, reduced neurotransmitter release. These receptors
are found as somatodendritic autoreceptors in LC, or presynaptically in noradrenergic

and non-noradrenergic terminals.

B receptors are coupled to Gs; their activation stimulates adenylate cyclase, cAMP,
PKA cascade and results in promoting repetitive discharge, facilitating long term

potential. Principally, they are found in cerebellum, blood vessels and astrocytes.

Figure 10 shows noradrenergic pathways linked to receptor activation.
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Figure 10: Noradrenergic signalling pathways.

In the brain, NA is produced only in LC. Several neuropeptides are expressed in LC
neurons, and so regulate NA release: between them the most important is galanin??/;

whose release modulates wake/sleep states, nociception, feeding and parental
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behaviour?®, LC neurons also express NPY; and some of them may co-express both
galanin and NPY?Y’. However, NA neurons contain several adrenoreceptor subtypes,
mostly a; and a2?*°. Nicotinic acetylcholine receptors are also highly expressed
within the LC?!4. Moreover, LC receives afferent innervation from bed nucleus of stria
terminalis, cerebellum, central amygdala, cortex, hippocampus, periaqueductal grey.
At the same time, several are the projections that NA neurons have throughout the
brain, departing from LC: nearly all brain regions present DBH positive axons; except
for DA areas. Regions rich in noradrenergic projections are: forebrain, cerebellum,

brainstem, spinal cord?!4,

NA neurons disruption in LC has been linked to several pathologies: Alzheimer’s
disease, Parkinson disease, multiple sclerosis, psychiatric disorders, anxiety,
depression have been correlated with NA neuron loss, degeneration or

alteration214.216,

More interesting for the aim of this thesis, central NA is involved also in the control of
food intake. In particular, noradrenergic fibres form the brainstem project to
hypothalamus??°. Activation of ai and B receptors decreases food intake; whereas
activation of a; receptors increases food intake. In particular, in PVN cells a1 receptor
activation induces excitatory effect that inhibits food intake; whereas a; receptor
activation has been linked with the disinhibition of descending satiety cells, thus
stimulating food intake??’. A proof sustaining this hypothesis is that the
administration of amphetamine (a DA-NA-reuptake inhibitor and releasing agent) has
weight reducing effects mediated by increased NA signalling in the hypothalamus??2,
Additionally, is important to say that peripheral NA, as principal neurotransmitter of
the sympathetic nervous system, has an important role in controlling energy
homeostasis and fat storage for its expression in both white and brown adipose

tissue?23.

Up to date, there is not any literature linking obesity and alterations to the central

noradrenergic system.
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9. CENTRAL MONOAMINERGIC NEUROTRANSMITTERS:
SEROTONIN

Serotonin (5HT) was discovered by Italian scientist Vittorio Erspamer in 1937 in
enterochromaffin cells of gastrointestinal tract??*. Only in 1957 Brodie and Shore

proposed that serotonin could be a neurotransmitter??>

, and evidence demonstrated
that SHT receptors were abundant in the CNS?%8. Since then, several roles have been
attributed to central 5HT in the regulation of mood, behaviour, sleep, body

temperature, sleep cycles, appetite and also in several pathologic conditions?2®.

5HT is a monoamine, such as DA and NA, and it’s synthetised from the essential
amino acid tryptophan. First, tryptophan is hydroxylated by enzyme tryptophan
hydroxylase (TPH) in L-5-hydroxytriptophan; then it’s decarboxylated by enzyme L-
aromatic amino acid decarboxylase (AADC) in 5HT??’. Enzyme TPH is specific for
tryptophan and is considered the rate-limiting enzyme of the reaction. Mainly, in the
brain, S5HT synthesis happens in DR. Here, serotonin is stored in vesicles until neuron
firing. Consequently with 5HT release in the synaptic cleft, 5HT can be restored in the
presynaptic neuron thanks to selective serotonin transporter (SERT) or metabolized
by MAO?2 in 5-hydroxyindolacetic acid (5-HIAA). Alternative pathways of SHT
degradation happen in pineal glands, where it is converted into melatonin??®.

Figure 11 shows serotonin synthesis and degradation pathways.
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Figure 11: Serotonergic pathways of synthesis and degradation.
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S5HT explicates its action in the CNS thanks to the binding with its receptors: up to
date, seven different types of S5HT receptors (5HTRi.;7) have been cloned.
Exceptionally from receptor 5HTRs3, all serotonin receptors are G-coupled. In
particular, receptors 5HTR1 and 5HTRs are coupled to Ggi protein; receptor 5HTR; is
coupled to Gq protein; receptors 5HTR467 are coupled to Gqs protein; whereas 5SHTR3

receptor is a potassium channel???,

Talking about 5HTRj, different subtypes have been cloned until now: 5HTR1a; 5HTR1g;
5HTR1p; 5HTR1e23°. Principally, receptor 5HTR; is expressed in DR as a presynaptic
receptor, where it inhibits further release of 5HT, or as a post synaptic receptor in
PFC and other cortical areas, modulating DA release?3. Several antidepressant or
antimigraine drugs act on these receptor type??°,
SHTR; is present in three different subtypes (A, B, C) and its activation leads to
intracellular calcium increase??®. 5HTR2a is one of the most studied 5HT receptor
since it’s widely expressed in the cortex?*? and it is involved in hallucinogen
actions®33. On the other hand, 5HTRyc is located principally in the VTA where it
regulates negatively DA release to ACC?%,
5HTR3 has been linked to fast excitatory and inhibitory neurotransmission; five
different subtypes have been isolated in humans until now (A, B, D, E, F). Also this
receptor is widely expressed throughout the brain and in particular in hippocampus,
AMY, ACC, frontal and entorhinal cortex?34,
5HTR4 receptor has been involved in the long-term potentiation of hippocampus?®;
5HTR4 KO animals show stress-induced feeding disorders?36,
S5HTR5 has been less characterized: up to date, two different subtypes of the
receptors are known (A, B) and both are localized in cortex and cerebellum?¥.
Selective antagonists are able to impair memory?3® and reduce acoustic startle?3.
5HTRs and 5HTR; are localized in thalamus, hypothalamus, hippocampus and
peripheral tissues??%; their function is still not clear even if 5SHTR¢ antagonists may

have cognitive enhancing properties?32 and SHTR; ones antidepressant effect?40,

Figure 12 shows 5HT main pathways due to receptor binding.

43



S5HT SHT

e 111 £ REBR £
T

5HTR,
)

| ™1P3 1DAG |

2+ Og
MCa 23

Figure 12: Serotonergic signalling pathways.

As said before, 5HT is a fundamental neurotransmitter regulating mood, behaviour,
movement, pain appreciation, sexual activity, appetite, endocrine secretions, cardiac
functions, sleep wake cycle. In the CNS, 5HT is synthetised in the raphe nuclei and in
some parts of the brain stem. From here, fibres extend to many parts of the brain,

including cerebral cortex and limbic areas, AMY, hypothalamus?*°.

Various pathologies have been connected with serotoninergic system disruption: for
example, excessive 5HT has been linked with anxiety, obsessive-compulsive
disorders, anorexia, bulimia; while 5HT imbalances with NA are at the basis of

depression?'>.

Along with the other roles explicated by central 5HT, there’s food intake. Direct
action on neurons in ARC (a region of the brain that has strong importance in
regulating feeding behaviour) is explicated by several serotonin drugs: for example,
fenfluramine, a 5HT reuptake inhibitor and releasing agent, is able to stimulate POMC
neurons firing?*%. In fact, both POMC and NPY-AgRP neurons in ARC present 5HTR1c
and 5HTRis respectively??2. Also other cerebral regions may be involved in these
actions, since 5HT neurons innervate also parabrachial nucleus and dorsal motor
nucleus of the vagus and can act directly on the dopaminergic system through some
GABA interneurons in the VTA presenting both 5HTRia and 5HTRxc??2.
Several studies have proven that drugs that increase the quantities of S5HT within

synapses can cause wight reduction?*?. Actually, there are three mechanisms by
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which 5HT is able to promote weight loss: it accelerates the onset of satiety?*3,

244 and inhibits carbohydrate craving?#*; that’s why for

enhances basal metabolic rate
long time drugs acting on the serotonergic system have been used as obesity
treatments, even if with poor clinical results. The most interesting of these three
actions, for the aim of this thesis, is 5HT role in carbohydrate craving. Animal studies
suggest that eating carbohydrate-rich, protein-poor foods can act increasing
tryptophan levels via the hormone insulin; thus enhancing TPH activity and 5HT
production?*®. Confirming this hypothesis, rats given free access to carbohydrate-rich
and protein-poor foods or normal chow, suppress the consumption of the former
when administered with drugs that selectively rise SHT release?*”?*8, In addition, rise
in the concentration of 5HT in response to carbohydrate consumption results in
mitigating mood disturbances: there is a subset of obese patients whose weight
problems are associated with atypical depression and uncontrolled carbohydrate
intake?*.  In addition, peripheral 5HT is one of the main transmitters of
gastrointestinal nervous system and can affect directly on digestion, energy intake,

release of gastrointestinal hormones?*°,

Clinical studies on obese people have detected various variations to the serotonergic
system: in particular, a positive correlation between 5HTR;a expression and BMI in
cortical areas, hippocampus and insula; and increased 5HTR4 availability in multiple
brain regions, including DLS?%. Increased availability of 5HT receptors is linked to
lower intrasynaptic S5HT concentration; supporting a hypo serotonergic hypothesis of
obesity. Several studies have been investigating SERT variations in obese people,
giving contradictory results and without finding a clear relationship between BMI and

SERT alterations2%°.
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10. AIM OF THE STUDY

Obesity is becoming one of the most important health issues of our modern society?,
due to its spread diffusion and high number of associated comorbidities4. The high
availability of caloric, energy dense food, rich in fats and sugar has led to the
development of a new type of addiction, that is food addiction; where the
consumption of high palatable food is necessary to alleviate negative states deriving
from the mind??°. Even if the relationship between obesity and mental health issues
has been less investigated compared to other comorbidities, several epidemiologic
studies suggest a link between obesity and depressive/anxiety disordersi#2,
In particular, literature suggests that obesity is linked with neuroadaptive changes that
provoke reduced reward response to food cues!'??, thus diminishing the hedonical
rewarding properties of food?® and shifting food consumption from a positive
reinforcement towards a negative one necessary to prevent or relieve mood
alterations or somatic symptoms deriving from abstinence?’.

The aim of our study was to investigate whether exposure and subsequent abstinence
from a cafeteria-style diet (rich in fat and sugar, based on the model of Johnson and
Kenny?>°) was able to produce mood alterations and reward impairments in rats:
behavioural tests were performed to assess the presence of anxiety-like behaviours
and depressive-like phenotypes after 28 days of diet abstinence. Knowing the
important role that monoamines have in the reward system and in the
physiopathology of anxiety and depression?>!, expression of enzymes responsible of
monoamine synthesis (TH, DBH, TPH) along with DA, NA and 5HT concentration were
analysed in key brain areas through immunofluorescence and HPLC analysis
respectively. Along with monoamines, also endocannabinoid system role is
fundamental in reward, mood and behaviour, food intake, inflammation and
plasticity'34. Therefore, western blot analysis of the expression of receptors and
proteins of synthesis and degradation partaking to the endocannabinoid system were
run in key brain areas, with the aim to evaluate its variations in diet exposure and
consequent withdrawal in collaboration with prof. Fernando de Fonseca at the IBIMA
institute of Malaga. Moreover, knowing that both obesity, anxiety and depression are
pathologies associated with a chronic state of inflammation, we analysed the

expression of GFAP and IBA-1, that are markers of neuroinflammation. With the aim to
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correlate behavioural variations to neuroadaptive changes, several Pearson
correlations tests were run to analyse the effect of diet exposure and abstinence: first
of all, we analysed the relationship between behavioural parameters and
monoamines, to discover which monoaminergic system is the most implied in mood
alterations; then we run correlative analysis of single monoamine or protein within all
the brain areas analysed, observing the functional interaction for each one throughout
the different areas and lastly, we analysed the correlations between monoaminergic
content and protein expression in each area, with the aim to study the interconnection
between monoamines and endocannabinoid system in each brain region.

At the same time, second aim of our study was to evaluate if PF-3845 administration
was able to revert the effects of diet exposure and withdrawal in reward, mood,
inflammation, monoaminergic and endocannabinoid systems: as said in the
introduction, PF-3845 is an irreversible inhibitor of FAAH and is able to rise the
endogenous concentration of acylethanolamides and exert anxiolytic and
antidepressant-like effect?>22>*, AEA, PEA and OEA have an important role in the brain,
thanks to their binding to CB1 and PPAR-alpha receptor respectively: in particular, AEA
controls emotionality and mood!®’; while OEA and PEA decrease appetite, reduce
inflammation, participate to the control of reward related behaviours mediated by
PPAR-alpha®®25>, Several studies suggested that AEA, PEA and OEA have a role in the
fine-tuning control of hedonic and homoeostatic aspect of food intake?>°; suggesting
that their pharmacological increase might counteract the neuroadaptive changes that
sustain the development of FA, obesity, and related comorbidities such as anxiety and

depression.

Summarizing, our hypothesis was that cafeteria diet exposure and subsequent
abstinence in rats might provoke neuroadaptive changes in the brain that turn into
reward and behavioural alterations. At the same time, we imagined that the
manipulation of the endogenous tone of acylethanolamides with PF-3845 might be
effective in restoring reward and behavioural impairments through the modulation of

brain monoaminergic and endocannabinoid system.
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Seen so, main objectives of this thesis are:

- to investigate whether cafeteria diet exposure and abstinence can induce anxiety-like
behaviour, depressive like phenotype, reward impairments, neuroinflammation and
what neural changes in monoaminergic and endocannabinoid systems are associated
with them;

- investigating whether PF-3845 administration can ameliorate such alterations and

through which mechanism.
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CHAPTER 2 — MATERIALS AND METHODS

1. ANIMALS, DIET AND EXPERIMENTAL DESIGN:

Male Wistar rats were purchased from Charles River; their body weight was around
300-350 g at the beginning of the experiments. Rats were group-housed under a 12 h
light/dark cycle (lights on at 8:00 A.M.), at constant temperature (20 —22°C) and
humidity (45-55%) and with access to food and water ad libitum for the entire period
before starting the experiments. All experiments were performed in accordance with
the European directive 2010/63/UE governing animal welfare and with the Italian

Ministry of Health guidelines for the care and use of laboratory animals.

The first day of the experiment (day one), animals were randomly subdivided into two
different groups:

- Control group (CHOW; n=14): rats were given ad libitum standard food pellets
(4RF18; Mucedola; 2.6 kcal/g);

- Cafeteria group (CAF; n=12): rats were given ad libitum standard food and also
extensive access (24h/7 days) to a CAFETERIA diet. Cafeteria diet model was
developed in accordance with previous model described by Johnson PM, Kenny
PJ?°0 and consisted in exposing rats to a mixture of various foods available for
human consumption: such as mortadella (3.2 kcal/g), cookies (Macine, 4.8 kcal/g)
muffin (Mr Day 4.5 kcal/g), cheese chips (Fonzies; 5.3 kcal/g), cheese (4.3 kcal/g),
sippets (San Carlo; 5.5 kcal/g) and lard (9 kcal/g). Each food was individually
weighed before being made available to the rats. The caloric intake from the
various foods was calculated based on the nutritional information provided by

the manufacturer.

Animals followed the eating schedule described until the end of phase 1 of the
experiment (from day 1 to day 40). At day 41, CAF rats underwent a 28 days
abstinence period (phase 2 of the experiment) from CAFETERIA diet; in particular, CAF

rats had only access ad libitum to standard food pellets (4RF18; Mucedola; 2.6 kcal/g)
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until the end of the experiment (day 68). CHOW rats were maintained with ad libitum

standard food until the end of the experiment.

At the same time, during phase 2 of the experiment (day 41-68), CAF rats were treated
every other day with subcutaneous injections of PF-3845 10 mg/kg (CAF PF group; n=5)
or with vehicle (VEH) consisting in ethanol/tween 80/saline in a proportion 5/5/90
v/v/v (CAF VEH group; n=7). ldentically, also animals from CHOW group were treated
either with PF-3845 10 mg/kg (CHOW PF group; n=6) or with VEH (CHOW VEH group;

n=8). The experimental design is depicted in Fig.1.

Body-weight and food intake were measured every day, in both phase 1 and 2 of the

experiment.

Phase 1 : exposure to the diet Phase 2 ; abstincence

I I I I I | | I I | | I | | I I | |
day 4 & 12 16 20 24 28 32 3 40 44 48 52 56 60 64 63

_ CHOW PF; n=6

Ad ifbitum standard pellet
PF-3845 s.c. administration every other day

_ CAF PF; n=5

Ad libitum standard pellet
PF-3845 s.c. administration every other day

Fig.1: Experimental design. Rats were exposed to a cafeteria-style diet (including bacon, sausage,
chocolate, cookies, etc) for 40 days. A control group of rats with ad libitum access only to standard
chow and water was also included in the study. After the first 40 days of cafeteria diet exposure, rats
underwent an abstinence period for 28 days, with no longer access to the cafeteria diet but still ad
libitum access to standard chow. During the abstinence period, animals were treated either with the
FAAH inhibitor PF-3845 (10 mg/kg, s.c.) or its vehicle administered every other day.
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2. BEHAVIOURAL TESTS

At the end of the treatment rats underwent a battery of behavioural tests to evaluate
whether cafeteria diet abstinence might have affected anxiogenic- and or depressive-
like behaviour in our rat model and whether PF-3845 chronic treatment might rescue

these effects.

In particular, on the day 68, 24h after the last administration of PF-3845 animals were
subjected to elevated plus maze paradigm (EPM). The day after (first day without
treatment) animals underwent open field test (OFT); day two and three without
treatment rats were subjected to forced swimming test (FST). All behavioural test were
carried in a sound-attenuated room illuminated by a dim red light (30 lux).

Figure 2 shows the timeline of behavioural tests.

Last day of Days without treatment
experiment
| |
| \ ! \ \ ! !
day 68 1 2 3 4 5
v v v v v
EPM OFT FST FST SACRIFICE

Fig.2: Timeline of behavioural tests.

2.1 OPEN FIELD TEST (OFT):

OFT is a behavioural test used for the evaluation of the general locomotor activity of
rats which is strictly related to their feeling of anxiety. It was developed by the
American psychologist Calvin S. Hall in 1932 to test the emotional behaviour of rats.
Lots of variables can be examined during the OFT but the most important are the
thigmotaxis, which is the propensity of the rat to stay near the walls of the arena
(index of an anxiety-like behaviour) and habituation, evaluated as exploratory

behaviour, ongoing in a novel environment?°®,

For the execution of OFT, automated locomotor activity boxes (square plastic boxes
with a 43 x 43 cm arena and a 25 x 25 cm central zone; Med Associates, St Albans,
Vermont, USA) were used to quantify spontaneous activity parameters. Locomotor

activity was recorded automatically by interruption of two orthogonal light beams (3.5
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and 13 cm above the activity box floor), which were connected to automatic software.
Increased locomotor activity in the entire field was considered a sign of behavioural
arousal, while a reduced locomotor activity in the central zone and numbers of entries
into the central zone were considered signs of increased emotionality, anxiety, or fear
in rodents. Each animal was tested for twenty minutes. Between test sessions, the

apparatus was cleaned with alcohol (70%) and dried with a cloth.

2.2 ELEVATED PLUS MAZE PARADIGM (EPM):

The elevated plus-maze (EPM) test aims to detect anxiety behaviour in rodents
reflected by avoidance of open area exploration?*’. It was developed by the researcher
Jon K. Sheperd; who noticed that rats in an open, closed or elevated space display a
conflict between the natural explorative behaviour and the aversion for open/elevated
spaces. Animals obliged to stay in open arms display fear, immobility, defecation, an
increment of plasma corticosteroids. Similarly to the OFT, animals with anxiety-like
behaviour prefer staying in closed arms and avoid the open ones?>%,

The EPM used for our experiments consisted of two open arms and two closed arms
each measuring 55 (length) x 10 cm (width), with black wooden floors emanating from
a common central platform (10x10 cm) to form a plus shape. The open arms were
without edges both on the sides and ends, while the closed arms had 40-cm high
painted black wood walls. The maze was elevated 80 cm above the ground. The rats
were brought to the room in a clear plastic neutral box measuring 32x22x11 cm. The
maze was carefully cleaned between each rat exposure and positioned in a closed
white room. Parameters measured included time spent in the closed arms, in the open
arms and in the centre. The animals were placed in the centre of the maze facing an
open arm. They were observed and scored via a closed-circuit TV camera fixed at the
ceiling with an observation monitor located in an adjacent room and their behaviour
recorded by an expert group of experimenters, unaware of the treatments, for a

period of 5 min.
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2.3 FORCED SWIMMING TEST (FST):

FST is known also as Porsolt FST; from the name of the behavioural scientist who
invented it in 1977. The method was based on the observation that the rat, when
forced to swim without possibility to escape, stops moving completely after the initial
period of intense activity (swimming, climbing) and performs only the movements
necessary to keep the head above water. This state of easily identifiable behavioural
immobility has been described as the state of “despair” when the animal realizes that
the escape is impossible and gives up?®. FST is the most widely used test to evaluate
the effects of antidepressants. Interestingly, antidepressants drugs reduce the

immobility time, which is used as the main predictor of antidepressant action?>®.

In our study, each rat was put in a plexiglass cylinder (diameter 29 cm; height 50 cm)
filled with water at 25-27 °C of temperature. Each animal was subjected to two
swimming sessions separated by 24 h: the first session lasted 15 min, whereas the
second one, the only monitored, 5 min. Water was changed after every trial and

animals were gently dried with a towel after swimming.

3. SACRIFICE:

Two days after the last behavioral test (fifth day without treatment), the animals were
euthanized by CO; overdose. Brains were extracted and immediately snap-frozen in 2-

methyl butane (-50°C) and stored at -80°C until processed.

4. CEREBRAL DISSECTION:

Each brain was cut with a cryostat (model HM550; Thermo Fisher Scientific,
Kalamazoo, MI, USA) partially in 20 um coronal sections mounted on positively
charged microscope slides (SuperFrost Plus, Menzel, Germany) and stored at —80 °C for
immunofluorescence analysis and partially microdissected into different regions of
interest collected in microtubes (pooled from both hemispheres), weighed to a high

degree of accuracy by using a microbalance and stored at -80°C until processed.
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In particular, we collected from both hemispheres: the prefrontal cortex (PFC), medial
prefrontal cortex (mPFC), dorsolateral striatum (DLS), accumbens (ACC), amygdala
(AMY), hypothalamus (HYPO), ventral pallidum (VPL), dorsal hippocampus (dHIPPO),
ventral hippocampus (vHIPPO), periaqueductal grey (PAG), dorsal raphe (DR), locus
coeruleus (LC), ventral tegmental area (VTA), substantia nigra (SN), lateral parabrachial

(LPB).

Figures 3-8 show significative images from Paxino’s brain atlas®>®, used as a reference

while micro punching and dissecting areas.

Fig.3: Representative image of figure 8 from Paxino’s rat brain atlas. Dissected regions of interest in this
area were mPFC (in orange) and PFC (in brown).
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Fig.4: Representative image of figure 11 from Paxino’s rat brain atlas. Dissected regions of interest in
this area were DLS (in red); ACC (in green); VPL (in light blue).
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Fig.5: Representative image of figure 35 from Paxino’s rat brain atlas. Dissected regions of interest in
this area were DHIPPO (in violet); HYPO (in red); AMY (in blue).

Fig.6: Representative image of figure 44 from Paxino’s rat brain atlas. Dissected regions of interest in
this area were VHIPPO (in green); SN (in brown); VTA (in grey).

Fig.7: Representative image of figure 51 from Paxino’s rat brain atlas. Dissected regions of interest in
this area were PAG (in pink); DR (in brown).
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Fig.8: Representative image of figure 58 from Paxino’s rat brain atlas. Dissected regions of interest in
this area were LC (in grey); LPB (in green).

5. IMMUNOFLUORESCENCE ANALYSIS:

5.1 TH and CB1 double fluorescence immunostaining

TH and CB1 double fluorescence immunostaining was performed on brain section
series containing PAG, DR, SN, VTA, DLS, ACC. Sections were defrosted and post-fixed
in a 4% PFA solution for 15 minutes at 4°C. Then, sections were rinsed with PB (0.1 M;
pH= 7.4) and incubated for 1 hour with a solution containing 0.3% Triton X-100 (Sigma
Aldrich), 1,5% Normal Goat Serum (Jackson Immunoresearch), 1% Normal Donkey
Serum (Jackson Immunoresearch). After additional washes, sections were incubated
with primary antibody solution containing mouse anti-TH antibody (1/900; LNC1,
Millipore) and CB1 rabbit antiserum 2825.3 (raised against C-terminal residues 461—
473) for 2 overnights at 4°C. Sections were then incubated with Donkey anti-mouse
Alexa Fluor 488 secondary antibody (1/250 dilution, Invitrogen) and Goat anti-rabbit
Alexa Fluor 594 secondary antibody (1/400, Invitrogen) for 90 minutes in the presence
of Hoechst 33258 (1:5000 dilution; Sigma-Aldrich), used to detect cell nuclei. After

final washes slides were cover-slipped with Fluoromount (Sigma Aldrich).
5.2 DBH and CB1 double fluorescence immunostaining

DBH and CB1 double fluorescence immunostaining was performed on brain section

series containing LC. Sections were defrosted and post-fixed in a 4% PFA solution for
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15 minutes at 4°C. Then, sections were rinsed with PB (0.1 M; pH= 7.4) and incubated
for 1 hour with a solution containing 0.3% Triton X-100 (Sigma Aldrich), 2% Normal
Goat Serum (Jackson Immunoresearch), 1.5% Normal Donkey Serum (Jackson
Immunoresearch), 1.5% BSA (Serva Electrophoresis). After additional washes, sections
were incubated with primary antibody solution containing mouse anti-DBH antibody
(1/900; MAB308, Millipore) and CB1 rabbit antiserum 2825.3 (raised against C-
terminal residues 461-473) for 2 overnights at 4°C. Sections were then incubated with
Donkey anti-mouse Alexa Fluor 488 secondary antibody (1/350 dilution, Invitrogen)
and Goat anti-rabbit Alexa Fluor 594 secondary antibody (1/400, Invitrogen) for 90
minutes in the presence of Hoechst 33258 (1:5000 dilution; Sigma—Aldrich), used to
detect cell nuclei. After final washes slides were cover-slipped with Fluoromount

(Sigma Aldrich).
5.3 TPH fluorescence immunostaining

TPH fluorescence immunostaining was performed on brain section series containing
DR. Sections were defrosted and post-fixed in a 4% PFA solution for 15 minutes at 4°C.
Then, sections were rinsed with PB (0.1 M; pH= 7.4) and incubated for 1 hour with a
solution containing 0.3% Triton X-100 (Sigma Aldrich), 2% Normal Donkey Serum
(Jackson Immunoresearch), 1.5% BSA (Serva Electrophoresis). After additional washes,
sections were incubated with primary antibody solution containing mouse anti-TPH
antibody (1/500; WH-3, Sigma Aldrich) overnight at 4°C. Sections were then incubated
with Donkey anti-mouse Alexa Fluor 488 secondary antibody (1/250 dilution,
Invitrogen) for 90 minutes in the presence of Hoechst 33258 (1:5000 dilution; Sigma—
Aldrich), used to detect cell nuclei. After final washes slides were cover-slipped with

Fluoromount (Sigma Aldrich).
5.4 Image acquisition and quantification

All brain sections included in the analyses were observed under a Nikon Eclipse 80i
microscope equipped with a color charge-coupled device camera and controlled by the
software NIS-Elements-BR (Nikon). Slices were photographed under epifluorescent
conditions. The rat brain atlas by Paxinos and Watson was used as reference for the

localization of the brain areas of interest. Immunostaining was measured semi-
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quantitatively as optical density (OD) by using the ImagelJ software and considering, for
background normalization, the averaged OD either of non-immunoreactive regions or
of white matter structures within the same brain slice. The investigator was blind to
animal treatment; measurements were obtained in at least five consecutive tissues

sections per animal containing the desired structure.

6. HPLC ANALYSIS

For the HPLC analysis; all the sections form the right hemisphere were analysed.
Samples were ultrasonicated in ice-cold 0.1 M perchloric acid and then centrifuged at
15000g for 20 min at 4°C as described by Cassano et al?®?, Supernatants were collected
and used for monoamines and monoamine metabolites assay. Sample of selected
brain regions of all groups of animals were run in parallel to eliminate the possibility of
run effects. Tissue levels of monoamines (dopamine or DA, noradrenaline or NA,
serotonin or 5HT) and both 5HT and DA metabolites were detected and quantified by
HPLC. Monoamines and their metabolites were analyzed by microbore HPLC, the
detection was accomplished with a Unijet cell (BAS) with a 6-mm diameter glassy
carbon electrode set at +650 mV vs an Ag/AgCl reference electrode, connected to an
electrochemical amperometric detector (INTRO, Antec Leyden, Netherlands). The
analytes were separated using a SphereClone 150-mm x 2-mm column (3-um packing)
and a mobile phase composed of 85 mM of sodium acetate, 0.34 mM EDTA, 15 mM
sodium chloride, 0.81 mM of octanesulphonic acid sodium salt, 6% methanol (v/v) (pH
= 4.85) delivered at a flow rate of 800 ul/min for a total runtime of 35 min. For each
analysis, a set of standards containing various concentrations of each compound
(monoamines and their metabolites) was prepared in the acid solution to obtain
appropriate calibration curves. The concentrations of neurotransmitters were
determined by linear interpolation from standard curves; we normalized their
concentration to the weight of the wet tissue sample. DA and 5-HT turnover were
calculated as the ratio between the metabolite and the monoamine (DOPAC+HVA/DA

for the DA and 5HIAA/SHT for the 5HT).
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7. WESTERN BLOT ANALYSIS

For western blot analysis (WB); all the sections form the left hemisphere were
analysed. Protein extraction was performed in RIPA buffer (Tris HCl 50 mM, NaCl 150
mM, NP40 1%, Na DOC 0,25%, EDTA 1 mM; pH 7.4) with a cocktail of protease and
phosphatase inhibitors (PMS 1mM, Pepstatina 1 pg/mL, Leupeptina 5 pg/mL,
Aprotinina 5 pg/mL, T.I. 10 ug/mL, NaVOs 1 mM, NaF 1 mM) added in proportion to
the weight of each sample. Samples were homogenized in a tissue lizer (TissueLizer 2
QUIAGEN) for three minutes at 20 Hz and then centrifuged (15 minutes, 12000 g, 4°C).
The supernatant was collected, analysed with BRADFORD essay and then each sample
was added with DTT in proportion to the quantity of protein. Extracted proteins were
stored at -20°C until blotting.

30uL of each sample were run in a gel Criterion XT Precast Gel 4-12% Bis-Tris
acrylamide in MOPS (BIORAD) at 130 V. Proteins were transferred to a nitrocellulose
membrane; then the membrane was blocked for one hour in BSA 2% and incubated
overnight with the corresponding primary antibody [TABLE 1]. Membranes were rinsed
and incubated with secondary antibody [TABLE 2], then revealed with LUMINOL ECL
PRIME WESTERN BLOTTING DET (GE HEALTHCARE) in a CHEMIDOC (BIORAD). Each
primary antibody detected a protein of the expected molecular size. The protein
intensity was quantified with the image processing software Imagel (Rasband, W.S.,
Imagel, U.S., NIH, http://imagej.nih.gov/ij, 1997-2012). The results were expressed as

the protein/adaptin ratio.

Biorbyt 1/2000
Abcam 1/200
Abcam 1/200
Abcam 1/1000
Cayman 1/100
Biorbyt 1/100
Biorbyt 1/100
Frontier Institute 1/200
Cellsignaling 1/500
Abcam 1/500
Wako 1/500
Sigma Aldrich 1/400

Table 1: List of all the primary antibodies used for WB analysis; with its manufacturer and dilution.
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SECONDARY ANTIBODY DILUITION

Promega 1/10000
Promega 1/10000

Table 2: List of all the secondary antibodies used for WB analysis; with its manufacturer and dilution.

8. STATISTICAL ANALYSIS:

All data shown in this thesis are expressed as MEANZSEM.
The data obtained from the daily monitoring of the body weight gain and food intake
in phase one were analysed by a two-way ANOVA for repeated measures, setting
“diet” (CHOW, CAF) and “time” as fixed variables, and the Bonferroni’s test was used
as post-hoc analysis for multiple comparisons.

Similarly, data from phase two were analysed with a two-way ANOVA for repeated
measures (within the same treatment group), setting “diet” (CHOW, CAF) and “time”
as fixed variables; the Bonferroni’s test was used as post-hoc analysis for multiple
comparisons and with a Two-way ANOVA for repeated measures (within the same diet
group), setting “treatment” (VEH, PF-3845) and “time” as fixed variables, the
Bonferroni’s test was used as post-hoc analysis for multiple comparisons.

On the other hand, data obtained from the behavioural test, immunofluorescence,
HPLC and WB analysis were analysed by Two-way ANOVA, with “diet” (CHOW, CAF)
and “treatment” (VEH, PF-3845) as fixed variables, and Tukey’s test was used as post-
hoc for multiple comparisons. Moreover, for immunofluorescence analysis and
western blot analysis, because of the difference in the number of samples examined
and the high degree of freedom, the error degrees of freedom were kept constant at a
value based on the actual number of animals per group used in each experiment.
Two-tail Bravais — Pearson correlations tests were performed for each experimental
group to correlate different parameters. Only correlations with 0.7<r<1 and -1<r<-0.7
were considered. All the Two-way ANOVA analyses and the Pearson’s correlation tests
were carried out using SPSS Statistics (IBM Corporation, Armonk, NY, USA), while
Bonferroni post-hoc’s were performed using GraphPad Prism 5 (GraphPad Software,

Inc., La Jolla, CA, USA). In all instances, the significance threshold was set at P<0.05.
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CHAPTER 3 — RESULTS

1. BODY WEIGHT AND FOOD INTAKE

Phase 1:

The first phase of the experiment (days 1-40) was aimed to induce obesity in rats by
hedonic overfeeding; thanks to the exposure to a CAFETERIA diet, as explained in the

materials and methods paragraph.

As expected, the exposure to CAFETERIA diet regimen caused rats to gain weight: since
day 10 on, there was a significant difference between the weight of CAF group
compared to CHOW one. Two-way ANOVA for repeated measures analysis of body
weight of phase 1 showed a significant effect of diet regimen (Faiet= 24,536, df=20,
p<0,001), a significant effect of time (Fume= 381,917, df=20, p<0,001); moreover
interaction between the two factors was observed (Finteraction= 46,037, df=20, p<0,001).

Bonferroni’s post-hoc analysis results are shown in figure 1.
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Fig.1: Time course of body weight (g) during phase 1 of the experiment. Bodyweight was monitored every day.
Results are expressed as MEAN+SEM. *p<0,05; **p<0,01; ***p<0,001 in the same day (Bonferroni’s post-hoc
test for between-groups comparisons). CHOW group n=11; CAF group n=10.
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Significant body weight gain variation between the two groups was caused by
significant variations of food intake: the analysis of daily caloric intake showed that
animals exposed to CAFETERIA diet significantly consumed more calories compared to
CHOW group. In fact, two-way ANOVA for repeated measures analysis of normalized
food intake of phase 1 showed a significant effect of diet regimen (Fgiet= 209,427,
df=20, p<0,001), a significant effect of time (Fiime= 5,484, df=20, p<0,001); moreover
interaction between the two factors was observed (Finteraction= 1,966, df=20, p<0,001).

Bonferroni’s post-hoc analysis results are shown in figure 2.
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Fig.2: Time course of food intake (Kcal/Kg) during phase 1 of the experiment. Food intake was monitored every
day. Results are expressed as MEAN+SEM. ***p<0,001 on the same day (Bonferroni’s post-hoc test for
between-groups comparisons). CHOW group n=11; CAF group n=10.

Phase 2:

During phase 2 of the experiment (days 41-68) rats experienced abstinence from
CAFETERIA diet. As expected, the withdrawal from CAFETERIA diet caused rats to
reduce both their food intake and their body weight in a significant manner: CAF rats,
after being used to consume high palatable food reduced their caloric intake in the

first twelve days of phase two as part of their physiological counter-response (days 41-
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53). After this first period of adaptation, rats began to consume the same amount of
food of the CHOW group, which was never exposed to CAFETERIA diet and, by the end
of the experiment, no significant difference was detected in the body weight or in the
food intake of animals from the different groups. Moreover, it is important to notice
that the administration of PF-3845 was unable to affect the body weight and food
intake both in CAF and CHOW animals.

In fact, the two-way ANOVA for repeated measures of body weight of phase 2
between the groups CHOW VEH and CAF VEH showed a significant effect of diet
regimen (Faier= 9,927, df=8, p<0,05), a significant effect of time (Fime= 4,143, df=8,
p<0,001); moreover interaction between the two factors was observed (Finteraction=
41,967, df=8, p<0,001). Differently, the two-way ANOVA between the groups CHOW
PF and CAF PF did not show a significant effect of the diet (Faiet= 1045,712, df=9,
p>0,05), but a significant effect of time (Fime= 9,320, df=9, p<0,001); interaction
between the two factors was observed (Finteraction= 25,194, df=9, p<0,001). The same
analysis for the body weight between the groups CHOW VEH and CHOW PF did not
display a significant effect of the treatment (Fieatmen= 867,323, df=9, p>0,05), but a
significant effect of time (Fiime= 29,324, df=9, p<0,001); moreover interaction between
the two factors was observed (Finteraction= 5,394, df=9, p<0,001). At the same time, the
two-way ANOVA for repeated measures between the groups CAF VEH and CAF PF did
not show a significant effect of the treatment (Ftreatment= 0,345, df=8, p>0,05), but a
significant effect of time (Fiime= 38,228, df=8, p<0,001); no interaction between the two
factors was observed (Finteraction= 0,394, df=8, p>0,05). Bonferroni’s post-hoc analysis

results are shown in figure 3.
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Time course of body weight (g) during phase 2 of the experiment. Bodyweight was monitored every day.

Results are expressed as MEAN+SEM. *p<0,05; **p<0,01; ***p<0,001 in the same day between CHOW VEH
and CAF VEH animals (Bonferroni’s post-hoc test for between-groups comparisons). CHOW VEH group n=5;
CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

On the other hand, in the analysis of food intake, the two-way ANOVA for repeated
measures of phase 2 between the groups CHOW VEH and CAF VEH showed a
significant effect of diet regimen (Fuier=16,872, df=8, p<0,01), a significant effect of time
(Ftime=10,510, df=8, p<0,001); moreover interaction between the two factors was
observed (Finteraction=11,550, df=8, p<0,001). The two-way ANOVA between the groups
CHOW PF and CAF PF displayed a significant effect of the diet (Fuier=31,773, df=9,
p<0,001), and a significant effect of time (Fime= 24,147, df=9, p<0,001); interaction
between the two factors was observed (Finteraction= 27,998, df=9, p<0,001). The same
analysis for the food intake between the groups CHOW VEH and CHOW PF did not
display a significant effect of the treatment (Fireatment= 0,342, df=9, p>0,05), but a
significant effect of time (Fiume= 1,546, df=9, p<0,05); moreover interaction between
the two factors was observed (Finteraction= 1,812, df=9, p<0,05). At the same time, the
two-way ANOVA for repeated measures between the groups CAF VEH and CAF PF did
not show a significant effect of the treatment (Fireatment= 4,372, df=8, p>0,05), but a

significant effect of time (Fime= 73,804, df=8, p<0,001); interaction between the two
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factors was observed (Finteraction= 4,183, df=8, p<0,001). Bonferroni’s post-hoc analysis

results are shown in figure 4.
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Fig.4: Time course of food intake (kcal/kg) during phase 2 of the experiment. Food intake was monitored every
day. Results are expressed as MEAN+SEM. *p<0,05; ***p<0,001 in the same day between CHOW VEH and CAF
VEH animals; #p<0,05 in the same day between CHOW PF and CAF PF animals (Bonferroni’s post-hoc test for

between-groups comparisons). CHOW VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group
n=>5.

2. BEHAVIOURAL TESTS:

Behavioural tests were performed to elucidate whether the long-term withdrawal
from CAFETERIA diet was able to induce anxiogenic-like behaviour or a depressive-like
phenotype in rats.

261 or alcohol262

It is well known that the withdrawal from the consumption of tobacco
can cause anxiety and depression. Our study in this phase aims to elucidate whether
also the withdrawal from the consumption of high-caloric high-palatable food as the
one consumed by rats in CAFETERIA diet could cause anxiety and depression;
considering that several studies demonstrate that the withdrawal of the palatable diet

can lead to a stress-like response®.
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2.1 OPEN FIELD TEST (OFT):

In the OFT we evaluated different parameters: the total distance travelled in the arena,
the zone entries in the centre of the arena and the distance travelled in the centre of
the arena.

Animals abstinent from the CAF diet did not show a significant reduction of the total
travelled distance. However, CAF PF group showed a significant reduction of the total
distance travelled when compared to CHOW PF one.
Two-way ANOVA for the total distance travelled revealed a significant effect for the
diet (Fgiet=6,435, df=20, p<0,05); while there was no significant effect for treatment
(Ftreatment= 2,762, df=20, p=0,115) neither significant interaction between the two

factors (Finteraction= 0,460, df=20, p=0,507). Tukey’s post hoc analysis results are shown

in figure 5.
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Fig.5: Total distance travelled during the OFT expressed in cm/20 min. Results are expressed as MEANSEM.
#p<0,05 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=5; CHOW
PF group n=6; CAF VEH group n=5; CAF PF group n=5.

Differently, CAF VEH animals showed a significant decrease of the zone entries in the
central part of the arena compared to the control group; suggesting that they were
developing an anxiogenic-like behaviour. In this case, the pharmacological treatment
with PF-3845 in CAF PF group was significantly able to increase the zone entries in the
centre of the arena compared to CAF VEH ones; suggesting its ability to have an

anxiolytic-like effect.
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Two-way ANOVA for the number of zone entries revealed a significant effect for the
diet (Faier=6,613, df=20, p<0,05); and treatment (Ftreatment= 4,635, df=20, p<0,05); there
was significant interaction between the two factors (Finteraction= 7,378, df=20, p<0,05).

Tukey’s post hoc analysis results are shown in figure 6.

2009

Zone entries

Fig.6: Total number of the zone entries during the OFT. Results are expressed as MEAN+SEM. **p<0,01 vs
CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group
n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

Distance travelled in the centre of the arena follows the same trend of the zone
entries: CAF VEH animals displayed a significant reduction of the centre distance
travelled compared to CHOW VEH ones. PF-3845 treatment was effective in CAF PF
animals in raising the centre distance travelled when compared to CAF VEH ones;

exerting an anxiolytic-like effect.

Two-way ANOVA for the total distance travelled in the centre revealed significant
effect for the diet (Fge:=8,217, df=20, p<0,05) and for the treatment (Fireatment= 5,536,
df=20, p<0,05); significant interaction between the two factors was detected

(Finteraction: 4,510, df=20, p<0,05).
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Fig.7: Total distance run in the centre of the arena by the animals during OFT expressed in cm/20min. Results
are expressed as MEAN+SEM. **p<0,01 vs CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for

between-groups comparisons). CHOW VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group
n=5.

2.2 ELEVATED PLUS MAZE (EPM):

In the EPM paradigm, we analysed the time spent by the animals in closed arms; the
centre of the maze; open arms and both in the centre and open arms.

Analysis of these data revealed that diet withdrawal was significantly able to increase
the time spent in closed arms and decrease the time spent in open arms and in the
centre and open arms for CAF VEH animals when compared to CHOW VEH group.
Consequently, we can affirm that these animals displayed an anxiogenic-like
behaviour; considering their aversion for the open spaces and preference for the
closed ones; confirming the data from OFT.

Also, in this case, the pharmacologic treatment with PF-3845 in CAF PF animals was
significantly able to decrease the time spent in the closed arms and increase the one
spent in open arms and in centre and open arms when compared to vehicle-treated

ones; confirming its anxiolytic effect observed also in the OFT.

Two-way ANOVA for the time spent in closed arms revealed significant effect for the
diet (Faiet=5,459, df=20, p<0,05); for treatment (Fireatment= 4,685, df=20, p<0,05);
interaction between the two factors was observed (Finteraction= 7,155, df=20, p<0,05).

Tukey’s post hoc analysis results are shown in figure 8.
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Fig.8: Time in seconds spent in closed arms during the EPM paradigm. Results are expressed as MEANSEM.

**p<0,01 vs CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons). CHOW
VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

Two-way ANOVA for the time spent in open arms revealed significant effect for the
diet (Fgiet=9,052, df=20, p<0,01) and for treatment (Ftreatment= 4,822, df=20, p<0,05);
significant interaction between the two factors was observed (Finteraction= 4,668, df=20,

p<0,05).
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Fig.9: Time in seconds spent in open arms during the EPM paradigm. Results are expressed as MEANSEM.
**p<0,01 vs CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons). CHOW
VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

69



Two-way ANOVA for the time spent in the centre of the maze revealed no significant
effect for the diet (Fuier=0,071, df=20, p=0,793) and for treatment (Fueatmen:= 0,586,
df=20, p=0,455) neither significant interaction between the two factors (Finteraction=

2,048, df=20, p=0,171).
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Fig.9: Time in seconds spent in the centre of the maze during the EPM paradigm. Results are expressed as
MEAN*SEM. CHOW VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

Two-way ANOVA for the time spent in the centre of the maze and in open arms
revealed significant effect for the diet (Faier=5,459, df=20, p<0,05) and treatment
(Ftreatment= 4,685, df= 1/20, p<0,05); there was significant interaction between the two

factors (Finteraction= 7,155, df= 1/20, p<0,05). Tukey’s post-hoc analysis results are shown

in figure 10.
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Fig.10: Time in seconds spent in the centre of the maze and open arms during the EPM paradigm. Results are
expressed as MEAN+SEM. **p<0,01 vs CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-
groups comparisons). CHOW VEH group n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.
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2.3  FORCED SWIMMING TEST (FST):

In the FST, we evaluated the immobility time of rats. We observed a significant
increase of the immobility time of the animals abstinent from the diet compared to
control group, suggesting that abstinence from the diet could cause the development
of a depressive-like phenotype. Pharmacological treatment with PF-3845 in CAF PF rats
was significantly able to reduce the immobility time when compared to CAF VEH ones;

exerting an anti-depressant like effect.

Two-way ANOVA for the immobility time revealed no significant effect for the diet
(Faier=1,304, df=20, p=0,269) but a significant effect for treatment (Ftreatmen= 6,879,
df=20, p<0,05); there was a significant interaction between the two factors (Finteraction=

10,701, df=20, p<0,01). Tukey’s post-hoc analysis results are shown in figure 11.

250+

Immobility Time (sec)

Fig.11: Immobility time in seconds observed during the FST. Results are expressed as MEANSEM. **p<0,01 vs
CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group
n=5; CHOW PF group n=6; CAF VEH group n=5; CAF PF group n=5.

3. IMMUNOFLUORESCENCE STAINING:

Since behavioural tests evidenced mood tone alterations due to the withdrawal from
CAFETERIA diet, we decided to focus our attention on the various monoaminergic
systems in the brain, in particular in the dopaminergic, noradrenergic and
serotoninergic system. Previous studies have evidenced that both anxiety and
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depression could be related to monoaminergic transmission impairments in key areas
of the brain'?°; moreover, the majority of drugs clinically used up to date with an
anxiolytic and anti-depressant effect act on these systems?°%263, Monoaminergic
transmission is also involved in the reward system and gratification?®4; whose

impairments exacerbate anxiety-like conditions and addiction?®°.

To this purpose, we analysed protein expression by immunofluorescence staining of
the enzymes involved in the synthesis of monoamines, such as:

- Tyrosine Hydroxylase (TH) for DA

- Dopamine B- Hydroxylase (DBH) for NA

- Tryptophan Hydroxylase (TPH) for SHT

In this way, it is possible to discover whether the exposure to CAFETERIA diet or the
pharmacological treatment impacted on the expression of the enzymes of synthesis of

neurotransmitters.

TH and DBH immunofluorescence were done in double staining with CB1 receptor.

3.1 IMMUNOFLUORESCENCE DOUBLE STAINING TH-CB1:

Immunofluorescence double staining for TH and CB1 receptor was performed in the
brain areas of synthesis of DA (VTA and SN) and in areas of projection of DA neurons

such as DLS, ACC, DR, PAG.

In VTA, densitometric analysis of TH revealed that PF-3845 treatment per se, in
animals not subjected to diet abstinence (CHOW PF group) caused a significant
increment of the expression of the enzyme when compared to the control group.
Differently, animals treated with PF-3845 and abstinent from the diet (CAF PF) showed
a significant decrement of the expression of TH, with respect to CHOW PF animals.
Two-way ANOVA revealed no significant effect for the diet (Faiet=3,541, df=12, p=0,087)
and for treatment (Fireatment=1,406, df=12, p=0,261). Significant interaction between
the two factors was detected (Finteraction= 8,660, df=12, p<0,05). Tukey’s post-hoc

analysis results are shown in figure 12.
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Fig.12: TH densitometric analysis for VTA. Results are expressed as MEANSEM. **p<0,01 vs CHOW VEH;

##p<0,01 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW
PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.12A: 20x representative image of TH immunostaining in VTA. TH is coloured in green, DAPI in blue.

In the same region, we quantified also the expression of CB1 receptor: diet abstinence,
in CAF VEH group, was significantly able to reduce the expression of CB1 receptor in
VTA if compared to CHOW VEH one. Two-way ANOVA revealed significant effect for
the diet (F4iet=8,661, df=12, p<0,05) and not for treatment (Fireatment=0,148, df=12,
p=0,708). No significant interaction between the two factors was detected (Finteraction=

0,345, df=12, p=0,569). Tukey’s post-hoc analysis results are shown in figure 13.
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Fig.13: CB1 densitometric analysis for VTA. Results are expressed as MEAN+SEM. **p<0,01 vs CHOW VEH
(Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH

group n=3; CAF PF group n=3.
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CHOW PF

CAF VEH

CAF PF

Fig.13A: 20x representative image of CB1 immunostaining in VTA. CB1 is coloured in red, DAPI in blue.

Differently, in SN densitometric analysis of TH revealed a significant decrease of the

expression of the protein in CAF PF animals when compared to CHOW PF ones. Two-

way ANOVA revealed significant effect for the diet (Fgiet=5,486, df=12, p<0,05) and not

for treatment (Fireatment=0,132, df=12, p=0,723). No significant interaction between the

two factors was detected (Finteraction= 1,591, df=12, p=0,233). Tukey’s post-hoc analysis

results are shown in figure 14.
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Fig.14: TH densitometric analysis for SN. Results are expressed as MEAN+SEM. #p<0,05 vs CHOW PF (Tukey’s
post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH group
n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.14A: 20x representative image of TH immunostaining in SN. TH is coloured in green, DAPI in blue.

In the same region, we quantified also the expression of CB1 receptor: diet abstinence,
in CAF VEH group was significantly able to increase the expression of CB1 receptor in
SN if compared to CHOW VEH one. At the same time, PF-3845 administration
significantly increased CB1 expression in CHOW PF animals when compared to CHOW
VEH ones. Two-way ANOVA revealed no significant effect for the diet (Fuier=0,214,

df=12, p=0,653) and for treatment (Ftreatment=0,066, df=12, p=0,802). Significant
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interaction between the two factors was detected (Finteraction= 6,535, df=12, p<0,05).

Tukey’s post-hoc analysis results are shown in figure 15.
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Fig.15: CB1 densitometric analysis for SN. Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH
(Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH
group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.15A: 20x representative image of CB1 immunostaining in SN. CB1 is coloured in red, DAPI in blue.

In DLS, TH immunostaining presented strong variations between groups: both CHOW

PF and CAF VEH groups present a significant decrease of the expression of the protein
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when compared to CHOW VEH. Moreover, CAF PF animals present a significant
decrease of the expression of TH when compared to CHOW PF ones. Two-way ANOVA
revealed significant effect for the diet (Fuier=46,138, df=12, p<0,001) and for treatment
(Ftreatment=11,425, df=12, p<0,01). No significant interaction between the two factors
was detected (Finteraction= 2,244, df=12, p=0,162). Tukey’s post-hoc analysis results are

shown in figure 16.
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Fig.16: TH densitometric analysis for DLS. Results are expressed as MEAN+SEM. **p<0,01 vs CHOW VEH;

**%*5<0,001 vs CHOW VEH; ##5<0,001 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
CHOW VEH group n=3; CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF
CAF VEH CAF PF

Fig.16A: 20x representative image of TH immunostaining in DLS. TH is coloured in green, DAPI in blue.
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In the same region, we also quantified the expression of CB1 receptor: in CAF PF group
we noticed a significant decrement of the expression of the receptor compared both
to CAF VEH and CHOW PF group. Two-way ANOVA revealed significant effect for the
diet (Fgier=17,201, df=12, p<0,01) and for treatment (Fireatment=7,406, df=12, p<0,05).
Significant interaction between the two factors was detected (Finteraction= 12,862, df=12,

p<0,01). Tukey’s post-hoc analysis results are shown in figure 17.
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Fig.17: CB1 densitometric analysis for DLS. Results are expressed as MEAN+SEM. °°°p<0,001 vs CAF VEH;

###<0,001 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3;

CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF
Fig.17A: 20x representative image of CB1 immunostaining in DLS. CB1 is coloured in red, DAPI in blue.
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In ACC, TH immunostaining varied between the different groups: both CHOW PF and
CAF VEH groups displayed a significant decrease of the expression of TH, when
compared to CHOW VEH. Two-way ANOVA revealed significant effect for the diet
(Faiet=30,705, df=12, p<0,001) and for treatment (Fireatment=17,235, df= 1/12, p<0,01).
Significant interaction between the two factors was detected (Finteraction= 28,888, df=

1/12, p<0,001). Tukey’s post-hoc analysis results are shown in figure 18.
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Fig.18: TH densitometric analysis for ACC. Results are expressed as MEANSEM. ***p<0,001 vs CHOW VEH
(Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH
group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.18A: 20x representative image of TH immunostaining in ACC. TH is coloured in green, DAPI in blue.
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In the same region, we quantified also the expression of CB1 receptor: both CHOW PF
and CAF VEH animals displayed a significant reduction of the expression of CB1 when
compared to CHOW VEH. Moreover, in CAF PF animals CB1 expression is significantly
dampened when compared to CHOW PF ones. Two-way ANOVA revealed significant
effect for the diet (Faier=29,113, df=12, p<0,001) and not for treatment (Ftreatment=2,939,
df=12, p=0,114). No significant interaction between the two factors was detected

(Finteraction= 3,883, df=12, p=0,074). Tukey’s post-hoc analysis results are shown in figure

19.
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Fig.19: CB1 densitometric analysis for ACC. Results are expressed as MEAN+SEM. **p<0,01 vs CHOW VEH;

**%5<0,001 vs CHOW VEH; #p<0,05 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
CHOW VEH group n=3; CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF
CAF VEH CAF PF

Fig.19A: 20x representative image of CB1 immunostaining in ACC. CB1 is coloured in red, DAPI in blue.
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Differently, in DR densitometric analysis of TH revealed a significant increase of the
expression of the protein in CAF VEH animals when compared to CHOW VEH ones.
Moreover, CAF PF group showed a significant decrease of TH expression when
compared to CHOW PF. Two-way ANOVA revealed significant effect for the diet
(Faier=13,678, df=12, p<0,01) and not for treatment (Ftreatment=0,787, df=12, p=0,394).
No significant interaction between the two factors was detected (Finteraction= 0,638,

df=12, p=0,441). Tukey’s post-hoc analysis results are shown in figure 20.
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Fig.20: TH densitometric analysis for DR. Results are expressed as MEAN+SEM. **p<0,01 vs CHOW VEH;

#p<0,05 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW
PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.20A: 20x representative image of TH immunostaining in DR. TH is coloured in green, DAPI in blue.
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In the same region, we quantified also the expression of CB1 receptor: both CHOW PF
and CAF VEH animals displayed a significant increment of the expression of CB1 when
compared to CHOW VEH. Two-way ANOVA revealed no significant effect for the diet
(Faiet=4,023, df=12, p=0,070) and neither for treatment (Fueatmen=2,111, df=12,
p=0,174). No significant interaction between the two factors was detected
(Finteraction=2,115, df=12, p=0,174). Tukey’s post-hoc analysis results are shown in figure
21.
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Fig.21: CB1 densitometric analysis for DR. Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH
(Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH
group n=3; CAF PF group n=3.

CHOW VEH CHOW PF
CAF VEH CAF PF

Fig.21A: 20x representative image of CB1 immunostaining in DR. CB1 is coloured in red, DAPI in blue.
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In PAG, TH immunostaining varied between the different groups: both CHOW PF and
CAF VEH groups displayed a significant increase of the expression of TH, when
compared to CHOW VEH. Moreover, CAF PF group showed a significant increase of TH
expression when compared to CHOW PF. Two-way ANOVA revealed significant effect
for the diet (Faiet=24,044, df=12, p<0,001) and not for treatment (Ftreatment=2,762,
df=12, p=0,125). No significant interaction between the two factors was detected

(Finteraction= 1,752, df= 1/12, p=0,212). Tukey’s post-hoc analysis results are shown in

figure 22.
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Fig.22: TH densitometric analysis for PAG. Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH;

*%%1,<0,001 vs CHOW VEH; #p<0,01 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
CHOW VEH group n=3; CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.

CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.22A: 20x representative image of TH immunostaining in DR. TH is coloured in green, DAPI in blue.
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In the same region, we quantified also the expression of CB1 receptor: CAF VEH
animals displayed a significant increment of the expression of CB1 when compared to
CHOW VEH. Two-way ANOVA revealed significant effect for the diet (Faiet=5,329, df=12,
p<0,05) and not for treatment (Fireatment=0,202, df=12, p=0,662). No significant
interaction between the two factors was detected (Finteraction= 0,298, df=12, p=0,596).

Tukey’s post-hoc analysis results are shown in figure 23.
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Fig.23: CB1 densitometric analysis for PAG. Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH
(Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=3; CHOW PF group n=3; CAF VEH
group n=3; CAF PF group n=3.

CHOW VEH CHOW PF
CAF VEH CAF PF

Fig.23A: 20x representative image of CB1 immunostaining in PAG. CB1 is coloured in red, DAPI in blue.
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3.2 IMMUNOFLUORESCENCE DOUBLE STAINING DBH-CB1:

Immunofluorescence staining for DBH was only performed in the area of synthesis of

NA, that is LC.

DBH immunostaining in LC varied between the different groups: in particular, we
noticed a significant increment of DBH expression in CAF VEH and CHOW PF animals
when compared to CHOW VEH ones. Besides, CAF rats treated with PF-3845 (CAF PF
group) showed a significant increase of DBH when compared to vehicle-treated
animals (CAF VEH). Two-way ANOVA revealed no significant effect for the diet
(Faiet=3,054, df=12, p=0,108), but significant effect for treatment (Fireatmen:=30,642,
df=12, p<0,001). No significant interaction between the two factors was detected
(Finteraction= 1,616, df=12, p=0,230). Tukey’s post-hoc analysis results are shown in figure
24.
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Fig.24: DBH densitometric analysis for LC. Results are expressed as MEANSEM. *p<0,05 vs CHOW VEH;

***p<0,001 vs CHOW VEH; °°p<0,01 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons).
CHOW VEH group n=3; CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.
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CHOW VEH CHOW PF

CAF VEH CAF PF

Fig.24A: 20x representative image of DBH immunostaining in LC. DBH is coloured in green, DAPI in blue.

In the same region, we quantified also the expression of CB1 receptor: no significant
variations were observed between groups. Two-way ANOVA revealed no significant
effect for the diet (Faier=0,421, df=12, p=0,517) and neither for treatment
(Ftreatment=4,308, df=12, p=0,062). No significant interaction between the two factors
was detected (Finteraction= 0,476, df=12, p=0,505). Figure 25 shows Tukey’s post-hoc

analysis results.
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Fig.25: CB1 densitometric analysis for LC. Results are expressed as MEAN+SEM. CHOW VEH group n=3; CHOW
PF group n=3; CAF VEH group n=3; CAF PF group n=3.
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Fig.25A: 20x representative image of CB1 immunostaining in LC. CB1 is coloured in red, DAPI in blue.

3.3 IMMUNOFLUORESCENCE STAINING TPH:

Immunofluorescence staining for TPH was only performed in the area of synthesis of

5HT, that is DR.

TPH immunostaining in DR varied between the different groups: in particular, we
noticed a significant increment of DBH expression in CAF VEH and CHOW PF animals
when compared to CHOW VEH ones. Two-way ANOVA revealed no significant effect
for the diet (Faier=1,329, df=11, p=0,276), but significant effect for treatment
(Ftreatment=9,700, df=11, p<0,05). No significant interaction between the two factors was
detected (Finteraction= 3,484, df=11, p=0,092). Tukey’s post-hoc analysis results are

shown in figure 26.
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Fig.26: TPH densitometric analysis for DR. Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH;

**p<0,01 vs CHOW VEH (Tukey’s post-hoc test for between-groups comparisons). CHOW VEH group n=2;
CHOW PF group n=3; CAF VEH group n=3; CAF PF group n=3.
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Fig.26A: 20x representative image of TPH immunostaining in LC. TPH is coloured in green, DAPI in blue.
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4. HPLC ANALYSIS:

Based on the results obtained by behavioural study and on the results regarding the
expressions of the enzymes involved in the synthesis of monoamines, we decided to

analyse monoaminergic (DA, NA, 5HT) tone in different brain regions, and in particular:

- areas of synthesis of neurotransmitters (VTA and SN for DA, DR for 5HT, LC for NA);
- areas involved in the reward system (DLS, ACC, AMY, PFC and mPFC);

- areas involved in the control of pain (PAG);

- areas involved in learning and memory (dHIPPO and vHIPPO);

- areas involved in the control of food intake (HYPO).

For each area we measured tissue concentration of NA, DA, 5-HT and the
concentration of DOPAC and HVA (DA main metabolites) and 5HIAA (5HT main
metabolite); the turnover ratio was calculated for each neurotransmitter as the ratio
between the concentration of the metabolites and the concentration of the

neurotransmitter.
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4.1 DOPAMINERGIC TRANSMISSION:

For each area cited above, tissue level of dopamine (DA) and its main metabolites 3,4-
diidroxyphenilacetic acid (DOPAC) and homovanillic acid (HVA) were detected.
Moreover, for each area, we calculated also the turnover of DA, as the ratio
DOPAC+HVA/DA. We observed consistent and significant variations of the
concentration of DA in different brain areas: in particular abstinence from the diet
caused a significant decrease of DA in DR in CAF VEH animals when compared to
CHOW VEH rats. In CHOW PF animals, the administration of PF-3845 was able to
significantly decrease the concentration of DA in vHIPPO when compared to CHOW
VEH group. A significant increase of DA was observed in DLS in CAF PF animals when
compared to CHOW PF rats.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 1, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 27.

Two-way ANOVA for the quantity of DA in the different areas

F diet F treatment F interaction df

PFC 0,008 (p=0,929) | 0,089 (p=0,769) | 1,143 (p=0,300) |21
mPFC | 0,006 (p=0,940) | 0,000 (p=0,991) | 2,515 (p=0,131) | 21
ACC 0,157 (p=0,697) | 0,330 (p=0,573) | 0,275 (p=0,607) | 20
DLS 2,143 (p=0,140) | 0,052 (p=0,822) | 2,644 (p=0,124) | 20
AMY 0,102 (p=0,753) | 0,516 (p=0,482) | 4,136 (p=0,058) |21
HIPO 0,451 (p=0,511) | 0,341 (p=0,567) | 3,093 (p=0,097) |21
VPL 0,252 (p=0,622) | 2,265 (p=0,152) | 0,478 (p=0,499) | 20
dHYPPO | 1,617 (p=0,221) | 0,036 (p=0,853) | 0,107 (p=0,747) | 21
vHYPPO | 1,876 (p=0,189) | 2,415 (p=0,139) | 2,063 (p=0,169) | 21
PAG 0,133 (p=0,721) | 1,100 (p=0,310) | 0,023 (p=0,881) | 20
DR 4,665 (p<0,05) 0,314 (p=0,583) | 1,469 (p=0,242) |21
VTA 0,016 (p=0,901) | 0,443 (p=0,515) | 4,898 (p<0,05) 21
SN 1,297 (p=0,271) | 0,618 (p=0,443) | 1,039 (p=0,322) |21
LC 0,003 (p=0,957) | 0,337 (p=0,570) | 0,225 (p=0,641) | 20
LPB 1,129 (p=0,304) | 0,436 (p=0,518) | 0,496 (p=0,492) | 20

Table 1: Two-way ANOVA analysis results for the concentration of DA in different brain areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). The analysis evidenced diet as a significant factor
in DR. A significant interaction between the two factors was detected in VTA. All significant values are written
in italics in the table.
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The HPLC analysis of DOPAC, one of the most important DA metabolites, revealed only
a significant variation in HYPO: CAF PF animals display in this region a significant

decrease of the concentration of DOPAC, when compared to CHOW PF ones.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 2, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 28.

Two-way ANOVA for the quantity of DOPAC in the different areas

F diet F treatment F interaction df
PFC 0,063 (p=0,805) | 0,931 (p=0,348) | 1,873 (p=0,189) | 21
mPFC | 0,408 (p=0,531) | 0,878 (p=0,362) | 3,046 (p=0,099) | 21
ACC 0,015 (p=0,904) | 1,444 (p=0,247) | 0,205 (p=0,657) | 20
)
)

DLS | 0,020 (p=0,889) | 0,029 (p=0,866) | 0,760 (p=0,396) | 20
AMY | 2,079 (p=0,168) |0,223 (p=0,643) | 0,004 (p=0,948) |21
HIPO | 7,900 (p<0,05) |0,047 (p=0,831) |0,962 (p=0,340) |21
VPL | 0,117 (p=0,737) | 2,864 (p=0,110) | 0,135 (p=0,718) |20
dHYPPO | 0,260 (p=0,616) | 0,003 (p=0,954) | 0,580 (p=0,457) | 21
VHYPPO | 3,709 (p=0,071) | 1,378 (p=0,257) | 0,107 (p=0,748) | 21
PAG | 0,000 (p=0,987) | 0,862 (p=0,367) | 0,169 (p=0,686) |20
DR |1,511 (p=0,236) |1,956 (p=0,180) | 0,858 (p=0,367) |21
VIA | 0,168 (p=0,687) |0,005 (p=0,945) | 1,213 (p=0,286) | 21
SN | 0,076 (p=0,786) | 0,029 (p=0,867) | 0,078 (p=0,784) |21
LC | 0,845 (p=0,372) | 0,015 (p=0,905) | 0,040 (p=0,845) |20
LPB | 1,982 (p=0,178) | 0,121 (p=0,732) | 0,445 (p=0,514) |20

)
)
)
)

Table 2: Two-way ANOVA analysis results for the concentration of DOPAC in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). The analysis evidenced diet as a significant factor
in HYPO. Treatment was a not significant factor in all the areas. No significant interaction between the two
factors was detected in all the areas. All significant values are written in italics in the table.
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HPLC analysis of DA metabolite HVA revealed a significant increment in the
concentration of HVA in CAF PF animals in AMY, when compared to CAF VEH treated
rats. At the same time, the same CAF PF group showed a significant increase in HVA
concentrations in LC when compared to CHOW PF one. These variations of the
metabolite HVA once again were linked to an increase of the concentration of DA in
the same areas, suggesting that more DA was being produced and metabolized at the
same time. Results obtained from two-way ANOVA analyses conducted for each
parameter are reported in Table 3, whereas the results from the post hoc analyses

(Tukey’s test) are reported in figure 29.

Two-way ANOVA for the quantity of HVA in the different areas

F diet F treatment F interaction df

PFC 0,344 (p=0,565) | 0,166 (p=0,689) | 1,209 (p=0,287) | 21
mPFC 0,634 (p=0,437) | 0,009 (p=0,926) | 1,194 (p=0,290) | 21
ACC 0,285 (p=0,601) | 1,291 (p=0,273) | 0,030 (p=0,864) | 20
DLS 0,000 (p=0,994) | 0,832 (p=0,375) | 0,000 (p=0,991) | 20
AMY 0,364 (p=0,554) | 3,490 (p=0,079) | 2,392 (p=0,140) |21
HIPO 2,836 (p=0,110) | 1,692 (p=0,211) | 0,073 (p=0,790) | 21
VPL 0,269 (p=0,611) | 1,766 (p=0,202) | 0,007 (p=0,936) | 20
dHYPPO | 0,118 (p=0,735) | 0,801 (p=0,383) | 0,010 (p=0,923) | 21
vHYPPO | 3,225 (p=0,090) | 1,254 (p=0,278) | 0,938 (p=0,346) | 21
PAG 0,582 (p=0,457) | 1,227 (p=0,284) | 0,349 (p=0,563) | 20
DR 0,958 (p=0,341) | 0,510 (p=0,485) | 0,047 (p=0,831) | 21
VTA 0,001 (p=0,970) | 0,490 (p=0,494) | 2,983 (p=0,102) |21
SN 1,011 (p=0,329) | 2,001 (p=0,175) | 0,560 (p=0,464) | 21
LC 11,513 (p<0,01) 2,407 (p=0,140) | 1,989 (p=0,178) | 20
LPB 0,210 (p=0,653) | 0,085 (p=0,775) | 0,800 (p=0,384) | 20

Table 3: Two-way ANOVA analysis results for the concentration of HVA in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). The analysis evidenced diet as a significant factor
in LC. No significant interaction between the two factors was detected in all the areas.
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Fig.29: HVA concentration values for each area expressed in ng/mg of wet tissue. Results are expressed as
MEANZSEM. ##p<0,01 vs CHOW PF; °p<0,05 vs CAF VEH (Tukey’s post-hoc test for between-groups
comparisons).
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DA turnover was analysed as the ratio between the concentration of DOPAC+HVA and
DA. No significant variation of DA turnover was observed in consequence of diet
withdrawal. On the other hand, CAF PF rats showed a significant decrement of DA
turnover in HYPO and vHIPPO when compared to CHOW PF rats.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 4, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 30.

Two-way ANOVA for DA turnover in the different areas

F diet F treatment F interaction df

PFC 0,637 (p=0,436) | 0,632 (p=0,438) | 0,084 (p=0,775) |21

mPFC | 0,326 (p=0,576) | 0,855 (p=0,368) | 1,246 (p=0,280) | 21
ACC 1,324 (p=0,267) | 0,047 (p=0,831) | 0,608 (p=0,447) | 20
DLS 1,680 (p=0,213) | 1,271 (p=0,276) | 1,929 (p=0,184) | 20

AMY 0,062 (p=0,807) | 1,165 (p=0,296) | 0,833 (p=0,374) |21
)

)

)

HIPO |2,293 (p=0,148) | 1,421 (p=0,250) | 2,275 (p=0,150) | 21
VPL | 0,590 (p=0,454) | 0,833 (p=0,375) | 0,484 (p=0,496) | 20
dHYPPO | 2,716 (p=0,118) | 1,763 (p=0,202) | 1,706 (p=0,209) | 21
VHYPPO | 4,644 (p<0,05) |0,139 (p=0,714) | 1,385 (p=0,255) | 21
PAG | 1,889 (p=0,188) | 0,032 (p=0,861) | 0,020 (p=0,891) |20
DR |2,295 (p=0,148) |0,321 (p=0,578) | 0,183 (p=0,674) | 21
VIA | 0,013 (p=0,910) | 0,376 (p=0,548) | 0,463 (p=0,505) | 21
SN | 0,861 (p=0,367) | 0,774 (p=0,391) | 1,104 (p=0,308) | 21
LC |2,344 (p=0,145) | 0,282 (p=0,603) | 0,844 (p=0,372) | 20
LPB | 0,526 (p=0,479) | 0,653 (p=0,431) | 0,770 (p=0,393) |20

Table 4: Two-way ANOVA analysis results for DA turnover in the various areas. The two factors considered
were diet (CHOW, CAF) and treatment (VEH, PF). Diet was a significant factor in vHIPPO. No significant
interaction between the two factors was detected. All significant values are written in italics in the table.
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4.2 NORADRENERGIC TRANSMISSION:

For each of the area cited above, tissue level of noradrenaline (NA) was detected.

The analysis of the quantities of NA in the various areas revealed that this system was
less affected than the dopaminergic one by CAFETERIA diet withdrawal: in CAF VEH
animals, abstinent from the diet, we generally observed a trend in reduction for the
concentration of NA in most of the areas, but a significant decrease of NA
concentration in CAF VEH rats was detected in VPL when compared to CHOW VEH
ones. The treatment with PF-3845 was significantly able to increase the concentration
of NA in AMY in animals abstinent from the diet (CAF PF), compared to animals which
did not receive the pharmacological treatment (CAF VEH). PF-3845 administration per
se, in CHOW PF group caused a significant decrease of NA concentration in VPL, when
compared to CHOW VEH rats.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 5, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 31.

Two-way ANOVA for the quantity of NA in the different areas

F diet F treatment F interaction df

PFC 0,198 (p=0,662) | 0,549 (p=0,469) | 0,044 (p=0,836) | 21
mPFC | 0,003 (p=0,956) | 0,061 (p=0,807) | 0,084 (p=0,775) |21
ACC 1,297 (p=0,271) | 0,402 (p=0,535) | 1,463 (p=0,244) | 20
DLS 4,164 (p=0,058) | 0,005 (p=0,945) | 0,262 (p=0,616) | 20
AMY | 0,021 (p=0,886) | 1,123 (p=0,304) | 6,265 (p<0,05) 21
HYPO | 0,039 (p=0,845) | 0,062 (p=0,806) | 1,660 (p=0,215) |21
VPL 3,333 (p=0,087) | 1,226 (p=0,285) | 9,830 (p<0,05) 20
dHIPPO | 0,228 (p=0,639) | 0,020 (p=0,890) | 0,095 (p=0,761) |21
vHIPPO | 0,865 (p=0,365) | 2,402 (p=0,140) | 0,450 (p=0,511) |21
PAG 0,003 (p=0,957) | 3,927 (p=0,065) | 0,727 (p=0,406) | 20
DR 2,378 (p=0,141) | 0,019 (p=0,891) | 0,765 (p=0,394) | 21
VTA 3,655 (p=0,073) | 0,654 (p=0,430) | 0,022 (p=0,884) |21
SN 0,665 (p=0,426) | 0,275 (p=0,607) | 2,542 (p=0,129) | 21
LC 0,407 (p=0,532) | 0,007 (p=0,936) | 0,395 (p=0,539) | 20
LPB 0,103 (p=0,753) | 0,000 (p=0,992) | 0,177 (p=0,679) | 20

Table 5: Two-way ANOVA analysis results for NA in various areas. The two factors considered were diet
(CHOW, CAF) and treatment (VEH, PF). Significant interaction between the two factors was detected in VPL and

AMY. All significant values are written in italics in the table.
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Fig.31: NA concentration values for each area expressed in ng/mg of wet tissue. Results are expressed as
MEAN+SEM. **p<0,01 vs CHOW VEH; °p<0,05 vs CAF VEH (Tukey’s post-hoc test for between-groups
comparisons).
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4.3 SEROTONINERGIC TRANSMISSION:

For each of the areas cited above, tissue level of serotonin (5HT) and its main
metabolite 5-hydroxyindolacetic acid (5HIAA) were detected. Moreover, for each area,
we calculated also the turnover of 5HT, as the ratio SHIAA/5HT. Referring to 5HT, the
abstinence from the diet causes in CAF VEH animals a general trend in decrease for the
concentration of the neurotransmitter in the majority of the areas compared to CHOW
VEH ones; except for dHIPPO, VTA, LC, LPB where we observed a trend in the increase
of the concentration of serotonin if compared to the control group.

Pharmacologic treatment per se, in chow-fed animals (CHOW PF group), was
significantly able to decrease the concentration of 5HT in VPL and vHIPPO when
compared to CHOW VEH ones; whereas its administration in animals which
experienced the withdrawal (CAF PF group) was significantly able to raise the amount
of the neurotransmitter in SN when compared both to CAF VEH and CHOW PF group.
Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 6, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 32.

Two way ANOVA for the quantity of 5HT in the different areas

F diet F treatment F interaction df
PFC 3,319 (p=0,086) | 0,645 (p=0,433) | 1,060 (p=0,318) |21
mPFC | 0,384 (p=0,543) | 0,000 (p=0,990) | 0,022 (p=0,883) |21
ACC 0,089 (p=0,769) | 0,222 (p=0,644) | 0,489 (p=0,495) | 20
DLS 0,200 (p=0,661) | 0,136 (p=0,717) | 2,888 (p=0,109) | 20
AMY | 0,396 (p=0,537) | 0,029 (p=0,867) | 2,153 (p=0,161) |21
HYPO | 0,101 (p=0,755) | 0,084 (p=0,776) | 3,379 (p=0,084) |21
VPL 0,342 (p=0,567) | 0,666 (p=0,427) | 5,338 (p<0,05) 20
dHIPPO | 1,238 (p=0,281) | 0,420 (p=0,526) | 0,463 (p=0,506) | 21
vHIPPO | 1,524 (p=0,234) | 1,867 (p=0,190) | 2,454 (p=0,136) |21

)

)

)

)

)

)

PAG | 0,580 (p=0,457) | 0,809 (p=0,382) | 1,123 (p=0,305) |20
DR |3,717 (p=0,071) |0,179 (p=0,677) | 0,157 (p=0,697) | 21
VIA | 0,017 (p=0,897) | 0,529 (p=0,477) | 1,365 (p=0,259) |21
SN |0,890 (p=0,359) | 3,019 (p=0,100) | 5,856 (p<0,05) |21
LC |0,396 (p=0,538) | 0,026 (p=0,873) | 0,249 (p=0,625) |20
LPB | 0,404 (p=0,534) | 0,507 (p=0,487) | 0,291 (p=0,597) |20

Table 6: Two-way ANOVA analysis results for 5HT in various areas. The two factors considered were diet
(CHOW, CAF) and treatment (VEH, PF). Significant interaction between the two factors was detected in VPL and

SN.
table.

All significant values are written in italics in the
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Fig.32: 5HT concentration values for each area expressed in ng/mg of wet tissue. Results are expressed as
MEAN+SEM. *p<0,05 vs CHOW VEH; °p<0,05 vs CAF VEH; #p<0,05 vs CHOW PF (Tukey’s post-hoc test for
between-groups comparisons).
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Also the concentration of 5SHT main metabolite, the 5HIAA, was influenced: abstinence
provoked the significant decrease of the concentration of 5HIAA in VPL in CAF VEH rats
when compared to CHOW VEH ones; since in these areas less serotonin was produced
and consequently metabolized. Differently, in CHOW PF rats PF-3845 administration
was able to significantly increase the concentration of the metabolite in PFC and
VHIPPO; significantly dampened it in VPL when compared to CHOW VEH. On the other
hand, CAF PF rats showed in VTA and PFC a significant decrease of the concentration of

5HIAA when compared to CHOW PF ones.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 7, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 33.

Two-way ANOVA for the quantity of SHIAA in the different areas

F diet F treatment F interaction df

PFC 0,204 (p=0,658) | 0,308 (p=0,586) | 6,459 (p<0,05) 21
mPFC | 0,509 (p=0,485) | 2,890 (p=0,107) | 0,001 (p=0,976) |21
ACC 1,362 (p=0,260) | 0,950 (p=0,344) | 0,916 (p=0,353) | 20
DLS 2,046 (p=0,172) | 0,678 (p=0,422) | 0,008 (p=0,928) | 20
AMY | 0,088 (p=0,770) | 0,190 (p=0,669) | 4,006 (p=0,062) |21
HYPO | 1,950 (p=0,181) | 0,002 (p=0,966) | 0,464 (p=0,505) | 21
VPL 3,577 (p=0,077) | 0,913 (p=0,353) | 8,427 (p<0,05) 20
dHIPPO | 0,993 (p=0,333) | 0,036 (p=0,852) | 0,045 (p=0,834) |21
vHIPPO | 1,805 (p=0,197) | 2,000 (p=0,175) | 2,573 (p=0,127) |21
PAG 0,007 (p=0,933) | 1,506 (p=0,238) | 0,018 (p=0,896) | 20
DR 4,025 (p=0,061) | 0,036 (p=0,851) | 0,066 (p=0,800) |21
VTA 1,662 (p=0,215) | 0,031 (p=0,862) | 4,754 (p<0,05) 21
SN 0,037 (p=0,849) | 0,199 (p=0,661) | 1,045 (p=0,321) |21
LC 0,173 (p=0,683) | 0,309 (p=0,586) | 0,300 (p=0,591) | 20
LPB 0,185 (p=0,673) | 0,240 (p=0,631) | 2,034 (p=0,173) | 20

Table 7: Two-way ANOVA analysis results for SHIAA in various areas. The two factors considered were diet
(CHOW, CAF) and treatment (VEH, PF). Significant interaction between the two factors was detected in PFC,

VPL and VTA. All significant values are written in italics in the table.
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Fig.33: 5HIAA concentration values for each area expressed in ng/mg of wet tissue. Results are expressed as
MEAN+SEM. *p<0,05 vs CHOW VEH; **p<0,01 vs CHOW VEH; #p<0,05 vs CHOW PF (Tukey’s post-hoc test for
between groups comparisons).
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5HT turnover ratio was influenced by diet withdrawal: animals abstinent from
CAFETERIA diet (CAF VEH) presented a significant decrease in LPB when compared to
the control group (CHOW VEH). No significant variations were caused by the
pharmacological treatment per se in CHOW-fed animals; however, the administration
of PF-3845 in CAF PF animals was able to significantly reduce the turnover ratio in

HYPO and SN in these animals if compared to the CHOW PF ones.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 8, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 34.

Two-way ANOVA for 5HT turnover in the different areas

F diet F treatment F interaction df
PFC 0,264 (p=0,614) | 0,648 (p=0,432) | 1,276 (p=0,274) |21
mPFC | 1,180 (p=0,292) | 2,089 (p=0,167) | 0,807 (p=0,382) | 21
ACC 0,520 (p=0,481) | 0,515 (p=0,483) | 0,008 (p=0,930) | 20
DLS 1,960 (p=0,181) | 1,228 (p=0,284) | 1,635 (p=0,219) | 20
AMY 1,077 (p=0,314) | 0,128 (p=0,725) | 1,492 (p=0,239) |21
HIPO 1,746 (p=0,204) | 0,672 (p=0,424) | 3,866 (p=0,066) | 21
VPL 0,107 (p=0,747) | 1,248 (p=0,280) | 0,715 (p=0,410) | 20

)

)

)

)

)

)

)

dHYPPO | 4,222 (p=0,056) | 0,173 (p=0,682) | 0,010 (p=0,923) |21
VHYPPO | 0,888 (p=0,359) | 1,111 (p=0,307) | 1,506 (p=0,236) | 21
PAG | 0,985 (p=0,336) | 0,002 (p=0,968) | 0,392 (p=0,540) |20
DR |0,135 (p=0,718) | 1,639 (p=0,218) | 0,584 (p=0,455) |21
VIA | 0,141 (p=0,712) | 0,122 (p=0,731) | 1,591 (p=0,224) |21
SN | 2,207 (p=0,156) | 0,010 (p=0,923) |2,962 (p=0,103) |21
LC |0,202 (p=0,659) | 0,001 (p=0,976) | 0,567 (p=0,462) | 20
LPB | 4,610 (p<0,05) | 0,062 (p=0,807) | 1,323 (p=0,267) |20

Table 8: Two-way ANOVA analysis results for S5HT turnover ratio in the various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor LPB; no significant
interaction between the two factors was detected. All significant values are written in italics in the table.
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5. WESTERN BLOT ANALYSIS

After identifying behavioural alterations due to the abstinence from the CAFETERIA
diet, and various impairments to the monoaminergic systems caused by the diet
withdrawal; we focused our attention on other systems which could be involved in
causing the anxiety-like behaviour and depressive-like phenotype. Among them, we

focused our interest on the endocannabinoid system and in neuroinflammation.

The endocannabinoid system, as explained in the introduction, has various roles in the
central nervous system: it regulates learning, memory and cognition; motor activity;
mood tone; appetite and food intake; reward and addiction; neuroprotection; neural
development and sleep'’®. Several studies suggest that stress response could affect
the endocannabinoid system?%6; and that the endocannabinoid system could have a

role in obesity?®” and in addiction?8,

Similarly, also neuroinflammation could be involved: we investigated markers of
microglia and neuroinflammation such as IBA-1 and GFAP to discover what are the
effects of the withdrawal from CAFETERIA diet and of the pharmacological treatment
on the expression of these proteins. It is known that endogenous acylethanolamides
(which are increased by the treatment with PF-3845) are important for neural
development, synaptic plasticity, reward processing, learning processes,
neurogenesis?®>27%; all processes which can be compromised by long-term exposure to
high-calorie diets?’. Furthermore, it has been demonstrated that obesity itself might
cause a state of neuroinflammation, with intense activation of astrocyte and microglial

response?’2273,
The analysis of the expression of the proteins was executed in the same areas of the

HPLC, using the left hemisphere parts, as explained in the material and methods

section.
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5.1 ENDOCANNABINOID SYSTEM:

We analysed various proteins partaking to the endocannabinoid system. In particular,
our attention was focused in cannabinoid receptors type 1 and 2 (respectively CB1 and
CB2); enzymes of synthesis and degradation of acylethanolamides (NAPE-PLD, DAGL-
alpha, DAGL-beta for synthesis and FAAH, MAGL for degradation).

Western blot analysis of CB1 revealed that diet withdrawal was able to reduce
significantly the expression of the receptor in ACC in CAF VEH rats when compared to
CHOW VEH ones. Pharmacological treatment, in animals experiencing abstinence from
the diet (CAF PF), was significantly able to decrease the expression of CB1 in PFC and
HYPO when compared to CAF VEH ones. PF-3845 per se, in CHOW fed animals (CHOW
PF), was significantly able to reduce the expression of CB1 in ACC, AMY, HYPO, PFC
when compared to vehicle-treated animals (CHOW VEH). Results obtained from two-
way ANOVA analyses conducted for each parameter are reported in Table 9, whereas
the results from the post hoc analyses (Tukey’s test) are reported in figure 35. Figure

36 shows significant images of western blot analysis.

Two-way ANOVA for CB1 expression in the different areas

F diet F treatment F interaction df

PFC | 1,241 (p=0,277) 9,924 (p<0,01) 0,056 (p=0,815) |23
mPFC | 0,196 (p=0,662) 0,046 (p=0,832) | 0,007 (p=0,934) |23
ACC | 3,748 (p=0,066) 2,565 (p=0,124) | 1,644 (p=0,214) |22
DLS | 0,291 (p=0,595) 1,457 (p=0,240) | 2,065 (p=0,164) |24
AMY | 0,846 (p=0,368) 3,289 (p=0,083) | 7,808 (p<0,05) 23
HYPO | 0,397 (p=0,535) | 10,206 (p<0,01) 0,049 (p=0,827) |23
VPL | 0,002 (p=0,965) 0,161 (p=0,692) | 1,892 (p=0,182) | 25
PAG | 0,692 (p=0,414) 1,439 (p=0,242) | 2,322 (p=0,141) | 25
DR | 1,112 (p=0,302) 0,783 (p=0,385) | 0,495 (p=0,488) | 25
VTA | 0,076 (p=0,785) 0,374 (p=0,547) | 0,581 (p=0,454) |23
SN | 2,772 (p=0,110) 0,314 (p=0,581) | 0,802 (p=0,380) | 23
LC | 0,036 (p=0,851) 1,187 (p=0,287) | 0,020 (p=0,889) | 23
LPB | 0,002 (p=0,965) 0,161 (p=0,692) | 1,892 (p=0,182) |24
AP | 0,996 (p=0,329) 2,131 (p=0,158) | 0,528 (p=0,475) |24

Table 9: Two-way ANOVA analysis results for the expression of CB1 in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Treatment is a significant factor in PFC, HYPO;
significant interaction between the two factors was detected in AMY. All significant values are written in italics
in the table.
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Fig.35: Results of the western blot analysis of CB1 expression; expressed as the protein/adaptin ratio. Results
are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH; **p<0,01 vs CHOW VEH; °p<0,05 vs CAF VEH; #p<0,05 S
CHOW PF (Tukey’s post-hoc test for between-groups comparisons).

108



MEDIAL PREFRONTAL CORTEX

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA
CcB1 . - .
- N e
HYPOTALAMUS
CHOW  CHOW  CAF CAF
VEH PF VEH PF

ADAPTINA g s s sy

-
CB1 i

DORSOLATERAL STRIATUM
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA S S— S— —

CB1 AT — —

LOCUS COERULEUS
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA - —— —— —

Bl —— — —

VENTRAL PALLIDUM

CHOW CHOW CAF CAF
VEH PF VEH PF

CB1 _’—--

ACCUMBENS
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA S cm ss——

S

VENTRAL TEGMENTAL AREA

CHOwW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA =~ S " e a—

o — s —

SUBSTANTIA NIGRA
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA ~SSEES s SHE—— sm—

o

AREA POSTREMA

ADAPTINA g e S st

Bl g o—— —

LATERAL PARABRACHIAL
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA ——— c—

g1 IR —— —

Fig.36: Representative images of western blot analysis of CB1 receptor.
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Furthermore, CB2 analysis revealed that diet withdrawal was able to reduce
significantly the expression of CB2 in mPFC, ACC and increase it in VTA in CAF VEH
animals when compared to CHOW VEH ones. Additionally, pharmacological treatment
per se, in CHOW-fed animals (CHOW PF group), was able to significantly increase the
expression of CB2 in VTA when compared to CHOW VEH. In PFC, animals abstinent
from CAF diet and treated with PF-3845 (CAF PF group) displayed a significant
increment of the expression of CB2 when compared both to CAF VEH and CHOW PF

animals.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 10, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 37. Figure 38 shows significant images of western blot analysis.

Two-way ANOVA for CB2 expression in the different areas

F diet F treatment F interaction df

PFC | 0,977 (p=0,334) | 0,212 (p=0,650) | 7,952 (p<0,01) 23

mPFC | 12,005 (p<0,01) 0,310 (p=0,583) | 4,171 (p=0,053) | 23
ACC | 12,169 (p<0,01) | 1,352 (p=0,258) | 0,666 (p=0,424) |22

DLS | 0,001 (p=0,975) | 0,367 (p=0,551) | 2,610 (p=0,120) | 24

AMY | 0,018 (p=0,894) | 0,432 (p=0,518) | 0,187 (p=0,670) | 23
HYPO | 2,368 (p=0,138) | 0,542 (p=0,469) | 0,001 (p=0,975) | 23
)

)

VPL | 0,161 (p=0,692) | 0,726 (p=0,403) | 0,144 (p=0,708) | 25
DR | 0,206 (p=0,654) | 0,589 (p=0,450) |3,642 (p=0,068) | 25
VTA | 9,429 (p<0,01) |2,945 (p=0,100) |3,271 (p=0,084) |23
SN | 0,318 (p=0,579) | 0,870 (p=0,361) |0,222 (p=0,642) | 23
LC | 0,062 (p=0,805) |4,671 (p<0,05) |0,148 (p=0,704) | 23

Table 10: Two-way ANOVA analysis results for the expression of CB2 in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in mPFC, ACC, VTA;
treatment in LC. Significant interaction between the two factors was detected in PFC. All significant values are
written in italics in the table.
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Fig.37: Results of the western blot analysis of CB2 expression; expressed as the protein/adaptin ratio. Results
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CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
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Similarly to all these variations in the expression of cannabinoid receptors, also
enzymes of degradation were affected by diet withdrawal and pharmacological
treatment. In particular, the expression of the enzyme FAAH was significantly
increased by diet withdrawal in VTA in CAF VEH animals when compared to CHOW VEH
ones.

PF-3845, when administered in CAF rats (CAF PF group), was able to significantly
reduce the expression of FAAH in VTA and increase it in the mPFC when compared to
vehicle-treated animals (CAF VEH). Differently, in VPL and LPB, CAF PF animals
displayed a significant increase of the expression of FAAH when compared with CHOW

PF animals.

When the same treatment was administered in CHOW-fed animals (CHOW PF group),
it caused a significant increase of the expression of FAAH in ACC, PAG, VTA and a

significant decrease in DR in respect to vehicle administration (CHOW VEH ones).

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 14, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 39. Figure 40 shows significant images of western blot analysis.

Two-way ANOVA for FAAH expression in the different areas

F diet F treatment F interaction df

PFC | 2,182 (p=0,154) | 0,101 (p=0,754) | 1,467 (p=0,239) | 23
mPFC | 0,030 (p=0,864) | 7,986 (p<0,01) | 0,112 (p=0,741) | 23
ACC | 10,669 (p<0,01) | 15,742 (p<0,001) | 1,995 (p=0,172) | 22
DLS | 10,420 (p<0,01) | 0,915 (p=0,349) | 0,318 (p=0,578) | 24
AMY | 1,453 (p=0,241) | 0,000 (p=0,992) | 1,516 (p=0,231) | 23
HYPO | 0,009 (p=0,952) | 1,618 (p=0,217) | 0,901 (p=0,353) | 23
VPL | 5,928 (p<0,05) | 3,457 (p=0,075) | 2,302 (p=0,142) | 25
PAG | 0,414 (p=0,526) | 5,627 (p<0,05) | 0,371 (p=0,548) | 25
DR 0,928 (p=0,345) | 0,034 (p=0,855) | 8,003 (p<0,01) | 25
VTA | 4,953 (p<0,05) | 0,086 (p=0,772) | 10,663 (p<0,01) | 23
SN 0,261 (p=0,615 1,090 (p=0,307) | 0,754 (p=0,395) | 23
LC 0,102 (p=0,752 0,087 (p=0,077) | 0,478 (p=0,497) | 23
LPB | 2,741 (p=0,111 0,003 (p=0,957) | 3,454 (p=0,076) | 24
AP 0,544 (p=0,468 0,001 (p=0,975) | 0,949 (p=0,340) | 24

)
)
)
)

Table 14: Two-way ANOVA analysis results for the expression of FAAH in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in ACC, DLS, VPL, VTA;
treatment is a significant factor in mPFC, ACC, PAG. A significant interaction between the two factors was
detected in VTA, DR. All significant values are written in italics in the table.
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Fig.39: Results of the western blot analysis of FAAH expression; expressed as the protein/adaptin ratio. Results
are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH; ***p<0,001 vs CHOW VEH; °p<0,05 vs CAF VEH; #p<0,05
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114



MEDIAL PREFRONTAL CORTEX

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA o o c— o—

FAAH — — ——
HYPOTALAMUS
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA Wi GENES G s

FAAH —— D — =

DORSOLATERAL STRIATUM

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA  — —_—

FAAH T Cem—— ———— -

LOCUS COERULEUS

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA  (HEEED St S St

FAAH D s —

VENTRAL PALLIDUM

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA s s s s—

FAAH — — — C—

ACCUMBENS
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA - S sw— S—

FAAH e D < s

VENTRAL TEGMENTAL AREA

CHOW CHOW CAF CAF
VEH PF VEH PF
ADAPTINA
FAAH R

SUBSTANTIA NIGRA

CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA SHEEES ssmms SHEN. anm—

FAAH =~ S s SIS G

AREA POSTREMA

ADAPTINA s G SR S

FAAH e D ——

LATERAL PARABRACHIAL
CHOW CHOW CAF CAF
VEH PF VEH PF

ADAPTINA | S s— S S—

FAAH — e oy —

Fig.40: Representative images of western blot analysis of FAAH.
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On the other hand, in AMY MAGL expression was significantly reduced in CAF VEH rats
when compared to CHOW VEH; PF-3845 administration in CAF PF group was able to
significantly increase this expression compared to CAF VEH group and restore it to
control values. Differently, in DLS MAGL expression was significantly higher in CAF VEH
rats; when compared to CHOW VEH. PF-3845 administration in animals abstinent from
the diet (CAF PF) reduced the expression of MAGL when compared to CHOW PF group
both in DLS and VTA. When PF-3845 was administered in CHOW-fed animals (CHOW
PF), it caused a significant increase of the expression of MAGL in VTA and DLS and a

decrease in AMY and SN with respect to CHOW VEH group.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 15, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 41. Figure 42 shows significant images of western blot analysis.

Two-way ANOVA for MAGL expression in the different areas

F diet F treatment F interaction df
PFC | 0,059 (p=0,810) | 1,296 (p=0,267) 1,976 (p=0,174) | 23
mPFC | 2,507 (p=0,128) | 0,221 (p=0,643) 0,354 (p=0,558) |23
ACC | 3,607 (p=0,071) | 0,134 (p=0,718) 0,602 (p=0,446) | 22
DLS | 0,536 (p=0,471) 5,744 (p<0,05) 21,169 (p<0,001) | 24
AMY | 1,296 (p=0,267) | 0,000 (p=0,992) | 10,899 (p<0,01) 23
)
)
)
)

HYPO | 0,320 (p=0,577) | 0,000 (p=0,992) | 0,016 (p=0,900) | 23
VTA | 0,721 (p=0,405) | 0,969 (p=0,337) | 4,076 (p=0,055) | 23
SN | 0,001 (p=0,975) |2,958 (p=0,099) | 2,444 (p=0,132) |23
LPB | 1,669 (p=0,210) | 0,120 (p=0,732) | 0,000 (p=0,992) | 24

Table 15: Two-way ANOVA analysis results for the expression of MAGL in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Treatment was a significant factor in DLS.
Significant interaction between the two factors was detected in DLS, AMY. All significant values are written in
italics in the table.
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Fig.41: Results of the western blot analysis of MAGL expression; expressed as the protein/adaptin ratio. Results
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comparisons).
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Fig.42: Representative images of western blot analysis of MAGL.
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Also, NAPE-PLD expression was affected by CAFETERIA diet abstinence: animals
experiencing diet withdrawal (CAF VEH) presented significant reduction of the
expression of the protein in mPFC, AMY, SN and LPB when compared to CHOW VEH. In
CAF PF animals, the pharmacological treatment was able to significantly reduce the
expression of NAPE-PLD in VTA, compared to vehicle-treated ones (CAF VEH).
PF-3845 administration per se, in CHOW-fed animals (CHOW PF), was able to
significantly decrease the expression of the protein in SN, when compared to vehicle-
treated ones (CHOW VEH). In DR, animals abstinent from CAF diet and treated with PF-
3845 (CAF PF) displayed a significant increment of the expression of NAPE-PLD when
compared both to CAF VEH and CHOW PF animals; whereas in LC they presented a
significant decrease of the expression of the protein when compared both to CAF VEH

and CHOW PF animals.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 11, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 43. Figure 44 shows significant images of western blot analysis.

Two-way ANOVA for NAPE PLD expression in the different areas

F diet F treatment F interaction df

PFC | 0,130 (p=0,722) 0,162 (p=0,691) | 3,706 (p=0,067) | 23

mPFC | 8,309 (p<0,01) 1,320 (p=0,263) | 1,478 (p=0,237) | 23
ACC | 0,559 (p=0,463) 0,927 (p=0,347) | 0,001 (p=0,975) | 22
DLS | 1,716 (p=0,204) 1,203 (p=0,285) | 1,104 (p=0,305) | 24

AMY | 0,938 (p=0,343) 0,398 (p=0,535) | 3,526 (p=0,074) | 23
HYPO | 2,485 (p=0,129) | 10,552 (p<0,01) 0,981 (p=0,333) | 23
)

)

)

PAG | 2,277 (p=0,144) | 8271 (p<0,01) | 0,016 (p=0,900) | 25
DR |2,189 (p=0,152) | 5,152 (p<0,05) |2,986 (p=0,096) |25
VTA | 0,255 (p=0,619) | 3,250 (p=0,085) | 4,284 (p=0,050) | 23
SN | 7,165 (p<0,05) | 4,955 (p<0,05) |4,936 (p<0,05) |23
LC | 5,672 (p<0,05) 5218 (p<0,05) | 1,505 (p=0,232) |23
LPB | 4,621 (p<0,05) 1,718 (p=0,202) | 1,024 (p=0,322) |24

Table 11: Two-way ANOVA analysis results for the expression of NAPE-PLD in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in mPFC, SN, LC, LPB;
treatment is a significant factor in HYPO, PAG, DR, SN, LC. A significant interaction between the two factors was
detected in SN. All significant values are written in italics in the table.
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Fig.43: Results of the western blot analysis of NAPE-PLD expression expressed as the protein/adaptin ratio.
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°°p<0,01 vs CAF VEH; #p<0,05 vs CHOW PF (Tukey’s post-hoc test for between groups comparisons).
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Fig.44: Representative images of western blot analysis of NAPE PLD.
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The expression of DAGL-alpha was also analysed: diet withdrawal caused a significant
decrease in the expression of the protein in ACC and AMY in CAF VEH animals when
compared to CHOW VEH ones. Pharmacologic treatment was effective in CAF PF
animals in increasing the expression of DAGL-alpha in AMY and decreasing it in HYPO;
compared to vehicle-treated animals (CAF VEH). By the way, PF-3845 per se in CHOW-
fed animals (CHOW PF group) significantly decreased the expression of the protein in

AMY and LC when compared to vehicle-treated rats (CHOW VEH).

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 12, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 45. Figure 46 shows representative images of western blot analysis.

Two-way ANOVA for DAGL alpha expression in the different areas

F diet F treatment F interaction df

PFC | 0,208 (p=0,653) | 0,003 (p=0,957) | 0,287 (p=0,598) | 23
mPFC | 5,146 (p<0,05) 0,016 (p=0,900) | 0,227 (p=0,638) | 23
ACC | 16,378 (p<0,001) | 0,000 (p=0,992) | 0,341 (p=0,565) | 22
DLS | 0,000 (p=0,992) | 4,625 (p<0,05) 0,000 (p=0,992) |24
AMY | 2,387 (p=0,136) | 0,048 (p=0,829) | 9,004 (p<0,001) | 23
HYPO | 0,004 (p=0,950) | 1,105 (p=0,305) | 4,754 (p<0,05) 23
VPL 1,124 (p=0,300) | 1,940 (p=0,176) | 0,264 (p=0,612) | 25
PAG | 0,648 (p=0,429) | 0,315 (p=0,580) | 0,723 (p=0,404) | 25
DR 0,034 (p=0,855) | 0,120 (p=0,732) | 2,035 (p=0,167) | 25
VTA | 0,320 (p=0,577) | 1,016 (p=0,324) | 0,473 (p=0,499) | 23
SN 0,002 (p=0,965) | 0,644 (p=0,431) | 1,160 (p=0,293) | 23
LC 0,029 (p=0,866) | 1,033 (p=0,321) | 3,970 (p=0,059) | 23
AP 0,090 (p=0,767) | 0,221 (p=0,643) | 0,005 (p=0,944) |24

Table 12: Two-way ANOVA analysis results for the expression of DAGL-alpha in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in mPFC, ACC.
Treatment is a significant factor in DLS. Significant interaction between the two factors was detected in AMY
and HYPO. All significant values are written in italics in the table.
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Fig.45: Results of the western blot analysis of DAGL-alpha expression; expressed as the protein/adaptin ratio.
Results are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH; **p<0,01 vs CHOW VEH; °p<0,05 vs CAF VEH;

#p<0,05 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
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Fig.46: Representative images of western blot analysis of DAGL alpha.
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Along with the variations of DAGL-alpha, diet withdrawal affected also the expression
of DAGL-beta, in particular in the HYPO and PFC, where we observed a significant
decrease of the expression of the protein in CAF VEH animals if compared to control
animals (CHOW VEH). Besides, PF-3845 administration was able to reduce significantly
the expression of DAGL-beta in CHOW-fed animals (CHOW PF) if compared to vehicle-
treated ones (CHOW VEH) in HYPO. Moreover, in DLS, pharmacological treatment per
se was able to increase the expression of DAGL-beta in CHOW-fed animals (CHOW PF)
compared to vehicle-treated ones (CHOW VEH).

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 13, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 45. Figure 46 shows representative images of western blot analysis.

Two-way ANOVA for DAGL beta expression in the different areas

F diet F treatment F interaction df

PFC | 7,542 (p=0,012) | 0,075 (p=0,787) | 0,179 (p=0,676) | 23
mPFC | 3,314 (p=0,082) | 0,037 (p=0,849) | 0,876 (p=0,359) | 23
ACC | 0,211 (p=0,651) | 0,001 (p=0,975) | 0,034 (p=0,855) | 22
DLS 1,072 (p=0,311) | 2,152 (p=0,156) | 3,148 (p=0,089) | 24
AMY | 4,170 (p=0,053) | 3,505 (p=0,074) | 2,472 (p=0,130) | 23
HYPO | 19,526 (p<0,001) | 7,825 (p<0,05) 3,925 (p=0,060) | 23
VPL | 0,000 (p=0,992) | 1,478 (p=0,236) | 0,062 (p=0,805) | 25
DR 0,213 (p=0,649) | 0,685 (p=0,416) | 0,594 (p=0,488) | 25
VTA | 0,497 (p=0,488) | 0,088 (p=0,770) | 1,633 (p=0,215) | 23
SN 0,020 (p=0,888) | 2,722 (p=0,133) | 0,537 (p=0,471) | 23
LC 1,904 (p=0,181) | 0,063 (p=0,804) | 0,968 (p=0,336) |23
LPB | 0,053 (p=0,820) | 0,470 (p=0,499) | 0,010 (p=0,921) | 24
AP | 11,754 (p<0,01) 1,602 (p=0,218) | 0,234 (p=0,633) | 24

Table 13: Two-way ANOVA analysis results for the expression of DAGL-beta in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in HYPO, AP; treatment
is a significant factor in HYPO. No significant interaction between the two factors was detected. All significant
values are written in italics in the table.
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Fig.48: Representative images of western blot analysis of DAGL beta.
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5.2 NEUROINFLAMMATORY MARKERS:

To investigate possible neuroinflammation caused by diet withdrawal and a possible
protective effect of the pharmacological treatment, we analysed two main proteins
involved in neuroinflammation and the activation of microglia; such as GFAP and IBA-1.
Moreover, the analysis of the expression of the enzyme COX-2 involved in the
production of pro-inflammatory mediators, was performed in HYPO, the brain area
more implied in the starting of a neuroinflammatory response. Regarding the
expression of GFAP, our analysis revealed that diet withdrawal significantly reduced
the expression of the protein in mPFC and DR in CAF VEH animal, if compared to
CHOW VEH rats. In CAF rats, the administration of PF-3845 was significantly able to
increase the expression of the protein in mPFC, VTA and LPB if compared to vehicle
administrated rats. Pharmacological treatment per se in CHOW PF animals was able to
decrease GFAP expression in mPFC and DR when compared to CHOW VEH. Results
obtained from two-way ANOVA analyses conducted for each parameter are reported
in Table 16, whereas the results from the post hoc analyses (Tukey’s test) are reported

in figure 49. Figure 50 shows representative images of western blot analysis.

Two-way ANOVA for GFAP expression in the different areas

F diet F treatment F interaction df

PFC | 3,869 (p=0,062) | 2,064 (p=0,162) 0,239 (p=0,630) | 23

mPFC | 4,348 (p<0,05) 1,015 (p=0,325) | 16,923 (p<0,001) | 23
ACC | 0,103 (p=0,751) | 0,453 (p=0,508) 0,057 (p=0,814) | 22

DLS | 0,435 (p=0,516) | 0,595 (p=0,448) 0,010 (p=0,921) | 24

AMY | 4,423 (p<0,05) 5,739 (p<0,05) 0,087 (p=0,770) | 23
HYPO | 1,264 (p=0,273) | 1,482 (p=0,236) 0,040 (p=0,843) | 23
VPL | 0,159 (p=0,694) | 0,000 (p=0,992) 0,798 (p=0,380) | 25
PAG | 0,117 (p=0,735) | 0,360 (p=0,554) 2,726  (p=0,112) | 25
DR | 0,447 (p=0,510) | 0,635 (p=0,433) | 10,036 (p<0,01) 25

VTA | 2,044 (p=0,166) | 8,153 (p<0,01) 0,571 (p=0,458) | 23
)

)

)

)

SN | 0,431 (p=0,518) |0,009 (p=0,925) | 1,636 (p=0,214) |23
LC | 1,216 (p=0,282) | 0,307 (p=0,585) | 0,084 (p=0,775) |23
LPB | 0,001 (p=0,975) |3,949 (p=0,058) | 5,703 (p<0,05) |24
AP | 0,912 (p=0,350) | 0,027 (p=0,871) | 0,389 (p=0,539) | 24

Table 16: Two-way ANOVA analysis results for the expression of GFAP in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet is a significant factor in mPFC and AMY;
treatment is a significant factor in AMY and VTA. A significant interaction between the two factors was
detected in mPFC, DR, LPB. All significant values are written in italics in the table.
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Fig.49: Results of the western blot analysis of GFAP expression; expressed as the protein/adaptin ratio. Results
are expressed as MEAN+SEM. *p<0,05 vs CHOW VEH; **p<0,01 vs CHOW VEH; ***p<0,001 vs CHOW VEH;

°p<0,05 vs CAF VEH; °°p<0,01 vs CAF VEH; #p<0,05 vs CHOW PF; #p<0,01 vs CHOW PF (Tukey’s post-hoc test
for between groups comparisons).
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Fig.50: Representative images of western blot analysis of GFAP.
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On the other hand, expression of IBA-1 was significantly affected in AMY: animals
abstinent from the diet (CAF VEH) displayed a significant reduction of the expression of
the protein compared to CHOW-fed ones (CHOW VEH). The administration of PF-3845
was effective in causing a significant increase of the expression of IBA-1 in AMY, SN
and DR in CAFETERIA abstinent rats (CAF PF), if compared to CAF VEH group.
Administration of PF-3845 in chow-fed animals (CHOW PF) significantly reduced IBA-1
expression in LC when compared to CHOW VEH. When the same compound was
administered in CAF PF animals, we reported a significant increase in the expression of

IBA-1 in DR and LC when compared to CHOW PF group.

Results obtained from two-way ANOVA analyses conducted for each parameter are
reported in Table 17, whereas the results from the post hoc analyses (Tukey’s test) are

reported in figure 51. Figure 52 shows representative images of western blot analysis.

Two-way ANOVA for IBA-1 expression in the different areas

F diet F treatment F interaction df

PFC | 0,910 (p=0,350) | 0,947 (p=0,341) | 1,305 (p=0,266) | 23
mPFC | 0,532 (p=0,473) | 0,802 (p=0,380) | 0,017 (p=0,897) | 23
ACC | 0,013 (p=0,910) | 0,048 (p=0,829) | 4,673 (p<0,05) 22
DLS | 0,702 (p=0,410) | 0,414 (p=0,526) | 1,162 (p=0,292) |24
AMY | 0,258 (p=0,617) | 1,646 (p=0,213) | 9,930 (p<0,01) 23
HYPO | 0,171 (p=0,683) | 0,022 (p=0,883) | 2,513 (p=0,127) | 23
VPL | 1,100 (p=0,305) | 0,967 (p=0,335) | 0,236 (p=0,632) | 25
DR | 0,675 (p=0,419) | 3,722 (p=0,066) | 9,383 (p<0,01) 25
VTA | 1,470 (p=0,237) | 3,738 (p=0,065) | 0,298 (p=0,590) | 23
SN | 0,614 (p=0,442) | 1,704 (p=0,205) | 2,971 (p=0,099) | 23
LC | 9,581 (p<0,01) 1,178 (p=0,290) | 4,080 (p=0,055) | 23
LPB | 0,367 (p=0,550) | 0,059 (p=0,810) | 0,440 (p=0,514) |24

Table 17: Two-way ANOVA analysis results for the expression of IBA-1 in various areas. The two factors
considered were diet (CHOW, CAF) and treatment (VEH, PF). Diet was a significant factor in LC. A significant
interaction between the two factors was detected in ACC, AMY and DR. All significant values are written in
italics in the table.
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Fig.51: Results of the western blot analysis of IBA-1 expression; expressed as the protein/adaptin ratio. Results
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CHOW PF; #p<0,01 vs CHOW PF (Tukey’s post-hoc test for between-groups comparisons).
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Fig.52: Representative images of western blot analysis of IBA-1.
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COX-2 expression analysis in HYPO revealed that PF-3845 administration in animals
abstinent from the diet (CAF PF group) was effective in reducing COX-2 significantly
when compared to vehicle-treated animals (CAF VEH group).
Two-way ANOVA analysis revealed that nor diet (F=0,420; p=0,524; df=23) neither
treatment (F=2,604; p=0,120; df=23) were significant factors. No interaction between
the two factors was displayed (F=1,830; p= 0,193; df=23). Tukey’s post-hoc analysis
was performed; results are shown in figure 53. Representative image of western blot

analysis is shown in figure 54.

2.0

1.54

O.D. (arbitrary unit)

Fig.53: Results of the western blot analysis of COX-2 expression; expressed as the protein/adaptin ratio. Results
are expressed as MEANSEM. °p<0,05 vs CAF VEH (Tukey’s post-hoc test for between-groups comparisons).
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Fig.52: Representative images of western blot analysis of COX-2.
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6. PEARSON CORRELATION ANALYSIS:

A Pearson correlation is a number between -1 and 1 that indicates the extent to which
two variables are linearly related. Correlations are never lower than -1. A correlation of
-1 indicates that the data points in a scatter plot lie exactly on a straight descending
line; the two variables are perfectly negatively linearly related; whereas a correlation
of 0 means that two variables do not have any linear relation whatsoever. At the same
time, correlation coefficients are never higher than 1. A correlation coefficient of 1
means that two variables are perfectly positively linearly related; the dots in a scatter

plot lie exactly on a straight ascending line.

In our study, we performed various Pearson correlation analyses, considering matching

data per each animal included in the results:

Correlative analysis between selected parameters of behavioural tests and
monoamines concentration among areas: the aim is to discover if the variation in the
concentration of monoamines in selected brain regions could be directly related to
behavioural alterations and if the exposure and subsequent abstinence from
CAFETERIA diet or pharmacological treatment might have an impact on these
correlations;

Correlative analysis of monoamines across different brain regions: the aim is to
understand which regions are interconnected in DA, NA, 5HT systems and if the
exposure and subsequent abstinence from CAFETERIA diet or pharmacological
treatment might have an impact on these correlations;

Correlative analysis of proteins partaking to the endocannabinoid system across
different brain regions: the aim is to discover if the different proteins interact in
different areas and if the exposure and subsequent abstinence from CAFETERIA diet or
pharmacological treatment might have an impact on these correlations;

Correlative analysis of monoamine and cannabinoid system components in the same
brain region: the aim is to discover how, in every brain region that we analysed, the
endocannabinoid system and the monoaminergic one are related to each other and if
the exposure and subsequent abstinence from CAFETERIA diet or pharmacological
treatment might have an impact on these correlations.
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6.1 CORRELATIVE ANALYSIS OF BEHAVIOURAL PARAMETERS IN
RELATION TO MONOAMINE CONCENTRATION:

To test the existence of a selective relationship between behavioural alterations and
monoamine tissue levels across the different brain regions we measured the
coefficient of correlation between selected behavioural parameters and concentration
of the monoamines in each area. Pearson correlation analysis was executed for each

monoamine separately, and the results for each experimental group were compared.
The parameters that were chosen as indicative of each behavioural test were:

- Zone entries for the OFT
- Time spent in open arms and centre for EPM

- Mobility time for FST
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DOPAMINE:

In figure 53 it is possible to observe the correlation pattern between behavioural tests
parameters and DA content in the different brain areas. Interestingly, the number of
correlations between the different groups did not vary a lot; but at the same time diet
abstinence and pharmacological treatment can modify the pattern of correlation. For
example, CAF VEH animals presented a positive correlation between zone entries in OF
and mobility time in FST and a negative one between concentration of DA in mPFC and

IlI

zone entries; differently from CHOW VEH group, which refers to a “normal” condition,
where the only correlation seen is between mobility time of FST and DA concentration
in dHIPPO. Administration of PF-3845 in rats abstinent from cafeteria diet created a
pattern different from both CAF VEH and CHOW VEH groups: it was possible to

observe a negative correlation between DA concentration in PFC and zone entries.

CHOW VEH CHOW PF CAF VEH CAF PF
OF EPM FST OF EPM FST OF EPM FST OF EPM FST
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EPM EPM EPM EPM
FST FST FST FST
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ACC ACC ACC ACC
DLS DLS DLS DLS
AMY AMY AMY AMY
HYPO HYPO HYPO HYPO
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DHIPPO [ DHIPPO DHIPPO DHIPPO
VHIPPO VHIPPO VHIPPO VHIPPO
PAG PAG PAG PAG
DR DR x| DR DR
VTA VTA VTA VTA
SN SN * SN SN
L LC L L
LPB LPB LPB LPB
LEGENDA:
B09 [os0<<090 « 0,70<r<0,80 <09 [H-09<r<-08  -08<r<0,7

Fig.53: Pearson’s correlation analysis results for behavioural parameters and DA concentration in the various
brain areas. Only significant correlations are displayed (*p<0,05).
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NORADRENALINE:

In figure 54 it is possible to observe the correlation pattern between behavioural tests
and NA content in the different brain areas. Likewise to what happened for DA, the
correlations between NA tissue content and behavioural parameters did not increase
or decrease in number due to diet abstinence or pharmacological treatment. What is
possible to observe is that CHOW VEH animals presented a correlation between time
spent in centre and open arms and the concentration of NA in dHIPPO; a correlation
that is loss due to diet abstinence in CAF VEH group. Administration of PF-3845 in

III

animals abstinent from cafeteria diet was not able to re-establish a “normal” pattern;
but was linked to the presence of a correlation between zone entries and NA content

in ACC (negative) and in VTA (positive).
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Fig.54: Pearson’s correlation analysis results for behavioural parameters and NA concentration in the various
brain areas. Only significant correlations are displayed (*p<0,05).
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SEROTONIN:

In figure 55 it is possible to observe the correlation pattern between behavioural tests
and 5HT content in the different brain areas. Differently from DA and NA, the number
of correlations between 5HT and behavioural test parameters varied due to diet
abstinence and pharmacological treatment. In particular, CAF VEH rats after
experiencing diet abstinence presented an increase in the number of correlations:
zone entries correlate negatively with serotonin concentrations in mPFC, VPL, vHIPPO;
whereas mobility time correlates positively with S5HT tissue content in VTA. This
pattern resulted strongly different to the one corresponding to CHOW VEH group, used
as a reference for a “normal” condition, where 5HT concentration in dHIPPO
correlated with time spent in centre and open arms during EPM. In this case, the

pharmacological treatment in CAF PF animals was able to create a pattern similar to

CHOW VEH, considering that no significative correlations are reported.
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Fig.55: Pearson’s correlation analysis results for behavioural parameters and 5HT concentration in the various
brain areas. Only significant correlations are displayed (*p<0,05; **p<0,01).
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DOPAMINE TURNOVER:

In figure 56 it is possible to observe the correlation pattern between behavioural tests
and DA turnover in the different brain areas. Likewise, to what happen for DA,
cafeteria abstinence did not vary the number of correlations between CHOW VEH and
CAF VEH group, but varies the parameters which correlate to each other. In CHOW
VEH animals, mobility time correlated with DA turnover both in PFC and DLS positively.
Differently, in CAF VEH animals VTA’s DA turnover correlated negatively with mobility
time. PF-3845 administration varied correlations in CAF PF animals, in a pattern
different both to CAF VEH and CHOW VEH animals; where DA turnover in ACC relates

negatively with mobility time of FST.
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Fig.56: Pearson’s correlation analysis results for behavioural parameters and DA turnover in the various brain
areas. Only significant correlations are displayed (*p<0,05).
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SEROTONIN TURNOVER:

In figure 57 it is possible to observe the correlation pattern between behavioural tests
and 5HT turnover in the different brain areas. Similarly, to the patterns observed for
5HT, the number of correlations in CAF VEH animals is higher than CHOW VEH. In
particular, zone entries correlated positively with 5HT turnover in PFC, HYPO and
negatively with the turnover in vHIPPO and VTA. At the same time, mobility time
correlated positively with 5HT turnover in HYPO and negatively with ACC and VTA. This
pattern appeared strongly different to CHOW VEH one, where 5HT turnover in SN
correlates with zone entries and in AMY with time spent in centre and open arms.
Pharmacological treatment was able to reduce the number of correlations in CAF PF
animals, in fact the only correlations shown were between 5HT turnover in HYPO and
zone entries, turnover in the AMY and time spent in centre and open arms and

turnover in VTA and mobility time.
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Fig.57: Pearson’s correlation analysis results for behavioural parameters and 5HT turnover in the various brain
areas. Only significant correlations are displayed (*p<0,05; **p<0,01).
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6.2 CORRELATIVE ANALYSIS OF MONOAMINES ACROSS DIFFERENT
BRAIN REGIONS:

To test the presence of a selective relationship between monoamine levels across the
different brain regions we measured the coefficient of correlation between the
monoamine content in paired brain structures. Pearson correlation analysis was
performed for each monoamine separately, and the results for each experimental

group were compared.
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DOPAMINE:

DA patterns of correlation varied across the different groups: it’s interesting to notice
how CAF VEH animals, after experiencing diet abstinence, presented the same number
of correlations (7 out of 120) of CHOW VEH group (which represents a “normal”
condition). However, the pattern of correlation appeared strongly different: the two
groups have in common only a positive correlation between DA concentration in mPFC
and PFC; suggesting that diet abstinence can vary the areas that use DA to
communicate to each other. PF-3845 administration in animals experiencing diet
abstinence (CAF PF) was not able to restore a normal condition: it was possible to
observe how there is a little increment of correlations (9 out of 120), but once again
the areas that correlated to each other generated a pattern which is different both
from CAF VEH and CHOW VEH ones.

Figure 58 shows the in-between area correlations for each experimental group, r and p

values for each significant correlation.
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Fig.58: Pearson’s correlation analysis results for DA. Only significant correlations are displayed (*p<0,05;
**p<0,01).
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NORADRENALINE:

Pearson correlation analysis for NA evidenced both in CHOW VEH and in CAF VEH
animals a low grade of in-between correlations (9 out of 120 for CHOW VEH and 8 out
of 120 for CAF VEH). However, it is important to notice that CAF VEH animals displayed
a correlation pattern completely different from CHOW VEH, suggesting that abstinence
from CAFETERIA diet might vary the interconnections between the different areas. PF-
3845 treatment, in this case, was able to increase the number of correlations in CHOW
PF animals (14 out of 120) but not in CAF PF animals (6 out of 120). In both cases, the
pattern resulting from PF-3845 administration was not superimposable to the one of a
“normal” condition. Figure 59 shows the in-between area correlations for each

experimental group, r and p values for each significant correlation.
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Fig.59: Pearson’s correlation analysis results for NA. Only significant correlations are displayed (*p<0,05;
kk
p<0,01).
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SEROTONIN:

Pearson correlation analysis for 5HT displayed a high rate of in-between area
correlations. In particular, CHOW VEH group presented 16 correlations between areas
out of 120. Diet abstinence, in CAF VEH group, was able not only to decrease the
number of these correlations (11 out of 120) but at the same time also to vary the
areas which correlate; as shown in figure 60. We can justify this result imaging that
diet abstinence, in this case, can decrease serotonergic transmission and at the same
time modify the areas that use the neurotransmitter to communicate with each other.
PF-3845 treatment, in CAF PF group, was able to increase significantly the number (27
out of 120) and normalize the pattern of correlations; it was possible to see how CAF
PF pattern appears more superimposable to CHOW VEH one when compared to CAF
VEH; thus suggesting that pharmacological treatment can “normalize” the serotonergic
transmission between the different areas of the brain. Figure 60 shows the in-between

area correlations for each experimental group, r and p values for each significant

correlation.
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Fig.60: Pearson’s correlation analysis results for S5HT. Only significant correlations are displayed (*p<0,05;
**p<0,01).
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DOPAMINE TURNOVER:

Pearson correlation analysis for DA turnover evidenced both in CHOW VEH and in CAF
VEH animals a low grade of in-between correlations (4 out of 120). Even if the number
of correlations was the same between the two groups, the pattern varies, thus
suggesting that diet abstinence can affect not only the DA neurotransmitter per se (like
has been shown before), but also its turnover. PF-3845 administration was able to
increase the number of correlations both in CHOW PF and CAF PF treated animals,

suggesting that the drug is acting by stimulating the dopaminergic system.

Figure 61 shows the in-between area correlations for each experimental group, r and p

values for each significant correlation of DA turnover.
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Fig.61: Pearson’s correlation analysis results for DA turnover. Only significant correlations are displayed
(*p<0,05; **p<0,01).
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SEROTONIN TURNOVER:

Differently from what has been observed for serotonin, the study of the Pearson
correlation of 5HT turnover among the different areas revealed a low grade of in-
between area correlations in CHOW VEH, CAF VEH and CAF PF groups. Also in this case,
even if the number of correlations did not vary between the different groups, there
was a variation of the correlation pattern due to diet abstinence and pharmacological

treatment.

Figure 62 shows the in-between area correlations for each experimental group, r and p

values for each significant correlation of DA turnover.
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Fig.62: Pearson’s correlation analysis results for 5HT turnover. Only significant correlations are displayed
(*p<0,05; **p<0,01).

147



6.3 CORRELATIVE ANALYSIS OF CANNABINOID SYSTEM COMPONENTS
AND INFLAMMATORY PROTEINS ACROSS DIFFERENT BRAIN REGIONS:

To test the existence of a selective relationship between the levels of the proteins
partaking to the endocannabinoid system across the different brain regions, we
measured the coefficient of correlation between the protein content in paired brain
structures. Pearson correlation analysis was performed for each protein separately,

and the results obtained from each experimental group were compared.
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CB1:

Pearson correlation analysis for CB1 expression in the different brain areas revealed
that diet abstinence was able to vary the pattern of correlation in CAF VEH animals
when compared to the “normal” condition, that is CHOW VEH group. In fact, there was
a variation both of the areas which are functionally linked and of the type of
correlation (mostly negative in CHOW VEH and positive in CAF VEH). Administration of
PF-3845 in CAF PF animals was not able in this case to “normalize” the pattern, even

though it increases the number of the correlations.

Figure 63 shows the pattern of correlation for CB1 receptor in the various brain areas.
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Fig.63: Pearson’s correlation analysis results for CB1 receptor. Only significant correlations are displayed
(*p<0,05; **p<0,01).
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CB2:

Differently from CB1, Pearson correlation analysis for CB2 expression revealed a low
number of in-between areas correlations. However, also in this case CAF VEH animals
displayed a different pattern when compared to CHOW VEH ones; and

pharmacological treatment in CAF PF group did not seem effective in normalizing it.

Figure 64 shows the pattern of correlation for CB2 receptor in the different brain areas

analysed.
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Fig.64: Pearson’s correlation analysis results for CB2 receptor. Only significant correlations are displayed
(*p<0,05; **p<0,01).
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FAAH:

Pearson correlation analysis for the expression of FAAH in the various brain areas
revealed the same number of correlations in both CAF VEH and CHOW VEH groups.
However, the correlation pattern between the two groups was completely different,
suggesting that diet abstinence was able to vary the functional connection between
the different brain areas. Once more, PF-3845 treatment was not able to re-establish a

normal correlation pattern in CAF PF group.

Figure 65 shows the pattern of correlation for FAAH in the different brain areas

analysed.
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Fig.65: Pearson’s correlation analysis results for FAAH. Only significant correlations are displayed (*p<0,05;
kk
p<0,01).
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MAGL:

Correlation analysis of MAGL protein showed an increment of the number of
correlations in CAF VEH animals; suggesting that diet abstinence was able to influence
the activity of this protein in different brain regions. Moreover, differently from CHOW
VEH group, CAF VEH animals displayed a large number of positive correlations. In this
case, PF-3845 administration in animals abstinent from the diet was effective in
normalizing the correlation pattern: CAF PF group showed no significant correlation, so

pharmacological treatment was effective in reducing the number of correlations.

Figure 66 shows the pattern of correlation for MAGL in the different brain areas

analysed.
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Fig.66: Pearson’s correlation analysis results for MAGL. Only significant correlations are displayed (*p<0,05;
% %k
p<0,01).
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NAPE PLD:

Diet abstinence is able to affect also the pattern of correlation of NAPE-PLD: CAF VEH
animals displayed an increment of the correlations when compared to CHOW VEH
ones, thus suggesting once again that the functional relations between the areas could
be compromised by diet withdrawal. Pharmacological treatment in CAF PF animals was
able to restore a pattern of correlation completely superimposable to CHOW VEH, thus

sustaining its effectiveness.

Figure 67 shows the pattern of correlation for NAPE-PLD in the different brain areas

analysed.
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Fig.67: Pearson’s correlation analysis results for NAPE-PLD. Only significant correlations are displayed (*p<0,05;
% %k
p<0,01).
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DAGL alpha:

Differently from previous results, DAGL alpha correlation analysis revealed a reduction
of the number of correlations in CAF VEH animals with respect to CHOW VEH ones. In
addition, there was a variation of the areas which correlated to each other; at the
same time while in CAF VEH animals the majority of correlations were negative, CHOW
VEH animals displayed a majority of positive correlations. Once more, diet abstinence
was capable of varying the functional interconnection between the different areas. On
the other hand, PF-3845 treatment in rats experiencing diet withdrawal was not able
to increment the number of correlations but re-established positive correlations
throughout areas and results in a pattern of correlation more superimposable to the
“normal” condition. Figure 68 shows the pattern of correlation for DAGL alpha the

different brain areas analysed.
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Fig.68: Pearson’s correlation analysis results for DAGL alpha. Only significant correlations are displayed
(*p<0,05; **p<0,01).
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DAGL beta:

DAGL beta correlation analysis was affected by diet withdrawal: although the number
of correlations was the same in CAF VEH animals and in CHOW VEH ones, the type of
correlations was completely different and the correlation pattern isn’t
superimposable. Also in this case, PF-3845 administration wasn’t able to normalize the

pattern in CAF PF animals.

Figure 69 shows the pattern of correlation for DAGL beta in the different brain areas

analysed.
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Fig.69: Pearson’s correlation analysis results for DAGL beta. Only significant correlations are displayed
(*p<0,05; **p<0,01).
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GFAP:

Diet withdrawal was able to increase the number of in-between area correlations in
CAF VEH animals. Pharmacological treatment with PF-3845 in CAF PF animals was not
able to reduce the number of correlations, but at the same time, it varied the
functional interconnections between areas, since it caused the development of a
different pattern. It's important to notice how PF-3845 administration per se, in
animals not exposed to the diet, was able to increase significantly the number of
correlations, suggesting that pharmacological treatment can impact on the expression
of this protein of inflammation. Figure 70 shows the pattern of correlation for GFAP in

the different brain areas analysed.
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Fig.70: Pearson’s correlation analysis results for GFAP. Only significant correlations are displayed (*p<0,05;
% %k
p<0,01).
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IBA-1:

Also in this case it was possible to observe variations in the correlation pattern due to
diet abstinence: CAF VEH animals showed a different pattern compared to CHOW VEH
ones; once more PF-3845 treatment in CAF PF animals was not able to restore the

pattern to a “normal” one.

Figure 71 shows the pattern of correlation for IBA-1 in the different brain areas

analysed.
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Fig.71: Pearson’s correlation analysis results for IBA-1. Only significant correlations are displayed (*p<0,05;
kk
p<0,01).
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6.4 CORRELATIVE ANALYSIS OF MONOAMINE AND CANNABINOID
SYSTEM COMPONENTS IN THE SAME BRAIN REGION:

To test for the existence of a selective relationship between monoamine levels and
endocannabinoid system proteins, we measured the coefficient of correlation between
the monoamine content and protein expression of endocannabinoid system
components in each brain area. Pearson correlation analysis was performed for each

area separately, and the results for each experimental group were compared.
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PREFRONTAL CORTEX:

In PFC, CAF VEH animals displayed a different pattern of correlation when compared to
CHOW VEH group: we observed the loss of a correlation between NA and 5HT. At the
same time, DA correlated with CB1 and CB2 and 5HT with CB1, thus suggesting that
dopaminergic and serotonergic control of the endocannabinoid system receptors may
vary due to diet abstinence. GFAP correlation with DAGL-beta varied from positive in
CHOW VEH animals to negative in CAF VEH ones, thus suggesting that the
endocannabinoid system could be involved in varying glial response in animals
abstinent from the diet. Consistent variation of in-between correlation of enzymes of
synthesis and degradation of the endocannabinoid system were observed between
CAF VEH and CHOW VEH group. Administration of PF-3845 in CAF PF animals was
partially able to restore a pattern similar to CHOW VEH animals, as we can observe a
reduction of the number of the correlations and a variation of them. Figure 72 shows

the different patterns of correlation developed in PFC for each experimental group.
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Fig.72: Pearson’s correlation analysis results for PFC. Only significant correlations are displayed. *p<0,05;
k%
p<0,01.
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MEDIAL PREFRONTAL CORTEX:

Pearson correlation analysis in mPFC revealed that diet withdrawal might affect the
interaction between monoamines (in particular, DA concentrations correlated with the
ones of NA and 5HT in CAF VEH group; suggesting an interconnection between the
systems absent in control animals) and at the same time also modified the interactions
between the different components partaking to the endocannabinoid system.
Moreover, in the same group, we were able to identify a negative correlation between
GFAP expression and DA, thus suggesting that the monoamine could be involved in
varying glial activation in this region in animals abstinent from the diet.
Pharmacological treatment with PF-3845 was able to affect the aberrant pattern
developed in CAF VEH animals in this region, but at the same time, this pattern
appeared different from that observed in control group. Figure 73 shows the different

patterns of correlation developed in mPFC for each experimental group.
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Fig.73: Pearson’s correlation analysis results for mPFC. Only significant correlations are displayed. *p<0,05;
kk
p<0,01.
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NUCLEUS ACCUMBENS:

Similarly to what happened in mPFC, also in ACC diet withdrawal caused significant
variations of the patterns of correlation. In fact, in CAF VEH animals, compared to
CHOW VEH ones, there was the loss of the correlation between DA and 5HT in favour
of a correlation between NA and 5HT. There was also a variation in the interconnection
between the endocannabinoid system and monoamines since DA correlated with
MAGL and NAPE-PLD in CAF VEH; differently from the CHOW VEH group. At the same
time in CAF VEH animals, also the parameters which correlate with neuroinflammatory
proteins (IBA-1 and GFAP) varied if compared with CHOW VEH group. PF-3845
treatment, in CAF PF group, could partially recover some of these variations, in
particular the ones affecting GFAP and IBA-1 to a pattern similar to CHOW VEH group.
Figure 74 shows the different patterns of correlation developed in ACC for each
experimental group.
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Fig.74: Pearson’s correlation analysis results for ACC. Only significant correlations are displayed. *p<0,05;
**p<0,01; ***p<0,001.
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DORSOLATERAL STRIATUM:

Differently from what happened in the other areas, in DLS we observed a reduction of
the number of correlations in CAF VEH animals, when compared to CHOW VEH ones.
In particular, the correlation between CB2, MAGL and FAAH were loss in CAF VEH
animals. Concerning the monoaminergic systems, a new correlation between NA and
S5HT was observed in CAF VEH animals and not in CHOW VEH ones. PF-3845
administration in CAF PF group was able to restore negative correlation between NAPE
PLD and IBA-1 in animals abstinent from the diet; and caused the presence of
correlations between CB1, MAGL and FAAH; differently from CHOW VEH group. Figure

75 shows the different patterns of correlation developed in DLS for each experimental

group.
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Fig.75: Pearson’s correlation analysis results for DLS. Only significant correlations are displayed. *p<0,05;

**p<0,01.
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AMYGDALA:

Pearson’s correlation analysis in AMY displayed significant variations of the
correlations due to exposure and consequent abstinence from CAFETERIA diet.
Likewise to what we observed in the other areas analysed, diet withdrawal affected
the interactions between the monoaminergic systems. Pharmacological treatment
with PF-3845 in CAF PF rats was able to restore the pattern of monoaminergic
transmission to one similar to the control group and increase the number of

correlations.

Figure 76 shows the different patterns of correlation developed in AMY for each

experimental group.
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Fig.76: Pearson’s correlation analysis results for AMY. Only significant correlations are displayed. *p<0,05;
k%
p<0,01.
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HYPOTHALAMUS:

The analysis of correlations in HYPO showed that diet abstinence could lead to a
decrease in the number of total correlations; especially the ones that involve the
endocannabinoid system. Once more, diet withdrawal caused differences in the
pattern of correlation of monoamines, in particular animals abstinent from the diet
showed a correlation between NA and 5HT in this area, which is absent in the control
group. Pharmacological treatment with PF-3845, in this case, was not effective in
restoring a pattern similar to the control group; even if it was effective in increasing
the number of correlations of proteins partaking to the endocannabinoid system.
Figure 77 shows the different patterns of correlation developed in HYPO for each
experimental group.
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Fig.77: Pearson’s correlation analysis results for HYPO. Only significant correlations are displayed. *p<0,05;
kk
p<0,01.
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VENTRAL PALLIDUM:

CAF VEH animals once more show a different pattern from CHOW VEH, thus suggesting
that diet abstinence was able to affect the patterns of correlation between proteins
partaking to the endocannabinoid system and monoamines. In particular, in VPL CAF
VEH animals lost a correlation between 5HT and DA. It is important to notice how diet
abstinence influenced the pattern of correlation of IBA-1: in CAF VEH animals IBA-1
correlated positively with DA and negatively with FAAH; whereas in CHOW VEH
animals it's shown a positive correlation between IBA-1 and CB2, FAAH and GFAP.
Pharmacological treatment with PF-3845 in CAF PF animals was not able to create a

III

pattern superimposable to a “normal” condition; but influenced the correlations of
GFAP. Figure 78 shows the different patterns of correlation developed in VPL for each

experimental group.
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Fig.78: Pearson’s correlation analysis results for VPL. Only significant correlations are displayed. *p<0,05;
k%
p<0,01.
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PERIACQUEDUCTAL GREY:

CHOW VEH animals showed a negative correlation between NAPE PLD and DAGL
alpha. CHOW PF animals, differently from vehicle treated ones, showed a positive
correlation between 5HT and NA and a negative correlation between CB1 and NAPE
PLD. CAF VEH animals, after experiencing abstinence from the diet, displayed a
negative correlation between 5HT and NA. CAF PF animals, differently from the vehicle
treated ones, displayed a positive correlation between DA and 5HT. Figure 79 shows

the different patterns of correlation developed in HYPO for each experimental group.
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Fig.79: Pearson’s correlation analysis results for PAG. Only significant correlations are displayed. *p<0,05;
k%
p<0,01.
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DORSAL RAPHE:

Regarding the correlations occurring in DR, we can notice how diet abstinence in CAF VEH
group was not able to vary the correlations occurring between the different monoamines;
although it affected a lot the correlations between the proteins of the endocannabinoid
system, with the loss of some correlations between CB1, CB2 and FAAH. Most importantly
we noticed in CAF VEH animals a negative correlation between NAPE and DAGL alpha;
differently from CHOW VEH animals; where the same correlation was positive. Same
variations occurred in the correlations between DAGL alpha and DAGL beta and DAGL alpha
and IBA-1. Pharmacological treatment, in CAF PF animals; was partially able to restore the
correlations to a pattern similar to CHOW VEH; referring to a correlation between CB1 and
CB2 and the one between NAPE and DAGL alpha. Figure 80 shows the different patterns of

correlation developed in DR for each experimental group.
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Fig.80: Pearson’s correlation analysis results for DR. Only significant correlations are displayed. *p<0,05;
**p<0,01; ***p<0,001.
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VENTRAL TEGMENTAL AREA:

In VTA, similarly to what happened in the other areas, we observed that diet
withdrawal was able to vary the correlations between monoamines. In particular, CAF
VEH animals displayed a correlation between 5HT and DA; differently from CHOW VEH
animals which displayed a correlation between 5HT and NA. Moreover, in CAF VEH
animals DAGL-alpha was related to DA and 5HT concentrations; differently from the
control group. Additionally, also the correlations regarding the microglial marker IBA-1
varied from the control group. In this area, treatment with PF-3845 acted on varying
the correlation patterns of the endocannabinoid system, but the pattern developed
still was completely different from the control group. Figure 81 shows the different

patterns of correlation developed in VTA for each experimental group.
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Fig.81: Pearson’s correlation analysis results for VTA. Only significant correlations are displayed. *p<0,05;
**p<0,01; ***p<0,001.
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SUBSTANTIA NIGRA:

In SN, CAF VEH animals displayed a correlation between DA and NA that is absent in
the control group. However, the most interesting data comes from correlations in CAF
PF group: PF-3845 administration could restore the correlations between monoamines
to the ones of the control group. At the same time pharmacological treatment was
effective in creating a negative correlation between DA, NA, 5HT and CB2 and FAAH,
thus suggesting that the monoaminergic control of the endocannabinoid system in this
area could be involved in its mechanism of action and its effectiveness in reducing the
response to abstinence. Figure 82 shows the different patterns of correlation

developed in SN for each experimental group.
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Fig.82: Pearson’s correlation analysis results for SN. Only significant correlations are displayed. *p<0,05;
k%
p<0,01.
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LOCUS COERULEUS:

In LC, abstinence from CAFETERIA diet caused the loss of correlation between DA, NA

and 5HT in CAF VEH rats when compared to CHOW VEH ones. Moreover, between the

same groups, we could observe a loss of the correlation between NAPE PLD and NA

and the presence of a negative correlation between NAPE PLD and 5HT.

Pharmacological treatment, in animals abstinent from the diet (CAF PF) was able to

establish the same pattern of correlation of CHOW VEH animals concerning

monoamines. Moreover, this group displayed a negative correlation between DA, NA

and CB1. Figure 83 shows the different patterns of correlation developed in LC for each

experimental group.
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Fig.83: Pearson’s correlation analysis results for LC. Only significant correlations are displayed. *p<0,05;
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LATERAL PARABRACHIAL:

Differently from the other areas, in LPB diet abstinence was not able to vary
consistently the correlation pattern between monoamines and the endocannabinoid
system, suggesting that this area was not involved in anxiety-like and depressive-like
behaviours associated with diet abstinence. The only difference between CAF VEH
animals and CHOW VEH ones was a negative correlation between DAGL beta and CB1
which is loss in CAF VEH group. On the other hand, pharmacological treatment with PF-
3845 was able to increase the number of in-between correlations, both in animals

experiencing diet withdrawal and naive ones.

Figure 84 shows the different patterns of correlation developed in LPB for each

experimental group.
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CHAPTER 4 — DISCUSSION

Our study demonstrates that 28-days abstinence from a palatable diet is able to affect mood
and behaviour of rats and cause variations of the monoaminergic and endocannabinoid
systems in various areas of the brain, thus suggesting that high-palatable food exposure for
long periods of time can induce long lasting alterations in the brain that are not restored by
weight loss, or by diet abstinence. Conversely, the pharmacological treatment with PF-3845
during the abstinence period is able to restore many of these alterations, thus supporting
the hypothesis of a protective role played by anandamide and other acylethanolamides,

whose edogenous levels can be increased by FAAH inhibition.

A first aspect of our research has been focused in investigating the variations occurring to
the reward system: as widely explained in the introduction, hedonic obesity is characterized
by reward system impairments®, which is strictly interconnected with DA
neurotransmission'®. Dopaminergic transmission overview, given by Pearson correlation
analysis of DA concentration and turnover in the different areas, shows that dopaminergic
system is impacted by diet exposure and abstinence, since abstinent animals present
different patterns of correlation with respect to chow-fed animals. This thesis is supported
by our results, that demonstrate that although exposure and subsequent abstinence from
cafeteria diet has no impact on DA synthesis in VTA and SN, since no significant variation has
been observed in TH expression, neither in DA, DOPAC and HVA concentration or turnover in
the two areas; it can affect DA transmission in the projecting areas, such as ACC and DLS. A
significant reduction of TH immunostaining has been detected in these areas in abstinent
rats and means reduction of DA projections, which is compatible with several studies
sustaining dopaminergic system hypoactivation in obese individuals?’4, although these
variations are not accompanied by significant variation of DA, DOPAC, HVA amounts or DA

turnover.

Cafeteria diet abstinence impacts also the endocannabinoid system in these areas, inducing
variations that are compatible with the previous data: in VTA we notice a decreased CB2
expression, which can be linked to reduced DA neuronal excitability?”> and consequently
reduced reward response. In the same region, cafeteria-diet abstinent rats present an

increased expression of FAAH, resulting in altered endocannabinoid concentration and
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consequent variation of hedonic feeding behaviour, food preferences, motivation and
reward associated with consuming foods?’®. On the other hand, NAPE-PLD decreased
expression in SN can be responsible of reduced acylethanolamides production, decreased
neuroprotective action and dampened survival of SN dopaminergic cells and projections?””’,
whereas increased CB1 expression in this area has been linked with addiction and
withdrawal?’8. Other evidence of impaired reward activity and addiction comes from ACC:
abstinence from the diet causes CB1 receptor decrement and dampens the rewarding
effects of DA, since CB1 in this region activates mesolimbic DA reward circuitry?’%280;
whereas CB2 decreased activity?®1?82 and DAGL alpha expression variations?®3 can be a sign
of addictive behaviour. Furthermore, correlative analysis between monoamines and
endocannabinoid system in these dopaminergic areas evidence that diet abstinence is able
to vary the patterns of correlations with respect to naive animals, suggesting an impairment
of the interconnection between monoamines and cannabinoids. In particular, the reduced
number of correlations observed in DLS of abstinent rats (when compared to chow-fed ones)

suggests an hypoactivation of this area, that has been evidenced also in other studies

regarding obesity36:117,:204,

Even though pharmacological treatment with PF-3845 is not able to affect TH expression in
VTA, SN, ACC and DLS, it successfully increases DA concentration in DLS, promoting
dopaminergic transmission in this area, that is drastically impacted by obesity36:117.204 At the
same time, drug administration is able to increase 5HT concentration in SN, and promote DA
transmission (in fact, 5HT agonists administration in this region have been shown to increase
DA dendritic efflux?®*). As a consequence, PF-3845 administration in animals abstinent from
the diet is also able to increment the correlations number of DA and DA turnover among the
different regions when compared to vehicle treated abstinent rats, sign of a stimulated DA
transmission?®. At the same time, we notice an increased number of correlations between
monoamines and endocannabinoid system proteins in SN and DLS of abstinent treated
animals when compared to vehicle-treated ones, suggesting increased nigrostriatal pathway
activation. Moreover, PF-3845 administration reduces the activation of the mesolimbic
pathway (as evidenced by the decreased number of correlations in VTA and ACC of abstinent
treated animals when compared to vehicle-treated ones); thus suggesting that the
pharmacological treatment can restore a normal striatal activity and reduce the mesolimbic

hyperactivation in response to food cues®. At the same time, PF-3845 is able to partially
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restore the alterations detected in the endocannabinoid system, in particular decreasing the
expression of FAAH in VTA and of CB1 in SN. Moreover, PF-3845 administration in animal
subjected to the withdrawal reduces CB1 expression and increases CB2 expression in PFC:
both increased CB1 and decreased CB2 expression in this area have been linked with
addiction?®®, confirming the role of PF-3845 in re-establishing reward and addicted

behaviours.

Besides VTA, SN, DLS and ACC, that are the most important areas involved in reward; we
have focused our attention also on VP and LPB; which are less investigated regions but
importantly involved in motivated behaviours, reward and food intake?6*2%_ In particular, VP
receives projections from ACC and has sparse projections to LC and DR??7: diet abstinence is
able to reduce noradrenergic and serotonergic content of this area, and probably these
monoaminergic alterations could be responsible of the link between reward and behavioural
impairments in animals subjected to diet withdrawal. On the other hand, enhanced
serotonergic transmission is evidenced in LPB of abstinent rats: serotonergic projections
from AP and DR in LPB innervate FoxP2 positive neurons that project to VTA, acting on
cardiovascular and neuroendocrine functions?®® that can be impacted by this enhanced
transmission. Also in this case, PF-3845 treatment in abstinent rats is partially able to restore

the alterations detected.

The second part of our study is focused in evaluating the behavioural consequences of
prolonged diet abstinence. Our results from OFT, EPM and FST clearly demonstrate that 28
days abstinence from high palatable diet induces anxiety-like behaviour and depressive-like
phenotype in rats. Previous experiments preliminary to the present study demonstrated that
the consumption of CAFETERIA diet alone was not able to affect emotional behaviour of rats
(experiment conducted at the Prof. Carlo Cifani’s laboratory at the University of Camerino);
so we can speculate that it is the abstinence from, rather than the consumption itself of,

high-palatable food the responsible of the behavioural variations.

Likely, these behavioural variations derive from neural impairments in key brain areas linked
to anxiety and depression: with this aim we evaluate Pearson’s correlative analysis between
monoaminergic system and selected behavioural parameters and we discover a significant

increment in the number of the correlations between behavioural parameters and 5HT or
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5HT turnover in animals abstinent from the diet; suggesting that serotonergic transmission is
likely the most involved in the behavioural alterations observed in abstinent animals. In
support of this conclusion, we notice important decrease in the number of correlations of
5HT concentration within all the brain areas in rats subjected to the diet withdrawal, in
addition to a different pattern when compared to not-abstinent animals. Regarding these
variations, PF-3845 administration in abstinent rats is able to reduce and normalize the
patterns of correlation between behavioural parameters and 5HT or 5HT turnover and also
act on 5HT overall correlations within the different brain areas increasing their number and

consequently facilitating serotonergic transmission likely as antidepressant drugs?®.

Serotonergic impairments detected in abstinent rats can be responsible of the depressive-
like behaviour that these animals display. Several alterations due to diet withdrawal are
detected in DR, the area of synthesis of 5HT: first of all, in abstinent animals we notice a
trend toward a decrease of the concentration of 5HT and a trend toward an increase for 5HT
turnover. These data could explain why TPH expression is significantly increased in DR of
animals subjected to the withdrawal: the brain is trying to compensate the reduced
concentration of 5HT by increasing its synthetic enzyme. Moreover, diet withdrawal induces
increased TH expression in DR (sign of increased DA projections in this area) and a significant
decrease of DA concentration: up to date, the role of dopaminergic neurons in DR has yet to
be fully clarified, but it is known that dopaminergic neurons from VTA innervate DR
serotonergic neurons that in turn project to dopaminergic neurons of SN?°°, Decreased DA
amount in DR may lead to decreased serotonergic neuron activation and consequently,

depressive-like behaviours?!®

and diminished serotonergic activation of SN which, as said
before, can cause reward impairments. 5HT impairments in abstinent rats may also be
driven by endocannabinoid system alterations since CB1 activation in this area inhibits 5HT
release?®® and these animals display increased CB1 expression; as well as could be caused by
FAAH significant decrease since selected genetic deletion of FAAH in DR has been proven to
alter serotonergic transmission and emotional behaviour?®?. As a consequence, cafeteria
abstinent rats in DR display also variations in the correlation pattern between the proteins of
the endocannabinoid system, revealing its impairment in this region. However, depression-
like behaviour of abstinent rats depends also on variations in limbic areas, involved in

emotionality and mood tone: for example reduced expression of CB2 occurring in the mPFC

of animals subjected to the withdrawal has been linked to depressive phenotypes?®3.
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Moreover, both in PFC and mPFC diet withdrawal causes an increase in the number of
correlations between monoamines and proteins of the endocannabinoid system and a
variation of the correlation pattern, suggesting once more that cafeteria diet exposure and

withdrawal can modify the “normal” functional interactions between the two systems.

On the other hand, PF-3845 treatment in abstinent rats was able to partially restore the
alterations caused by diet withdrawal in DR, mPFC and PFC; re-establishing a “normal”
correlation pattern between monoamines and endocannabinoid system proteins in DR and
decreasing the number of correlations in mPFC and PFC compared to non-treated rats. In
addition, PF-3845 administration increases NAPE PLD activity in DR and so, enhances AEA

production in this area, SHT neurons firing activity and 5HT release?>.

Anxiety-like behaviour displayed by abstinent rats can be explained by several variations
occurring to noradrenergic transmission and its circuitry. In particular, cafeteria diet
abstinence alters the Pearson correlation pattern of NA concentration within all the areas
when compared to chow-fed animals, suggesting functional impairments of NA transmission
throughout the brain. In addition, abstinent rats display an increment of NA synthesis in LC,
due to increased DBH expression, but not an increase of NA concentration in the same area;
suggesting that NA is being produced and rapidly metabolized or directly released in sites of
projection.

In addition to noradrenergic transmission variations, the anxiety-like behaviour displayed by
abstinent rats is compatible with endocannabinoid system alterations detected in AMY: the
significant decrement of NAPE-PLD that we observe in this area in abstinent rats can be
linked with reduced production of AEA, which in this area is fundamental to regulate stress,
anxiety and fear?®, emotional memory and plasticity?®>; moreover similar alterations to
MAGL expression in AMY have been linked to anxiety-like behaviour in response to alcohol
dependence®®. In addition, both in LC and AMY we notice a decrease in DAGL alpha
expression: variations in 2-AG levels have been implicated in alterations of food intake,
inflammation, neuroprotection, stress, anxiety, addiction and reward; furthermore DAGL
alpha KO animals present an increased depressive and anxiety behavioural phenotype?®’.
Furthermore, cafeteria diet exposure is able to vary the correlations between monoamines
and endocannabinoid system in both areas when compared to chow feeding; suggesting

functional impairments in these areas.
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PF-3845 is able to exert an anxiolytic effect: first of all, it significantly improves the
behavioural parameters. In addition, PF-3845 administration in abstinent rats is able to
increase the expression of endocannabinoid system proteins that are dampened by diet
withdrawal in LC and AMY and increase DBH expression in LC compared to vehicle-treated
animals. Most importantly, PF-3845 anxiolytic-like effect in abstinent rats is likely linked to
the increased NA concentrations in AMY: NA in AMY is able to activate GABAergic neurons
that in turn inhibit glutamatergic projections to ACC, HYPO and PFC responsible of anxious
behaviours?®®. Furthermore, PF-3845 administration is able to normalize the correlation
pattern between monoamines and cannabinoid system proteins of animals subjected to the
withdrawal in LC and facilitate cannabinoid transmission in AMY, as demonstrated by
increased correlations between the endocannabinoid system proteins in this area when
compared to vehicle administered rats: enhanced cannabinoid transmission in AMY has

been suggested as a mechanism of anxiolysis for FAAH inhibitors?>2.

Besides LC and AMY, also dorsal and ventral hippocampus are involved in anxiogenic-like
response, but no significant variations in monoaminergic systems have been noticed neither
due to cafeteria diet exposure, nor due to pharmacological treatment. Another area that in
the last years has been linked to the control of anxiety is PAG?%°: we cannot exclude that
increased TH and CB1 expression noticed in animals subjected to diet withdrawal may have a
role in their behavioural alterations, since HPA axis activation turns into PAG activation3%

and several projections from PAG innervate AMY?2%°,

As widely explained in the introduction, anxiety and depression can be the consequence of
altered HPA axis activity and neuroinflammation. Contradictory studies on the effects of
stress on the endocannabinoid system have been conducted and demonstrate that different
stressor agents could lead to different variations on endocannabinoids3®. In our case, diet
abstinence causes a decreased activation of the endocannabinoid system in HYPO, as shown
by the decrease of correlations in this area in abstinent rats when compared to chow-fed
ones; that can be justified considering that chronic stress decreases AEA amount in this area
and CB1 expression?®®, Unexpected results came from the analysis of markers of
neuroinflammation: even though we observe a trend toward the increase for the

concentration of COX-2 in the HYPO of animals abstinent from the diet, suggesting
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prostaglandin production and inflammatory process development!>’, in almost all the areas
we observe a decrease of the expression of GFAP and IBA-1 markers, underlining a reduction
of glial and microglial activation. Up to date, several studies have shown that obesity is

associated with neuroinflammation?®?!

, but no study so far investigated these markers
variations in response to high-fat diet withdrawal. Additionally, both glial and microglial cells
have an important role in eliminating additional synapses and data reported by the literature
evidence that ablation or manipulation of these cells leads to persistent excess synaptic
connections associated with changes in neural circuits and behaviour3®?2, We can consider
these data consistent with the correlations studies that we have carried out: in particular,
Pearson correlations analysis evidence that animals abstinent from the diet present different
patterns of correlations both for the single protein or monoamine across the different brain
regions and for monoamine and cannabinoid correlations within the same region when

compared to chow-fed ones; suggesting that diet withdrawal can impact on brain functional

connectivity so far.

Once more, PF-3845 administration contributes to normalizing the variations caused by diet
withdrawal: in particular, it is able to significantly dampen COX-2 and DAGL alpha expression
in HYPO; reducing prostaglandin production and the synthesis of 2-AG (normally increased
by stress in this area3!). Generally, PF-3845 administration is able to increase GFAP and IBA-
1 expression in all the areas analysed, to levels comparable to the ones of chow-fed animals.
On the other hand, PF-3845 administration did not normalize all the patterns of correlation
of proteins across the different brain regions and of monoamines and proteins within the
same brain region: generally animals subjected to diet withdrawal and treated with PF-3845
display a pattern of correlation which is different both from vehicle treated animals
subjected to diet abstinence or fed with chow; however we cannot exclude that these
variations are the ones responsible for PF-3845 anti-depressant and anxiolytic mechanism of

action.

To sum up, we can state that CAFETERIA diet exposure and subsequent abstinence in
rodents is able to affect the reward system by reducing total dopaminergic activity, altering
the VTA excitability and the activation of SN. At the same time, key brain areas as ACC and

DLS appear to be hypo activated and to have less dopaminergic projections. Diet abstinence
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causes several alterations of monoaminergic and endocannabinoid systems, compatible with
addictive behaviour and reward impairments. Abstinent rats display anxiety-like behaviour
and a depressive-like phenotype (compatible with decreased serotonergic activity); justified
by several impairments in DR, PFC and mPFC monoaminergic and cannabinoid systems.
Abstinence impacts also noradrenergic transmission, by increasing DBH activity in LC and
causes several alterations in AMY compatible with anxiety and stress. Furthermore,
abstinent rats display peculiar neuroinflammation profile, with a reduced glial and microglial

expression.

PF-3845 administration in abstinent rats can be considered advantageous: pharmacological
treatment is effective in increasing total dopaminergic activity, stimulating the activation of
SN through various mechanisms and restoring the alterations in endocannabinoid system
detected in reward areas. In addition, PF-3845 exerts anti-depressive and anxiolytic effect,
promoting serotonergic activity and re-establishing the alterations detected in LC and AMY.
Pharmacological treatment results effective also in decreasing prostaglandin production in

the HYPO and increasing microglial and glial population altered by diet abstinence.

- depressive-like behaviour;
- anxiety- like phenotype;

J total dopaminergic
activity;

J VTA and SN excitability;
Jprojections in ACC and
DLS;

- hypo activation ACCand
DLS;

- signs of addictive
behaviour

4 dopaminergic activity;

4 activation of SN;

- restore monoaminergic and
cannahinoid impairments in
reward areas

Fig.1: Summary of the main points of the discussion.
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However, several limitations may be found to our study: first of all, only male rats were used
in the experiment, in order to simplify experimental procedures and not consider hormonal
variations typical of female exemplars. Eating behaviour is highly influenced by menstrual
cycle and female hormones, so we cannot exclude that our findings could vary in a female
population. Moreover, even if no behavioural variations were noticed after 40 days of
CAFETERIA diet exposure, we have not evaluated the impact of high-palatable food exposure
per se, that can cause alterations in the monoamine concentration, expression of all the
proteins analysed for each brain area and their correlations. Other limit can be considered
the use of CO; for the sacrifice: this type of euthanasia can alter stress hormone response
and influence HPA axis activation, cause momentary pain in the rat and in some cases

excitation and agitation, which can impact on the studies carried in the brain.

At the same time, further analysis could be run in our model: first of all, it would be
interesting to evaluate endocannabinoids and acylethanolamides concentrations in all the
areas analysed and correlate them with monoamines and expression of proteins partaking to
the endocannabinoid system both in animals abstinent from the diet and subjected to the
pharmacological treatment. Moreover, a deeper investigation of the expression of the
receptors of DA, NA and 5HT could help in elucidating further aspects of reward and
behavioural alterations in animals abstinent from the diet and of PF-3845 mechanism of
action. Further study on neuroinflammatory state could be run, such as analysis of cytokines,
interleukines and stress hormones. Other interesting studies could focus on synaptic density,
synaptogenesis and dendritic ramification; that can be impacted by obesity and

acylethanolamides manipulation as well.
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CHAPTER 5 — CONCLUSIONS

Obesity is a pandemic disease?. Various reasons caused the spread diffusion of the
pathology worldwide, and among them, overeating and sedentary lifestyle are for sure
two important factors3%3, Several studies aim to investigate what environmental,
genetic, neurological impairments are at the basis of obesity development®, and in the
last years accumulating evidence suggested the existence of a type of hedonic obesity,
caused by relevant variations to reward associated to food cues!®. At the same time,
several observations suggests that the pathology can be considered as an addiction to
food that the individual struggles in controlling, likely what happens with drug
addiction3®. In fact, the majority of times, food is consumed by the individual to
overcome negative states deriving from the mind and overeating becomes the answer
to everyday life problems?®. Lots of pathologies have been associated with obesity, but
up to date, less importance has been given to mental health diseases, whose link with
obesity is poorly defined: obesity causes a chronic state of inflammation®?,
neuroadaptive changes that involve several neural circuits and can lead to the
development of depression and anxiety'*2. Investigating the role of obesity in these
pathologies is fundamental: no effective one-size-fit-all treatment is available up to
date, and there is the necessity of finding new pharmacological targets that can be

addressed to treat it'.

With our study, we demonstrate that exposure and long-term abstinence from a
palatable cafeteria diet provokes anxiety-like behaviour and depressive-like phenotype
in rats. The behavioural alterations are accompanied by several neuroadaptive changes
in brain monoaminergic, endocannabinoid system and their functional connections in
key brain areas linked with reward, anxiety and depression, despite the fact that at the
end of abstinence rats have reduced their body weight. Moreover, our results
demonstrate  that the pharmacological manipulation of endogenous
acylethanolamides through FAAH inhibition is able to exert an antidepressant and
anxiolytic effect, modulating both the monoaminergic and the endocannabinoid

system. Other important actions attributed to FAAH inhibition are modulation of
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reward system, dampening of addition, neuroprotection and anti-inflammatory

propertiest®2304,

All these evidences once more confirm the endogenous role of acylethanolamides
(AEA, PEA and OEA) not only in the control of food intake?>®, but also in mood
alterations and neuroinflammation; thus sustaining our thesis that the
endocannabinoid system and its modulation can be a new target for the treatment of

|II

obesity-related comorbidities, moving the attention from “classical” CB1 antagonists,

such as Rimonabant (characterized by important adverse reaction) to FAAH inhibitors.

Up to date, several clinical studies have investigated the use of FAAH inhibitors to treat
different conditions: anorexia, neuropathic pain, multiple sclerosis. In the beginning,
neurological side effects (cognition, motor disfunctions, psychosis) were noticed only
in long-term treatment, but lots of trials were temporarily suspended after the death
of a phase | healthy volunteer administered with the FAAH inhibitor BIA 10-2474. This
tragedy was completely unexpected and was demonstrated to be caused by off-target

effects of BIA 10-2474 and/or its metabolites3.

However, we sustain that our study is important in evidencing that palatable food
exposure and subsequent abstinence can cause neuroadaptive changes that turn into
the development of depression and anxiety, raising the importance that these
comorbidities and their treatment have in obesity and palatable food consumption.
Most importantly we demonstrate the pivotal role of acylethanolamides and
endocannabinoid system in obesity and related comorbidities; sustaining that their
modaulation could be used as target for new pharmacological strategies addressed to

an effective treatment of the pathologies.

182



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

BIBLIOGRAPHY

Most Obese Countries 2020. https://worldpopulationreview.com/countries/most-obese-countries/.
WHO | Controlling the global obesity epidemic. WHO (2013).

Meldrum, D. R., Morris, M. A. & Gambone, J. C. Obesity pandemic: causes, consequences, and solutions—but do we have the
will? Fertility and Sterility vol. 107 833-839 (2017).

Zhu, S. et al. Waist circumference and obesity-associated risk factors among whites in the third National Health and Nutrition
Examination Survey: clinical action thresholds. Am. J. Clin. Nutr. 76, 743-9 (2002).

Skelton, J. A., Irby, M. B., Grzywacz, J. G. & Miller, G. Etiologies of obesity in children: Nature and nurture. Pediatric Clinics of
North America vol. 58 1333-1354 (2011).

Webber, J. Energy balance in obesity. Proc. Nutr. Soc. 62, 539-543 (2003).
Barsh, G. S., Farooqi, I. S. & O’rahilly, S. Genetics of body-weight regulation. Nature vol. 404 644-651 (2000).

Leigh, S. J. & Morris, M. J. The role of reward circuitry and food addiction in the obesity epidemic: An update. Biol. Psychol. 131,
31-42 (2018).

Berthoud, H. R. The neurobiology of food intake in an obesogenic environment. in Proceedings of the Nutrition Society vol. 71
478-487 (2012).

Morris, M. J., Beilharz, J. E., Maniam, J., Reichelt, A. C. & Westbrook, R. F. Why is obesity such a problem in the 21st century? The
intersection of palatable food, cues and reward pathways, stress, and cognition. Neuroscience and Biobehavioral Reviews vol. 58
36-45 (2015).

Dallman, M. F. et al. Chronic stress and obesity: A new view of ‘comfort food’. Proc. Natl. Acad. Sci. U. S. A. 100, 11696-11701
(2003).

Yumuk, V. et al. European Guidelines for Obesity Management in Adults. Obes. Facts 8, 402—424 (2015).
McAllister, E. J. et al. Ten putative contributors to the obesity epidemic. Crit. Rev. Food Sci. Nutr. 49, 868-913 (2009).

Obesity: Definition, Comorbidities, Causes, and Burden. https://www.ajmc.com/journals/supplement/2016/impact-obesity-
interventions-managed-care/obesity-definition-comorbidities-causes-burden?p=1.

Yu, Y. H. Making sense of metabolic obesity and hedonic obesity. Journal of Diabetes vol. 9 656-666 (2017).

Yu, Y. H. et al. Metabolic vs. hedonic obesity: A conceptual distinction and its clinical implications. Obesity Reviews vol. 16 234—
247 (2015).

Roth, J., Qiang, X., Marban, S. L., Redelt, H. & Lowell, B. C. The Obesity Pandemic: Where Have We Been and Where Are We
Going? Obes. Res. 12, 885-101S (2004).

Stamler, R. Weight and blood pressure. Findings in hypertension screening of 1 million Americans. JAMA J. Am. Med. Assoc. 240,
1607-1610 (1978).

Piegas, L. S. et al. Risk factors for myocardial infarction in Brazil. Am. Heart J. 146, 331-338 (2003).
Walker, S. P. et al. Body size and fat distribution as predictors of stroke among US men. Am. J. Epidemiol. 144, 1143-1150 (1996).

Harris, M. I. et al. Prevalence of diabetes, impaired fasting glucose, and impaired glucose tolerance in U.S. adults: The Third
National Health and Nutrition Examination Survey, 1988-1994. Diabetes Care 21, 518-524 (1998).

Combe, H. et al. Comparison of men with impaired fasting glycaemia to controls and to diabetic subjects with fasting glycaemia
from 7.0 to 7.7 mmol/I: Clinical, nutritional and biological status. Diabetes Metab. 30, 167—174 (2004).

Kanaya, A. M., Barrett-Connor, E., Gildengorin, G. & Yaffe, K. Change in cognitive function by glucose tolerance status in older
adults: A 4-year prospective study of the Rancho Bernardo Study cohort. Arch. Intern. Med. 164, 1327-1333 (2004).

Gustafson, D., Rothenberg, E., Blennow, K., Steen, B. & Skoog, I. An 18-year follow-up of overweight and risk of Alzheimer
disease. Arch. Intern. Med. 163, 1524—-1528 (2003).

Lew, E. A. & Garfinkel, L. Variations in mortality by weight among 750,000 men and women. J. Chronic Dis. 32, 563-576 (1979).

Luder, E., Ehrlich, R. I., Lou, W. Y. W., Melnik, T. A. & Kattan, M. Body mass index and the risk of asthma in adults. Respir. Med. 98,
29-37 (2004).

Felson, D. T., Anderson, J. J., Naimark, A., Walker, A. M. & Meenan, R. F. Obesity and knee osteoarthritis. The Framingham Study.
Ann. Intern. Med. 109, 18-24 (1988).

Pasquali, R., Pelusi, C., Genghini, S., Cacciari, M. & Gambineri, A. Obesity and reproductive disorders in women. Human

183



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Reproduction Update vol. 9 359-372 (2003).
Dong, C., Sanchez, L. E. & Price, R. A. Relationship of obesity to depression: A family-based study. Int. J. Obes. 28, 790795 (2004).

Dalle Grave, R., Centis, E., Marzocchi, R., El Ghoch, M. & Marchesini, G. Major factors for facilitating change in behavioral
strategies to reduce obesity. Psychology Research and Behavior Management vol. 6 101-110 (2013).

Jackson, V. M. et al. Latest approaches for the treatment of obesity. Expert Opinion on Drug Discovery vol. 10 825-839 (2015).
Camilleri, M. Peripheral mechanisms in appetite regulation. Gastroenterology 148, 1219-1233 (2015).

Jackson, V. M., Price, D. A. & Carpino, P. A. Investigational drugs in Phase Il clinical trials for the treatment of obesity: Implications
for future development of novel therapies. Expert Opinion on Investigational Drugs vol. 23 1055-1066 (2014).

Camilleri, M. & Acosta, A. Combination Therapies for Obesity. Metab. Syndr. Relat. Disord. 16, 390-394 (2018).
Yu, Y. H. Making sense of metabolic obesity and hedonic obesity. Journal of Diabetes vol. 9 656—-666 (2017).

Lindgren, E. et al. Food addiction: A common neurobiological mechanism with drug abuse. Front. Biosci. - Landmark 23, 811-836
(2018).

Lean, M. E. Pathophysiology of obesity. Proc. Nutr. Soc. 59, 331-6 (2000).

Monteiro, M. P. & Batterham, R. L. The Importance of the Gastrointestinal Tract in Controlling Food Intake and Regulating Energy
Balance. Gastroenterology 152, 1707-1717.e2 (2017).

Boughton, C. K. & Murphy, K. G. Can neuropeptides treat obesity? A review of neuropeptides and their potential role in the
treatment of obesity. British Journal of Pharmacology vol. 170 1333-1348 (2013).

Baig, A. J. Role of Neuro-Endocrine System in Obesity. in Obesity 59-63 (Springer International Publishing, 2016).
doi:10.1007/978-3-319-19821-7_5.

Holzer, P. Peptidergic sensory neurons in the control of vasc... [Rev Physiol Biochem Pharmacol. 1992] - PubMed result. Rev.
Physiol. Biochem. Pharmacol. 121, 49-146 (1992).

Janig, W. & Morrison, J. F. Functional properties of spinal visceral afferents supplying abdominal and pelvic organs, with special
emphasis on visceral nociception. Prog. Brain Res. 67, 87-114 (1986).

Fry, M., Hoyda, T. D. & Ferguson, A. V. Making sense of it: Roles of the sensory circumventricular organs in feeding and regulation
of energy homeostasis. Experimental Biology and Medicine vol. 232 14-26 (2007).

Schwartz, G. J. The role of gastrointestinal vagal afferents in the control of food intake: current prospects. Nutrition 16, 866—-873
(2000).

Morton, G. J., Cummings, D. E., Baskin, D. G., Barsh, G. S. & Schwartz, M. W. Central nervous system control of food intake and
body weight. Nature 443, 289-95 (2006).

Williams, K. W. & Elmquist, J. K. From neuroanatomy to behavior: Central integration of peripheral signals regulating feeding
behavior. Nature Neuroscience vol. 15 1350-1355 (2012).

Horvath, T. L. Endocannabinoids and the regulation of body fat: The smoke is clearing. Journal of Clinical Investigation vol. 112
323-326 (2003).

Schneeberger, M., Gomis, R. & Claret, M. Hypothalamic and brainstem neuronal circuits controlling homeostatic energy balance.
Journal of Endocrinology vol. 220 (2014).

Sam, A. H., Troke, R. C., Tan, T. M. & Bewick, G. A. The role of the gut/brain axis in modulating food intake. Neuropharmacology
vol. 63 46-56 (2012).

Stanley, S., Wynne, K., McGowan, B. & Bloom, S. Hormonal regulation of food intake. Physiological Reviews vol. 85 1131-1158
(2005).

D’Alessio, D. A., Prigeon, R. L. & Ensinck, J. W. Enteral enhancement of glucose disposition by both insulin-dependent and insulin-
independent processes: A physiological role of glucagon-like peptide I. Diabetes 44, 1433—-1437 (1995).

Jobst, E. E., Enriori, P. J. & Cowley, M. A. The electrophysiology of feeding circuits. Trends in Endocrinology and Metabolism vol.
15 488-499 (2004).

Deighton, K., Batterham, R. L. & Stensel, D. J. Appetite and gut peptide responses to exercise and calorie restriction. The effect of
modest energy deficits. Appetite 81, 52-59 (2014).

Schirra, J. & Goke, B. The physiological role of GLP-1 in human: Incretin, ileal brake or more? Regulatory Peptides vol. 128 109—
115 (2005).

Simpson, K., Parker, J., Plumer, J. & Bloom, S. CCK, PYY and PP: The control of energy balance. Handb. Exp. Pharmacol. 209, 209—
230 (2012).

184



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Murphy, K. G. & Bloom, S. R. Gut hormones and the regulation of energy homeostasis. Nature vol. 444 854-859 (2006).
Kojima, M. & Kangawa, K. Ghrelin: Structure and function. Physiological Reviews vol. 85 495-522 (2005).
Tschop, M., Smiley, D. L. & Heiman, M. L. Ghrelin induces adiposity in rodents. Nature 407, 908-913 (2000).

Dong, J. et al. Role of endogenous ghrelin in the hyperphagia of mice with streptozotocin-induced diabetes. Endocrinology 147,
2634-2642 (2006).

Cummings, D. E. Ghrelin and the short- and long-term regulation of appetite and body weight. Physiol. Behav. 89, 71-84 (2006).
Zorrilla, E. P. et al. Vaccination against weight gain. Proc. Natl. Acad. Sci. U. S. A. 103, 1322613231 (2006).

Wynne, K. et al. Subcutaneous ghrelin enhances acute food intake in malnourished patients who receive maintenance peritoneal
dialysis: A randomized, placebo-controlled trial. J. Am. Soc. Nephrol. 16, 2111-2118 (2005).

Chelikani, P. K., Haver, A. C. & Heidelberger, R. D. Intravenous infusion of peptide YY(3-36) potently inhibits food intake in rats.
Endocrinology 146, 879—-888 (2005).

Gibbs, J., Young, R. C. & Smith, G. P. Cholecystokinin decreases food intake in rats. Obes. Res. 5, 284-290 (1997).

Bi, S. & Moran, T. H. Actions of CCK in the controls of food intake and body weight: Lessons from the CCK-A receptor deficient
OLETF rat. Neuropeptides 36, 171-181 (2002).

Crawley, J. N. & Beinfeld, M. C. Rapid development of tolerance to the behavioural actions of cholecystokinin [15]. Nature vol.
302 703-706 (1983).

Katsuura, G., Asakawa, A. & Inui, A. Roles of pancreatic polypeptide in regulation of food intake. Peptides 23, 323—-329 (2002).

Batterham, R. L. et al. Pancreatic polypeptide reduces appetite and food intake in humans. J. Clin. Endocrinol. Metab. 88, 3989—
3992 (2003).

Asakawa, A. et al. Characterization of the effects of pancreatic polypeptide in the regulation of energy balance. Gastroenterology
124, 1325-1336 (2003).

Schmidt, P. T. et al. A role for pancreatic polypeptide in the regulation of gastric emptying and short-term metabolic control. J.
Clin. Endocrinol. Metab. 90, 5241-5246 (2005).

Rushing, P. A., Hagan, M. M,, Seeley, R. J., Lutz, T. A. & Woods, S. C. Amylin: A Novel Action in the Brain to Reduce Body Weight*.
Endocrinology 141, 850-850 (2000).

Reda, T. K., Geliebter, A. & Pi-Sunyer, F. X. Amylin, food intake, and obesity. Obesity Research vol. 10 1087-1091 (2002).

Reinehr, T., De Sousa, G., Niklowitz, P. & Roth, C. L. Amylin and its relation to insulin and lipids in obese children before and after
weight loss. Obesity 15, 2006—-2011 (2007).

Ratner, R. et al. Adjunctive therapy with pramlintide lowers HbAlc without concomitant weight gain and increased risk of severe
hypoglycemia in patients with type 1 diabetes approaching glycemic targets. Exp. Clin. Endocrinol. Diabetes 113, 199-204 (2005).

Whitehouse, F. et al. A randomized study and open-label extension evaluating the long-term efficacy of pramlintide as an adjunct
to insulin therapy in type 1 diabetes. Diabetes Care 25, 724-730 (2002).

Vrang, N. & Larsen, P. J. Preproglucagon derived peptides GLP-1, GLP-2 and oxyntomodulin in the CNS: Role of peripherally
secreted and centrally produced peptides. Progress in Neurobiology vol. 92 442-462 (2010).

Lin, L. et al. Fatty acid ethanolamides modulate CD36-mRNA through dietary fatty acid manipulation in Syrian Golden hamsters.
Appl. Physiol. Nutr. Metab. 38, 870-878 (2013).

Martin, J. R. & Novin, D. Decreased feeding in rats following hepatic-portal infusion of glucagon. Physiol. Behav. 19, 461-466
(1977).

Larsen, P. J., Tang-Christensen, M., Holst, J. J. & @rskov, C. Distribution of glucagon-like peptide-1 and other preproglucagon-
derived peptides in the rat hypothalamus and brainstem. Neuroscience 77, 257-270 (1997).

Drucker, D. J. The biology of incretin hormones. Cell Metabolism vol. 3 153-165 (2006).

Buse, J. B. et al. Effects of exenatide (exendin-4) on glycemic control over 30 weeks in sulfonylurea-treated patients with type 2
diabetes. Diabetes Care 27, 2628-2635 (2004).

Nauck, M. A., Holst, J. J., Willms, B. & Schmiegel, W. Glucagon-like peptide 1 (GLP-1) as a new therapeutic approach for Type 2-
diabetes. Experimental and Clinical Endocrinology and Diabetes vol. 105 187-195 (1997).

Dakin, C. L. et al. Peripheral Oxyntomodulin Reduces Food Intake and Body Weight Gain in Rats. Endocrinology 145, 2687—-2695
(2004).

Air, E. L., Benoit, S. C., Blake Smith, K. A., Clegg, D. J. & Woods, S. C. Acute third ventricular administration of insulin decreases
food intake in two paradigms. Pharmacol. Biochem. Behav. 72, 423-429 (2002).

185



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Corp, E. S. et al. Localization of 125I-insulin binding sites in the rat hypothalamus by quantitative autoradiography. Neurosci. Lett.
70, 17-22 (1986).

Wisialowski, T. et al. Adrenalectomy reduces neuropeptide Y-induced insulin release and NPY receptor expression in the rat
ventromedial hypothalamus. J. Clin. Invest. 105, 1253—-1259 (2000).

Feletou, M., Galizzi, J.-P. & Levens, N. NPY Receptors as Drug Targets for the Central Regulation of Body Weight. CNS Neurol.
Disord. - Drug Targets 5, 263—-274 (2008).

Kim, M. S. et al. Hypothalamic localization of the feeding effect of agouti-related peptide and a-melanocyte-stimulating hormone.
Diabetes 49, 177-182 (2000).

Trivedi, P., Yu, H., MacNeil, D. J., Van Der Ploeg, L. H. T. & Guan, X. M. Distribution of orexin receptor mRNA in the rat brain. FEBS
Lett. 438, 71-75 (1998).

Funahashi, H. et al. Hypothalamic neuronal networks and feeding-related peptides involved in the regulation of feeding.
Anatomical Science International vol. 78 123—-138 (2003).

Pritchard, L. E., Turnbull, A. V. & White, A. Pro-opiomelanocortin processing in the hypothalamus: Impact on melanocortin
signalling and obesity. Journal of Endocrinology vol. 172 411-421 (2002).

Rogge, G., Jones, D., Hubert, G. W., Lin, Y. & Kuhar, M. J. CART peptides: Regulators of body weight, reward and other functions.
Nature Reviews Neuroscience vol. 9 747-758 (2008).

Crespo, C. S., Cachero, A. P., Jiménez, L. P., Barrios, V. & Ferreiro, E. A. Peptides and food intake. Frontiers in Endocrinology vol. 5
(2014).

Green, J. P., Prell, G. D., Khandelwal, J. K. & Blandina, P. Aspects of histamine metabolism. Agents and Actions vol. 22 1-15
(1987).

MEYNARD, M., VALDES, J., RECABARREN, M., SERONFERRE, M. & TORREALBA, F. Specific activation of histaminergic neurons
during daily feeding anticipatory behavior in rats. Behav. Brain Res. 158, 311-319 (2005).

Bakker, R. A., Timmerman, H. & Leurs, R. Histamine receptors: specific ligands, receptor biochemistry, and signal transduction.
Clin. Allergy Immunol. 17, 27-64 (2002).

Masaki, T. et al. Involvement of hypothalamic histamine H1 receptor in the regulation of feeding rhythm and obesity. Diabetes
53, 2250-2260 (2004).

Volkow, N. D., Wang, G.-J., Fowler, J. S. & Telang, F. Overlapping neuronal circuits in addiction and obesity: evidence of systems
pathology. Philos. Trans. R. Soc. B Biol. Sci. 363, 3191-3200 (2008).

Bechara, A. Decision making, impulse control and loss of willpower to resist drugs: A neurocognitive perspective. Nature
Neuroscience vol. 8 1458-1463 (2005).

Barry, D., Clarke, M. & Petry, N. M. Obesity and its relationship to addictions: Is overeating a form of Addictive Behavior?
American Journal on Addictions vol. 18 439-451 (2009).

Carter, A. et al. The Neurobiology of “Food Addiction” and Its Implications for Obesity Treatment and Policy. Annu. Rev. Nutr. 36,
105-128 (2016).

Hebebranda, J. et al. ‘Eating addiction’, rather than ‘food addiction’, better captures addictive-like eating behavior. Neuroscience
and Biobehavioral Reviews vol. 47 295-306 (2014).

Meule, A. & Gearhardt, A. Food Addiction in the Light of DSM-5. Nutrients 6, 3653—3671 (2014).

Tappy, L. What nutritional physiology tells us about diet, sugar and obesity. International Journal of Obesity vol. 40 S28-S29
(2016).

Gearhardt, A. N., Grilo, C. M., Dileone, R. J., Brownell, K. D. & Potenza, M. N. Can food be addictive? Public health and policy
implications. Addiction 106, 1208-1212 (2011).

Schulte, E. M., Avena, N. M. & Gearhardt, A. N. Which Foods May Be Addictive? The Roles of Processing, Fat Content, and
Glycemic Load. PLoS One 10, e0117959 (2015).

Gearhardt, A. N., Corbin, W. R. & Brownell, K. D. Preliminary validation of the Yale Food Addiction Scale. Appetite 52, 430-436
(2009).

Pursey, K., Stanwell, P., Gearhardt, A., Collins, C. & Burrows, T. The Prevalence of Food Addiction as Assessed by the Yale Food
Addiction Scale: A Systematic Review. Nutrients 6, 4552—-4590 (2014).

Epel, E. S. et al. The Reward-Based Eating Drive Scale: A Self-Report Index of Reward-Based Eating. PLoS One 9, e101350 (2014).

Mason, A. E. et al. Acute responses to opioidergic blockade as a biomarker of hedonic eating among obese women enrolled in a
mindfulness-based weight loss intervention trial. Appetite 91, 311-320 (2015).

Miinzberg, H., Qualls-Creekmore, E., Yu, S., Morrison, C. D. & Berthoud, H. R. Hedonics Act in Unison with the Homeostatic

186



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

System to Unconsciously Control Body Weight. Front. Nutr. 3, (2016).

Leigh, S. J. & Morris, M. J. The role of reward circuitry and food addiction in the obesity epidemic: An update. Biol. Psychol. 131,
31-42 (2018).

Volkow, N. D., Wang, G. J., Tomasi, D. & Baler, R. D. Obesity and addiction: Neurobiological overlaps. Obesity Reviews vol. 14 2—
18 (2013).

Davis, C. et al. Evidence that ‘food addiction’ is a valid phenotype of obesity. Appetite 57, 711-717 (2011).

Barbano, M. F. & Cador, M. Opioids for hedonic experience and dopamine to get ready for it. Psychopharmacology vol. 191 497—
506 (2007).

Speed, N. et al. Impaired Striatal Akt Signaling Disrupts Dopamine Homeostasis and Increases Feeding. PLoS One 6, €25169
(2011).

Wang, G. J. et al. Brain dopamine and obesity. Lancet 357, 354-357 (2001).

Volkow, N. D. et al. Low dopamine striatal D2 receptors are associated with prefrontal metabolism in obese subjects: Possible
contributing factors. Neuroimage 42, 1537-1543 (2008).

Wang, G. J., Volkow, N. D., Thanos, P. K. & Fowler, J. S. Similarity between obesity and drug addiction as assessed by
neurofunctional imaging: A concept review. Journal of Addictive Diseases vol. 23 39-53 (2004).

Li, C. shan R. et al. Decreased norepinephrine transporter availability in obesity: Positron Emission Tomography imaging with
(S,S)-[11C]O-methylreboxetine. Neuroimage 86, 306—310 (2014).

Cottone, P. et al. CRF system recruitment mediates dark side of compulsive eating. Proc. Natl. Acad. Sci. U. S. A. 106, 20016—
20020 (2009).

Martire, S. I. et al. Extended exposure to a palatable cafeteria diet alters gene expression in brain regions implicated in reward,
and withdrawal from this diet alters gene expression in brain regions associated with stress. Behav. Brain Res. 265, 132-141
(2014).

Coccurello, R. & Maccarrone, M. Hedonic eating and the ‘delicious circle’: From lipid-derived mediators to brain dopamine and
back. Frontiers in Neuroscience vol. 12 (2018).

Liu, Y., von Deneen, K. M., Kobeissy, F. H. & Gold, M. S. Food addiction and obesity: Evidence from bench to bedside. J.
Psychoactive Drugs 42, 133-145 (2010).

M. Avena, N., E. Bocarsly, M., G. Hoebel, B. & S. Gold, M. Overlaps in the Nosology of Substance Abuse and Overeating: The
Translational Implications of “Food Addiction”. Curr. Drug Abus. Rev. 4, 133—-139 (2011).

BROWNELL, K. D. & WARNER, K. E. The Perils of Ignoring History: Big Tobacco Played Dirty and Millions Died. How Similar Is Big
Food? Milbank Q. 87, 259-294 (2009).

Craske, M. G. & Stein, M. B. Anxiety. The Lancet vol. 388 3048—3059 (2016).
Tovote, P., Fadok, J. P. & Luthi, A. Neuronal circuits for fear and anxiety. Nature Reviews Neuroscience vol. 16 317-331 (2015).

Liu, Y., Zhao, J. & Guo, W. Emotional roles of mono-aminergic neurotransmitters in major depressive disorder and anxiety
disorders. Frontiers in Psychology vol. 9 (2018).

Schneier, F. R. et al. Low dopamine D2 receptor binding potential in social phobia. Am. J. Psychiatry 157, 457—-459 (2000).

Jokinen, J., Nordstrom, A. L. & Nordstrom, P. The relationship between CSF HVA/5-HIAA ratio and suicide intent in suicide
attempters. Arch. Suicide Res. 11, 187-192 (2007).

Bressa, G. M., Marini, S. & Gregori, S. Serotonin S2 receptors blockage and generalized anxiety disorders. A double-blind study on
ritanserin and lorazepam. Int. J. Clin. Pharmacol. Res. 7, 111-119 (1987).

Gaetani, S. et al. Chapter 5 The Endocannabinoid System as A Target for Novel Anxiolytic and Antidepressant Drugs. International
Review of Neurobiology vol. 85 57-72 (2009).

Mechoulam, R. & Parker, L. A. The endocannabinoid system and the brain. Annual Review of Psychology vol. 64 21-47 (2013).
Malhi, G. S. & Mann, J. J. Depression. The Lancet vol. 392 2299-2312 (2018).

Hill, M. N. et al. Regional alterations in the endocannabinoid system in an animal model of depression: Effects of concurrent
antidepressant treatment. J. Neurochem. 106, 2322-2336 (2008).

Parylak, S. L., Koob, G. F. & Zorrilla, E. P. The dark side of food addiction. Physiol. Behav. 104, 149-156 (2011).
van Strien, T. Causes of Emotional Eating and Matched Treatment of Obesity. Current Diabetes Reports vol. 18 (2018).

Herman, C. P., van Strien, T. & Polivy, J. Undereating or Eliminating Overeating? Am. Psychol. 63, 202—203 (2008).

187



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Heatherton, T. F. & Baumeister, R. F. Binge eating as escape from self-awareness. Psychol. Bull. 110, 86—-108 (1991).

Baker, K. D., Loughman, A., Spencer, S. J. & Reichelt, A. C. The impact of obesity and hypercaloric diet consumption on anxiety
and emotional behavior across the lifespan. Neuroscience and Biobehavioral Reviews vol. 83 173-182 (2017).

Rajan, T. & Menon, V. Psychiatric disorders and obesity: A review of association studies. J. Postgrad. Med. 63, 182 (2017).

Milaneschi, Y., Simmons, W. K., van Rossum, E. F. C. & Penninx, B. W. Depression and obesity: evidence of shared biological
mechanisms. Molecular Psychiatry vol. 24 18-33 (2019).

Luppino, F. S. et al. Overweight, obesity, and depression: A systematic review and meta-analysis of longitudinal studies. Archives
of General Psychiatry vol. 67 220-229 (2010).

Jantaratnotai, N., Mosikanon, K., Lee, Y. & Mclintyre, R. S. The interface of depression and obesity. Obesity Research and Clinical
Practice vol. 11 1-10 (2017).

Schachter, J. et al. Effects of obesity on depression: A role for inflammation and the gut microbiota. Brain, Behavior, and
Immunity vol. 69 1-8 (2018).

Sproston, N. R. & Ashworth, J. J. Role of C-reactive protein at sites of inflammation and infection. Frontiers in Immunology vol. 9
754 (2018).

Olefsky, J. M. & Glass, C. K. Macrophages, inflammation, and insulin resistance. Annual Review of Physiology vol. 72 219-246
(2009).

Capuron, L. & Miller, A. H. Immune system to brain signaling: Neuropsychopharmacological implications. Pharmacology and
Therapeutics vol. 130 226-238 (2011).

Thaler, J. P. et al. Obesity is associated with hypothalamic injury in rodents and humans. J. Clin. Invest. 122, 153-162 (2012).

Buckman, L. B. et al. Obesity induced by a high-fat diet is associated with increased immune cell entry into the central nervous
system. Brain. Behav. Immun. 35, 33-42 (2014).

Mendes, N. F., Kim, Y.-B., Velloso, L. A. & Araujo, E. P. Hypothalamic Microglial Activation in Obesity: A Mini-Review. Front.
Neurosci. 12, 15 (2018).

Paolicelli, R. C., Bisht, K. & Tremblay, M. E. Fractalkine regulation of microglial physiology and consequences on the brain and
behavior. Frontiers in Cellular Neuroscience vol. 8 (2014).

Wang, Z. et al. Saturated fatty acids activate microglia via Toll-like receptor 4/NF-kB signalling. Br. J. Nutr. 107, 229-241 (2012).

Jha, M. K., Lee, W. H. & Suk, K. Functional polarization of neuroglia: Implications in neuroinflammation and neurological
disorders. Biochemical Pharmacology vol. 103 1-16 (2016).

Jansson, D. et al. A role for human brain pericytes in neuroinflammation. J. Neuroinflammation 11, (2014).

Dutheil, S., Ota, K. T., Wohleb, E. S., Rasmussen, K. & Duman, R. S. High-Fat Diet Induced Anxiety and Anhedonia: Impact on Brain
Homeostasis and Inflammation. Neuropsychopharmacology 41, 1874-1887 (2016).

Carlin, J. L., Grissom, N., Ying, Z., Gomez-Pinilla, F. & Reyes, T. M. Voluntary exercise blocks Western diet-induced gene expression
of the chemokines CXCL10 and CCL2 in the prefrontal cortex. Brain. Behav. Immun. 58, 82—90 (2016).

Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C. & Bonner, T. I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 346, 561-564 (1990).

Munro, S., Thomas, K. L. & Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 365, 61—
65 (1993).

Piomelli, D., Giuffrida, A., Calignano, A. & Rodriguez De Fonseca, F. The endocannabinoid system as a target for therapeutic
drugs. Trends in Pharmacological Sciences vol. 21 218-224 (2000).

Howlett, A. C. & Abood, M. E. CB1 and CB2 Receptor Pharmacology. in Advances in Pharmacology vol. 80 169-206 (Academic
Press Inc., 2017).

lannotti, F. A., Di Marzo, V. & Petrosino, S. Endocannabinoids and endocannabinoid-related mediators: Targets, metabolism and
role in neurological disorders. Progress in Lipid Research vol. 62 107-128 (2016).

Baggelaar, M. P., Maccarrone, M. & van der Stelt, M. 2-Arachidonoylglycerol: A signaling lipid with manifold actions in the brain.
Progress in Lipid Research vol. 71 1-17 (2018).

Lu, H. C. & MacKie, K. An introduction to the endogenous cannabinoid system. Biological Psychiatry vol. 79 516-525 (2016).
Scherma, M. et al. Brain activity of anandamide: a rewarding bliss? Acta Pharmacologica Sinica vol. 40 309-323 (2019).
Smita, K., Sushil Kumar, V. & Premendran, J. S. Anandamide: An update. Fundamental and Clinical Pharmacology vol. 21 1-8

(2007).

188



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Romano, A., Tempesta, B., Provensi, G., Passani, M. B. & Gaetani, S. Central mechanisms mediating the hypophagic effects of
oleoylethanolamide and N-acylphosphatidylethanolamines: Different lipid signals? Frontiers in Pharmacology vol. 6 (2015).

Orio, L., Alen, F., Pavdn, F. J., Serrano, A. & Garcia-Bueno, B. Oleoylethanolamide, neuroinflammation, and alcohol abuse.
Frontiers in Molecular Neuroscience vol. 11 (2019).

Zou, S. & Kumar, U. Cannabinoid receptors and the endocannabinoid system: Signaling and function in the central nervous
system. International Journal of Molecular Sciences vol. 19 833 (2018).

Bellocchio, L. et al. Bimodal control of stimulated food intake by the endocannabinoid system. Nat. Neurosci. 13, 281-283 (2010).

Mahler, S. V., Smith, K. S. & Berridge, K. C. Endocannabinoid hedonic hotspot for sensory pleasure: Anandamide in nucleus
accumbens shell enhances ‘liking’ of a sweet reward. Neuropsychopharmacology 32, 2267-2278 (2007).

Maldonado, R., Valverde, O. & Berrendero, F. Involvement of the endocannabinoid system in drug addiction. Trends in
Neurosciences vol. 29 225-232 (2006).

Koch, M. et al. Hypothalamic POMC neurons promote cannabinoid-induced feeding. Nature 519, 45-50 (2015).

Mazier, W., Saucisse, N., Gatta-Cherifi, B. & Cota, D. The Endocannabinoid System: Pivotal Orchestrator of Obesity and Metabolic
Disease. Trends in Endocrinology and Metabolism vol. 26 524-537 (2015).

Lau, B. K., Cota, D., Cristino, L. & Borgland, S. L. Endocannabinoid modulation of homeostatic and non-homeostatic feeding
circuits. Neuropharmacology vol. 124 38-51 (2017).

Gatta-Cherifi, B. et al. Simultaneous postprandial deregulation of the orexigenic endocannabinoid anandamide and the
anorexigenic peptide YY in obesity. Int. J. Obes. 36, 880—-885 (2012).

Rossi, F., Punzo, F., Umano, G. R., Argenziano, M. & Miraglia Del Giudice, E. Role of cannabinoids in obesity. International Journal
of Molecular Sciences vol. 19 2690 (2018).

Vaitheesvaran, B. et al. Peripheral effects of FAAH deficiency on fuel and energy homeostasis: Role of deregulated lysine
acetylation. PLoS One 7, (2012).

Feistle, D.-V. K., Dualé, C., Mallet, C. & Dubray, C. Guest Editorial Key words fatty acid amide hydroxylase-endocan-nabinoids-
phase I-serious adverse event-brain injury FAAH inhibitors in the limelight, but regrettably. (2016) doi:10.5414/CP202687.

Boger, D. L. et al. Exceptionally potent inhibitors of fatty acid amide hydrolase: The enzyme responsible for degradation of
endogenous oleamide and anandamide. Proc. Natl. Acad. Sci. U. S. A. 97, 5044-5049 (2000).

Tanaka, M., Yagyu, K., Sackett, S. & Zhang, Y. Anti-Inflammatory Effects by Pharmacological Inhibition or Knockdown of Fatty Acid
Amide Hydrolase in BV2 Microglial Cells. Cells 8, 491 (2019).

Bedse, G. et al. Therapeutic endocannabinoid augmentation for mood and anxiety disorders: Comparative profiling of FAAH,
MAGL and dual inhibitors. Transl. Psychiatry 8, (2018).

Carlsson, A., Lindqvist, M. & Magnusson, T. 3,4-Dihydroxyphenylalanine and 5-hydroxytryptophan as reserpine antagonists [16].
Nature vol. 180 1200 (1957).

Kortekaas, R. et al. Blood-brain barrier dysfunction in Parkinsonian midbrain in vivo. Ann. Neurol. 57, 176-179 (2005).

Harrington, K. A., Augood, S. J., Kingsbury, A. E., Foster, O. J. F. & Emson, P. C. Dopamine transporter (DAT) and synaptic vesicle
amine transporter (VMAT2) gene expression in the substantia nigra of control and Parkinson’s disease. Mol. Brain Res. 36, 157—
162 (1996).

Luciana, M., Collins, P. F. & Depue, R. A. Opposing roles for dopamine and serotonin in the modulation of human spatial working
memory functions. Cereb. Cortex 8, 218-226 (1998).

Salamone, J. D. & Correa, M. The Mysterious Motivational Functions of Mesolimbic Dopamine. Neuron vol. 76 470-485 (2012).

Andretic, R., Van Swinderen, B. & Greenspan, R. J. Dopaminergic modulation of arousal in Drosophila. Curr. Biol. 15, 1165-1175
(2005).

Berridge, K. C. & Kringelbach, M. L. Affective neuroscience of pleasure: Reward in humans and animals. Psychopharmacology vol.
199 457-480 (2008).

Demarest, K. T., McKay, D. W., Riegle, G. D. & Moore, K. E. Biochemical Indices of Tuberoinfundibular Dopaminergic Neuronal
Activity during Lactation:A Lack of Response to Prolactin. Neuroendocrinology 36, 130-137 (1983).

Kriger, T. H. C., Hartmann, U. & Schedlowski, M. Prolactinergic and dopaminergic mechanisms underlying sexual arousal and
orgasm in humans. World J. Urol. 23, 130-138 (2005).

Nakagawa, M. et al. Dopamine D2 receptor Taq IA polymorphism is associated with postoperative nausea and vomiting. J.
Anesth. 22, 397-403 (2008).

Klein, M. O. et al. Dopamine: Functions, Signaling, and Association with Neurological Diseases. Cellular and Molecular
Neurobiology vol. 39 31-59 (2019).

189



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Fernstrom, J. D. & Fernstrom, M. H. Tyrosine, phenylalanine, and catecholamine synthesis and function in the brain. in Journal of
Nutrition vol. 137 (American Institute of Nutrition, 2007).

Bromek, E., Haduch, A., Gotembiowska, K. & Daniel, W. A. Cytochrome P450 mediates dopamine formation in the brain in vivo. J.
Neurochem. 118, 806-815 (2011).

Udenfriend, S. & Wyngaarden, J. B. Precursors of adrenal epinephrine and norepinephrine in vivo. BBA - Gen. Subj. 20, 48-52
(1956).

Segura-Aguilar, J. et al. Protective and toxic roles of dopamine in Parkinson’s disease. Journal of Neurochemistry vol. 129 898-915
(2014).

Floresco, S. B., West, A. R., Ash, B., Moorel, H. & Grace, A. A. Afferent modulation of dopamine neuron firing differentially
regulates tonic and phasic dopamine transmission. Nat. Neurosci. 6, 968—973 (2003).

Missale, C., Nash, S. R., Robinson, S. W., Jaber, M. & Caron, M. G. Dopamine Receptors: From Structure to Function.
PHYSIOLOGICAL REVIEWS vol. 78 (1998).

Wamsley, J. K., Gehlert, D. R, Filloux, F. M. & Dawson, T. M. Comparison of the distribution of D-1 and D-2 dopamine receptors in
the rat brain. J. Chem. Neuroanat. 2, 119-137 (1989).

Svenningsson, P. et al. DARPP-32: An Integrator of Neurotransmission. Annu. Rev. Pharmacol. Toxicol. 44, 269-296 (2004).

Halpain, S., Girault, J. A. & Greengard, P. Activation of NMDA receptors induces dephosphorylation of DARPP-32 in rat striatal
slices. Nature 343, 369-372 (1990).

Volkow, N. D., Wang, G. J. & Baler, R. D. Reward, dopamine and the control of food intake: Implications for obesity. Trends in
Cognitive Sciences vol. 15 37-46 (2011).

van Galen, K. A., ter Horst, K. W., Booij, J., la Fleur, S. E. & Serlie, M. J. The role of central dopamine and serotonin in human
obesity: lessons learned from molecular neuroimaging studies. Metabolism: Clinical and Experimental vol. 85 325-339 (2018).

Szczypka, M. S. et al. Dopamine production in the caudate putamen restores feeding in dopamine-deficient mice. Neuron 30,
819-828 (2001).

Small, D. M., Jones-Gotman, M. & Dagher, A. Feeding-induced dopamine release in dorsal striatum correlates with meal
pleasantness ratings in healthy human volunteers. Neuroimage 19, 1709-1715 (2003).

Horstmann, A., Fenske, W. K. & Hankir, M. K. Argument for a non-linear relationship between severity of human obesity and
dopaminergic tone. Obes. Rev. 16, 821-830 (2015).

Naef, L., Pitman, K. A. & Borgland, S. L. Mesolimbic dopamine and its neuromodulators in obesity and binge eating. CNS
Spectrums vol. 20 574-583 (2015).

Kaplan, A. S. et al. A DRD4/BDNF gene-gene interaction associated with maximum BMI in women with bulimia nervosa. Int. J. Eat.
Disord. 41, 22-28 (2008).

Stanfill, A. G. et al. Neurogenetic and Neuroimaging Evidence for a Conceptual Model of Dopaminergic Contributions to Obesity.
Biol. Res. Nurs. 17, 413—-421 (2015).

Cordeira, J. W., Frank, L., Sena-Esteves, M., Pothos, E. N. & Rios, M. Brain-derived neurotrophic factor regulates hedonic feeding
by acting on the mesolimbic dopamine system. J. Neurosci. 30, 2533-2541 (2010).

Stice, E., Spoor, S., Bohon, C. & Small, D. M. Relation between obesity and blunted striatal response to food is moderated by
TaqlA Al allele. Science (80-. ). 322, 449-452 (2008).

Schwarz, L. A. & Luo, L. Organization of the locus coeruleus-norepinephrine system. Current Biology vol. 25 R1051-R1056 (2015).

Blows, W. T. Neurotransmitters of the brain: serotonin, noradrenaline (norepinephrine), and dopamine. The Journal of
neuroscience nursing : journal of the American Association of Neuroscience Nurses vol. 32 234-238 (2000).

Benarroch, E. E. The locus ceruleus norepinephrine system: Functional organization and potential clinical significance. Neurology
73, 1699-1704 (2009).

Holets, V. R., Hokfelt, T., Rokaeus, A., Terenius, L. & Goldstein, M. Locus coeruleus neurons in the rat containing neuropeptide Y,
tyrosine hydroxylase or galanin and their efferent projections to the spinal cord, cerebral cortex and hypothalamus. Neuroscience
24, 893-906 (1988).

Lang, R. et al. Physiology, signaling, and pharmacology of galanin peptides and receptors: Three decades of emerging diversity.
Pharmacol. Rev. 67, 118-175 (2015).

Young, W. S. & Kuhar, M. J. Noradrenergic al and a2 receptors: Light microscopic autoradiographic localization. Proc. Natl. Acad.
Sci. U. S. A. 77, 1696-1700 (1980).

Wellman, P. J. Norepinephrine and the control of food intake. in Nutrition vol. 16 837-842 (2000).

Wellman, P. J., Davies, B. T., Morien, A. & McMahon, L. Modulation of feeding by hypothalamic paraventricular nucleus al- and

190



222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243,

244,

245,

246.

247.

248.

a2-adrenergic receptors. Life Sciences vol. 53 669-679 (1993).

Adan, R. A. H., Vanderschuren, L. J. M. J. & E. la Fleur, S. Anti-obesity drugs and neural circuits of feeding. Trends in
Pharmacological Sciences vol. 29 208-217 (2008).

Larabee, C. M., Neely, O. C. & Domingos, A. |. Obesity: a neuroimmunometabolic perspective. Nature Reviews Endocrinology vol.
16 30-43 (2020).

Erspamer, V. & Asero, B. Identification of Enteramine, the Specific Hormone of the Enterochromaffin Cell System, as 5-
Hydroxytryptamine. Nature 169, 800-801 (1952).

Brodie, B. B. & Shore, P. A. A CONCEPT FOR A ROLE OF SEROTONIN AND NOREPINEPHRINE AS CHEMICAL MEDIATORS IN THE
BRAIN. Ann. N. Y. Acad. Sci. 66, 631-642 (1957).

MOHAMMAD-ZADEH, L. F., MOSES, L. & GWALTNEY-BRANT, S. M. Serotonin: a review. J. Vet. Pharmacol. Ther. 31, 187-199
(2008).

CLARK, C. T., WEISSBACH, H. & UDENFRIEND, S. 5-Hydroxytryptophan decarboxylase: preparation and properties. J. Biol. Chem.
210, 139-148 (1954).

MCISAAC, W. M. & PAGE, I. H. The metabolism of serotonin (5-hydroxytryptamine). J. Biol. Chem. 234, 858—864 (1959).

McCorvy, J. D. & Roth, B. L. Structure and function of serotonin G protein-coupled receptors. Pharmacology and Therapeutics vol.
150 129-142 (2015).

Lin, S. L., Setya, S., Johnson-Farley, N. N. & Cowen, D. S. Differential coupling of 5-HT 1 receptors to G proteins of the G i family.
Br. J. Pharmacol. 136, 1072-1078 (2002).

Altieri, S. C., Garcia-Garcia, A. L., Leonardo, E. D. & Andrews, A. M. Rethinking 5-HT1A receptors: Emerging modes of inhibitory
feedback of relevance to emotion-related behavior. ACS Chemical Neuroscience vol. 4 72—-83 (2013).

Willins, D. L., Deutch, A. Y. & Roth, B. L. Serotonin 5-HT(2A) receptors are expressed on pyramidal cells and interneurons in the
rat cortex. Synapse 27, 79-82 (1997).

Nichols, D. E. Hallucinogens. Pharmacology and Therapeutics vol. 101 131-181 (2004).

Gupta, D., Prabhakar, V. & Radhakrishnan, M. 5HT3 receptors: Target for new antidepressant drugs. Neuroscience and
Biobehavioral Reviews vol. 64 311-325 (2016).

Kulla, A. & Manahan-Vaughan, D. Modulation by serotonin 5-HT4 receptors of long-term potentiation and depotentiation in the
dentate gyrus of freely moving rats. Cereb. Cortex 12, 150-162 (2002).

Compan, V. et al. Attenuated Response to Stress and Novelty and Hypersensitivity to Seizures in 5-HT4 Receptor Knock-Out Mice.
J. Neurosci. 24, 412—-419 (2004).

Pasqualetti, M. et al. Distribution of the 5-HT(5A) serotonin receptor mRNA in the human brain. Mol. Brain Res. 56, 1-8 (1998).

Gonzalez, R., Chavez-Pascacio, K. & Meneses, A. Role of 5-HT5A receptors in the consolidation of memory. Behav. Brain Res. 252,
246-251 (2013).

Curtin, P. C. P., Medan, V., Neumeister, H., Bronson, D. R. & Preuss, T. The 5-HT5A receptor regulates excitability in the auditory
startle circuit: Functional implications for sensorimotor gating. J. Neurosci. 33, 10011-10020 (2013).

Abbas, A. I. et al. Amisulpride is a potent 5-HT7 antagonist: Relevance for antidepressant actions in vivo. Psychopharmacology
(Berl). 205, 119-128 (2009).

Heisler, L. K. et al. Central serotonin and melanocortin pathways regulating energy homeostasis. in Annals of the New York
Academy of Sciences vol. 994 169-174 (New York Academy of Sciences, 2003).

Wurtman, R. J. & Wurtman, J. J. Brain serotonin, carbohydrate-craving, obesity and depression. Obesity research vol. 3 Suppl 4
(1995).

Blundell, J. E. Serotonin manipulations and the structure of feeding behaviour. Appetite 7, 39-56 (1986).
FERNSTROM, M. H. Depression, Antidepressants, and Body Weight Change. Ann. N. Y. Acad. Sci. 575, 31-40 (1989).
Wurtman, R. J. & Wurtman, J. J. Carbohydrates and depression. Scientific American vol. 260 68-75 (1989).

Fernstrom, J. D. & Wurtman, R. J. Brain serotonin content: Increase following ingestion of carbohydrate diet. Science (80-. ). 174,
1023-1025 (1971).

Leibowitz, S. F. & Alexander, J. T. Hypothalamic serotonin in control of eating behavior, meal size, and body weight. Biological
Psychiatry vol. 44 851-864 (1998).

Moses, P. L. & Wurtman, R. J. The ability of certain anorexic drugs to suppress food consumption depends on the nutrient
composition of the test diet. Life Sci. 35, 1297-1300 (1984).

191



249,

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Feldberg, W. & Toh, C. C. Distribution of 5-hydroxytryptamine (serotonin, enteramine) in the wall of the digestive tract. J. Physiol.
119, 352-362 (1953).

Johnson, P. M. & Kenny, P. J. Dopamine D2 receptors in addiction-like reward dysfunction and compulsive eating in obese rats.
Nat. Neurosci. 13, 635-641 (2010).

Perez-Caballero, L. et al. Monoaminergic system and depression. Cell and Tissue Research vol. 377 107-113 (2019).

Duan, T. et al. Fatty acid amide hydrolase inhibitors produce rapid anti-anxiety responses through amygdala long-term
depression in male rodents. J. Psychiatry Neurosci. 42, 230-241 (2017).

Hermes, D. J. et al. Neuroprotective effects of fatty acid amide hydrolase catabolic enzyme inhibition in a HIV-1 Tat model of
neuroAlDS. Neuropharmacology 141, 55-65 (2018).

Gobbi, G. et al. Antidepressant-like activity and modulation of brain monoaminergic transmission by blockade of anandamide
hydrolysis. Proc. Natl. Acad. Sci. U. S. A. 102, 18620-18625 (2005).

Matias, I. et al. Role and regulation of acylethanolamides in energy balance: focus on adipocytes and B-cells. Br. J. Pharmacol.
152, 676-690 (2009).

Belovicova, K., Bogi, E., Csatlosova, K. & Dubovicky, M. Animal tests for anxiety-like and depression-like behavior in rats.
Interdiscip. Toxicol. 10, 40-43 (2017).

Rodgers, R. J. & Dalvi, A. Anxiety, defence and the elevated plus-maze. in Neuroscience and Biobehavioral Reviews vol. 21 801—
810 (Neurosci Biobehav Rev, 1997).

Shepherd, J. K., Grewal, S. S., Fletcher, A., Bill, D. J. & Dourish, C. T. Behavioural and pharmacological characterisation of the
elevated ‘zero-maze’ as an animal model of anxiety. Psychopharmacology (Berl). 116, 56—64 (1994).

The Rat Brain in Stereotaxic Coordinates - 7th Edition. https://www.elsevier.com/books/the-rat-brain-in-stereotaxic-
coordinates/paxinos/978-0-12-391949-6.

Cassano, T. et al. Monoaminergic changes in locus coeruleus and dorsal raphe nucleus following noradrenaline depletion.
Neurochem. Res. 34, 1417-1426 (2009).

Almadana Pacheco, V. et al. Ansiedad, depresion y deshabituacion tabdquica. Adicciones 29, 233-244 (2017).

Charlet, K. & Heinz, A. Harm reduction—a systematic review on effects of alcohol reduction on physical and mental symptoms.
Addict. Biol. 22, 1119-1159 (2017).

Di Giovanni, G. et al. Monoaminergic and histaminergic strategies and treatments in brain diseases. Frontiers in Neuroscience vol.
10 (2016).

Lammel, S., Lim, B. K. & Malenka, R. C. Reward and aversion in a heterogeneous midbrain dopamine system. Neuropharmacology
vol. 76 351-359 (2014).

Koob, G. F. et al. Addiction as a stress surfeit disorder. Neuropharmacology vol. 76 370-382 (2014).

Morena, M., Patel, S., Bains, J. S. & Hill, M. N. Neurobiological Interactions Between Stress and the Endocannabinoid System.
Neuropsychopharmacology vol. 41 80-102 (2016).

Rossi, F., Punzo, F., Umano, G. R., Argenziano, M. & Miraglia Del Giudice, E. Role of cannabinoids in obesity. International Journal
of Molecular Sciences vol. 19 (2018).

Manzanares, J. et al. Role of the endocannabinoid system in drug addiction. Biochemical Pharmacology vol. 157 108-121 (2018).

Beggiato, S., Tomasini, M. C., Cassano, T. & Ferraro, L. Chronic Oral Palmitoylethanolamide Administration Rescues Cognitive
Deficit and Reduces Neuroinflammation, Oxidative Stress, and Glutamate Levels in A Transgenic Murine Model of Alzheimer’s
Disease. J. Clin. Med. 9, 428 (2020).

Rivera, P. et al. Pharmacological blockade of the fatty acid amide hydrolase (FAAH) alters neural proliferation, apoptosis and
gliosis in the rat hippocampus, hypothalamus and striatum in a negative energy context. Front. Cell. Neurosci. 9, 98 (2015).

Purkayastha, S. & Cai, D. Disruption of neurogenesis by hypothalamic inflammation in obesity or aging. Rev. Endocr. Metab.
Disord. 14, 351-356 (2013).

Pugazhenthi, S., Qin, L. & Reddy, P. H. Common neurodegenerative pathways in obesity, diabetes, and Alzheimer’s disease.
Biochim. Biophys. Acta - Mol. Basis Dis. 1863, 1037-1045 (2017).

Castanon, N., Luheshi, G. & Layé, S. Role of neuroinflammation in the emotional and cognitive alterations displayed by animal
models of obesity. Frontiers in Neuroscience vol. 9 229 (2015).

Wang, G. J. et al. Brain dopamine and obesity. Lancet 357, 354-357 (2001).

Ma, Z. et al. Mechanisms of cannabinoid CB 2 receptor-mediated reduction of dopamine neuronal excitability in mouse ventral
tegmental area. EBioMedicine 42, 225-237 (2019).

192



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Edwards, A. & Abizaid, A. Driving the need to feed: Insight into the collaborative interaction between ghrelin and
endocannabinoid systems in modulating brain reward systems. Neuroscience and Biobehavioral Reviews vol. 66 33-53 (2016).

Palese, F., Pontis, S., Realini, N. & Piomelli, D. A protective role for N-acylphosphatidylethanolamine phospholipase D in 6-OHDA-
induced neurodegeneration. Sci. Rep. 9, 15927 (2019).

Bystrowska, B., Frankowska, M., Smaga, I., Pomierny-Chamioto, L. & Filip, M. Effects of Cocaine Self-Administration and Its
Extinction on the Rat Brain Cannabinoid CB1 and CB2 Receptors. Neurotox. Res. 34, 547-558 (2018).

Le Foll, B. & Goldberg, S. R. Cannabinoid CB1 receptor antagonists as promising new medications for drug dependence. Journal of
Pharmacology and Experimental Therapeutics vol. 312 875-883 (2005).

Winters, B. D. et al. Cannabinoid receptor 1-expressing neurons in the nucleus accumbens. Proc. Natl. Acad. Sci. U. S. A. 109,
(2012).

Navarrete, F., Garcia-Gutiérrez, M. S. & Manzanares, J. Pharmacological regulation of cannabinoid CB2 receptor modulates the
reinforcing and motivational actions of ethanol. Biochem. Pharmacol. 157, 227-234 (2018).

Galaj, E., Bi, G. H., Yang, H. J. & Xi, Z. X. Cannabidiol attenuates the rewarding effects of cocaine in rats by CB2, 5-HT1A and TRPV1
receptor mechanisms. Neuropharmacology 167, 107740 (2020).

Wang, X. Q. et al. The endocannabinoid system regulates synaptic transmission in nucleus accumbens by increasing DAGL-a
expression following short-term morphine withdrawal. Br. J. Pharmacol. 173, 1143-1153 (2016).

Cobb, W. S. & Abercrombie, E. D. Differential regulation of somatodendritic and nerve terminal dopamine release by serotonergic
innervation of substantia nigra. J. Neurochem. 84, 576-584 (2003).

Fitoussi, A., Dellu-Hagedorn, F. & De Deurwaerdere, P. Monoamines tissue content analysis reveals restricted and site-specific
correlations in brain regions involved in cognition. Neuroscience 255, 233—-245 (2013).

Garcia-Cabrerizo, R. & Garcia-Fuster, M. J. Opposite regulation of cannabinoid CB1 and CB2 receptors in the prefrontal cortex of
rats treated with cocaine during adolescence. Neurosci. Lett. 615, 60—65 (2016).

Root, D. H., Melendez, R. I., Zaborszky, L. & Napier, T. C. The ventral pallidum: Subregion-specific functional anatomy and roles in
motivated behaviors. Progress in Neurobiology vol. 130 29-70 (2015).

Miller, R. L., Stein, M. K. & Loewy, A. D. Serotonergic inputs to FoxP2 neurons of the pre-locus coeruleus and parabrachial nuclei
that project to the ventral tegmental area. Neuroscience 193, 229-240 (2011).

Chagraoui, A. et al. Neurochemical impact of the 5-HT 2C receptor agonist WAY-163909 on monoamine tissue content in the rat
brain. Neurochem. Int. 124, 245-255 (2019).

Ogawa, S. K., Cohen, J. Y., Hwang, D., Uchida, N. & Watabe-Uchida, M. Organization of monosynaptic inputs to the serotonin and
dopamine neuromodulatory systems. Cell Rep. 8, 1105-1118 (2014).

Haj-Dahmane, S. & Shen, R. Y. Modulation of the serotonin system by endocannabinoid signaling. Neuropharmacology vol. 61
414-420 (2011).

Bambico, F. R. et al. Genetic deletion of fatty acid amide hydrolase alters emotional behavior and serotonergic transmission in
the dorsal raphe, prefrontal cortex, and hippocampus. Neuropsychopharmacology 35, 2083-2100 (2010).

Smaga, I. et al. Changes in the Brain Endocannabinoid System in Rat Models of Depression. Neurotox. Res. 31, 421-435 (2017).

Morena, M. et al. Upregulation of anandamide hydrolysis in the basolateral complex of amygdala reduces fear memory
expression and indices of stress and anxiety. J. Neurosci. 39, 1275-1292 (2019).

Segev, A. et al. Role of endocannabinoids in the hippocampus and amygdala in emotional memory and plasticity.
Neuropsychopharmacology 43, 2017-2027 (2018).

Serrano, A. et al. Deficient endocannabinoid signaling in the central amygdala contributes to alcohol dependence-related anxiety-
like behavior and excessive alcohol intake. Neuropsychopharmacology 43, 1840-1850 (2018).

Baggelaar, M. P., Maccarrone, M. & van der Stelt, M. 2-Arachidonoylglycerol: A signaling lipid with manifold actions in the brain.
Progress in Lipid Research vol. 71 1-17 (2018).

Braga, M. F. M., Aroniadou-Anderjaska, V., Manion, S. T., Hough, C. J. & Li, H. Stress Impairs a1A Adrenoceptor-Mediated
Noradrenergic Facilitation of GABAergic Transmission in the Basolateral Amygdala. Neuropsychopharmacology 29, 45-58 (2004).

Graeff, F. G., Silveira, M. C. L., Nogueira, R. L., Audi, E. A. & Oliveira, R. M. W. Role of the amygdala and periaqueductal gray in
anxiety and panic. Behav. Brain Res. 58, 123-131 (1993).

Hestermann, D., Temel, Y., Blokland, A. & Lim, L. W. Acute serotonergic treatment changes the relation between anxiety and
HPA-axis functioning and periaqueductal gray activation. Behav. Brain Res. 273, 155-165 (2014).

Micale, V. & Drago, F. Endocannabinoid system, stress and HPA axis. Eur. J. Pharmacol. 834, 230-239 (2018).

Wilton, D. K., Dissing-Olesen, L. & Stevens, B. Neuron-Glia Signaling in Synapse Elimination. Annual Review of Neuroscience vol. 42

193



107-127 (2019).
303. Webber, J. Energy balance in obesity. Proc. Nutr. Soc. 62, 539-543 (2003).

304. Flannery, L. E., Kerr, D. M., Finn, D. P. & Roche, M. FAAH inhibition attenuates TLR3-mediated hyperthermia, nociceptive- and
anxiety-like behaviour in female rats. Behav. Brain Res. 353, 11-20 (2018).

305. Mallet, C., Dubray, C. & Dualé, C. FAAH inhibitors in the limelight, but regrettably. International Journal of Clinical Pharmacology
and Therapeutics vol. 54 498-501 (2016).

194



ABBREVIATION LIST

2-AG 2 acyl-glycerol

5HIAA 5-hydroxy indoleacetic acid

S5HT serotonin

S5HTR serotonin receptor

S5HTR serotonin receptor

AADC L-aromatic amino acid decarboxylase
ABHD4 alpha/beta hydrolase domain 4

ACC nucleus accumbens

AEA anandamide

AgRP Agouti related peptide

ALDH aldehyde dehydrogenase

AMY amygdala

ARC arcuate

BBB blood brain barrier

BDNF brain derived neurotrophic factor
BLA basolateral amygdala

BMI body mass index

BNST bed nucleus of stria terminalis

CAF cafeteria

CAMKII calcium calmodulin dependent protein kinase Il
cAMP cyclic adenosine mono phosphate
CART cocaine and amphetamine related transcript
CB1 cannabinoid receptor 1

CB2 cannabinoid receptor 2

CCK cholecystokinin

CCK1 cholecystokinin receptor 1

CEA central amygdala

CNS central nervous system

cCoOMT catecholamine methyl transpherase
COX-2 cyclooxygenase 2

CREB cAMP response element-binding protein
CRF corticotropin releasing factor

CRH corticotropin-releasing hormone
CcYp cytochrome P450

D1 dopamine receptor 1

D2 dopamine receptor 2

D3 dopamine receptor 3

D4 dopamine receptor 4

D5 dopamine receptor 5

DA dopamine

DAG diacyl-glycerol

DAGL diacil glycerol lipase

DARPP-32 dopamine and cAMP regulated phosphoprotein 32-kDa
DAT dopamine transporter

DAT dopamine transporter
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DBH
DDC
dHIPPO
DLS
DMN
DMS V
DOPAC
DOPAL
DR

EE

ENS
EPM
ERK

FA
FAAH
fMRI
FST
GABA
GFAP
GHS-R
Gl
GIRKs
GLP-1
GLP-1R

GRK
H1R
HPA
HPLC
HVA
HYPO
IL

IP3

LC
L-DOPA
LIF

LPB
MAGL
MAPK
ME
MOPEG
mPFC
NA
NAAA
NAPE-PLD
NArPE
NET
NPY
NST

dopamine beta hydroxylase

dopamine decarboxylase

dorsal hippocampus

dorsolateral striatum

dorsomedial nucleus

diagnostic and statistical manual of mental disorders
3,4-diidroxyphenilacetic acid
3,4-diidroxyphenylacetaldehyde

dorsal raphe

emotional eating

enteric nervous system

elevated plus maze

extracellular regulated kinase

food addiction

fatty acid amine hydrolase

functional magnetic resonance imaging
forced swimming test

gamma aminobutyric acid

glial fibrillar acidic protein

growth hormone secretagogue receptor
gastrointestinal tract

G protein inwardly rectifying potassium channels
glucagon like peptide 1

glucagon-like peptide receptor type 1

G protein receptor kinase

histamine receptor 1
hypothalamus-pituitary axis

high performance liquid chromatography
homovanillic acid

hypothalamus

interleukin

inositol triphosphate

locus coeruleus

levodopa

leukaemia inhibitory factor

lateral parabrachial

mono acyl glycerol lipase
mitogen-activated protein kinase

median eminence
3-Methoxy-4-hydroxyphenyl glycol
medial prefrontal cortex

noradrenaline
N-acylethanolamine-hydrolysing acid aminase
N-acyl phosphatidylethanolamide lipase D
N-arachidonoyl-phosphatidyl ethanolamides
norepinephrine transporter

neuropeptide Y

nucleus of solitary tract
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oD
OEA
OFT
OXM
PAG
PEA
PFA
PFC
PKA
PKA
PKC
PLC
POMC
PP
PP1
PP2B
PPARa
PVN
PYY
ROS
SERT
SN
STEP
TH
TNF-a
TPH
TRPV1
VEH
VHIPPO
VMAT
VPL
VTA
WB
Y2R
YFAS
o-MSH

optical density

oleoylethanolamide

open field test

oxyntomodulin

periaqueductal grey
palmitoilethanolamide
paraformaldehyde

prefrontal cortex

protein kinase A

protein kinase A

protein kinase C

phospholipase C
pro-opiomelanocortin

pancreatic peptide

protein phosphatase 1

protein phosphatase 2B
peroxisome proliferator-activating receptor alpha
paraventricular nucleus

peptide YY

reactive oxygen species

serotonin transporter

substantia nigra

striatal enriched protein phosphatase
tyrosine hydroxylase

tumoral necrosis factor alpha
tryptophane hydroxylase

transient potential vanilloid receptor 1
vehicle

ventral hippocampus

vesicular monoamine transporter
ventral pallidum

ventral tegmental area

western blot

Y2 receptor

Yale food addictionScale

a- melanocyte stimulating hormone
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