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The endocannabinoid system is modulated in reward and homeostatic brain regions following diet-induced obesity in rats: A cluster analysis approach
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 Objectives: Increased availability of high-calorie palatable food in most countries has resulted in overconsumption of these foods, suggesting that excessive eating is driven by pleasure, rather than metabolic need. The behavior contributes to the rise in eating disorders, obesity, and associated pathologies like diabetes, cardiac disease, and cancers. The mesocorticolimbic dopamine and homeostatic circuits are interconnected and play a central role in palatable food intake. The endocannabinoid system is expressed in these circuits and represents a potent regulator of feeding, but the impact of an obesogenic diet on its expression is not fully known.

 Methods: Food intake and body weight were recorded in male Wistar rats over a 6 week-freechoice regimen of high fat and sugar; transcriptional regulations of the endocannabinoid system were examined post-mortem in brain reward regions (prefrontal cortex, nucleus accumbens, ventral tegmental area, and arcuate nucleus). K-means cluster analysis was used to classify animals based on individual sensitivity to obesity and palatable food intake. Endocannabinoid levels were quantified in the prefrontal cortex and nucleus accumbens. Gene expression in dopamine and homeostatic systems, including ghrelin and leptin receptors, and classical homeostatic peptides, were also investigated.

 Results: The free-choice high fat and sugar diet induced hyperphagia and obesity in rats. Cluster analysis revealed that the propensity to develop obesity and excessive palatable food intake was differently associated with dopamine and endocannabinoid system gene expression in reward and homeostatic brain regions. CB2 receptor mRNA was increased in the nucleus accumbens of high sugar consumers whereas CB1 receptor mRNA was decreased in obesity prone rats.

 Conclusions: Transcriptional data are consistent with observations of altered dopamine function in rodents that have access to an obesogenic diet and point to cannabinoid receptors as GPCR targets involved in neuroplasticity mechanisms associated with maladaptive intake of palatable food.

Introduction

Obesity has increased worldwide in the last few decades, and represents one of the biggest contemporary health challenges. The condition is associated with severe health problems, such as Type 2 Diabetes, hypertension, cardiovascular diseases, and multiple cancers [START_REF] Guh | The incidence of co-morbidities related to obesity and overweight: a systematic review and meta-analysis[END_REF]. Most recently, obesity has been identified as a primary risk factor for poor outcomes related to Coronavirus disease [START_REF] Clement | COVID-19: A Lever for the Recognition of Obesity as a Disease? The French Experience[END_REF]. Increased availability of low cost, energy-dense food and sugary drinks is a major contributor to overeating, which is the largest determinant of obesity [START_REF] Hill | Environmental contributions to the obesity epidemic[END_REF]. Interestingly, ingestion of palatable food activates brain reward systems and shares common mechanisms of action with drugs of abuse. These could explain a switch from controlled to excessive food intake that leads to obesity, although the possibility that "addiction" develops to palatable food remains controversial [START_REF] Fletcher | Food addiction: a valid concept?[END_REF].

Food intake is regulated by a complex interplay between peripheral physiological signals and brain reward circuits [START_REF] Ferrario | Homeostasis Meets Motivation in the Battle to Control Food Intake[END_REF]. These interactions involve metabolic and nutritional signals that regulate homeostatic eating, and reward signals coding pleasurable aspects of food that drive hedonic intake.

More specifically, the homeostatic system maintains energy balance between caloric intake and energy expenditure. This system is located in the mediobasal hypothalamus including the arcuate nucleus (Arc), which contains two distinct subsets of neurons. The first expresses proopiomelanocortin (POMC) and cocaine-amphetamine-regulated transcript (CART) and suppresses feeding while increasing metabolic rate. The second expresses neuropeptide Y (NPY) and agoutirelated peptide (AgRP) which increases food intake. These are under the control of peripheral signals, including ghrelin and leptin, that convey information to the brain regarding available energy stores, then initiate adaptive behaviors (i.e., food intake) in response to deficits [START_REF] Morton | Neurobiology of food intake in health and disease[END_REF]. Hedonic feeding is mediated via the reward system, consisting of mesolimbic dopamine (DA) projections from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) and prefrontal cortex (PFC). Drugs of abuse and highly palatable food both increase DA release in the NAc [START_REF] Geiger | Deficits of mesolimbic dopamine neurotransmission in rat dietary obesity[END_REF][START_REF] Hoebel | Microdialysis studies of brain norepinephrine, serotonin, and dopamine release during ingestive behavior. Theoretical and clinical implications[END_REF], leading to overlapping neuroadaptations in reward circuitry that alter the motivation to obtain a reward [START_REF] Lutter | Homeostatic and hedonic signals interact in the regulation of food intake[END_REF]. Both obese humans and animals, that have undergone excessive food intake, exhibit altered reward processing [START_REF] Garcia-Garcia | Functional connectivity in obesity during reward processing[END_REF][START_REF] Volkow | The dopamine motive system: implications for drug and food addiction[END_REF]. Among suggested mechanisms, heightened cue reactivity has been proposed to predispose individuals to overeat. Compulsive eating may also result from this alteration combined with deficient prefrontal inhibitory circuits [12,[START_REF] Small | Individual differences in the neurophysiology of reward and the obesity epidemic[END_REF]. Another hypothesis proposes that a hypofunctioning reward system increases consumption of highly palatable food; in this case, excessive food intake is a compensatory mechanism to deal with diminished rewarding effects of palatable food [START_REF] Volkow | The dopamine motive system: implications for drug and food addiction[END_REF][START_REF] Johnson | Dopamine D2 receptors in addiction-like reward dysfunction and compulsive eating in obese rats[END_REF][START_REF] Vucetic | Epigenetic dysregulation of the dopamine system in diet-induced obesity[END_REF]. These results converge on the idea that a DA deficiency syndrome (i.e., hypodopaminergic function) underlies excessive eating that leads to obesity.

In addition to DAergic systems, regulation of food intake and energy balance involves other systems, including the endocannabinoid system [START_REF] Lau | Endocannabinoid modulation of homeostatic and non-homeostatic feeding circuits[END_REF]. Centrally, this system is composed of two well characterized G-protein coupled receptors (CB1 and CB2). Other receptors, including the orphan GPR55, are also targets of cannabinoid compounds. Endogenous compounds that act at these receptors have been described, with the best studied being anandamide (AEA) and 2arachidonoylglycerol (2AG). The system is expressed both in hypothalamic and mesolimbic brain regions where it regulates both homeostatic and hedonic feeding [START_REF] Marzo | The endocannabinoid system as a link between homoeostatic and hedonic pathways involved in energy balance regulation[END_REF]. In the hypothalamus, endocannabinoid levels are modulated in response to metabolic states with an increase during fasting and a decrease when animals are sated [START_REF] Lau | Endocannabinoid modulation of homeostatic and non-homeostatic feeding circuits[END_REF]. Endocannabinoids in the NAc and VTA modulate palatable food-evoked DA release [START_REF] Melis | The cannabinoid antagonist SR 141716A (Rimonabant) reduces the increase of extra-cellular dopamine release in the rat nucleus accumbens induced by a novel high palatable food[END_REF][START_REF] Solinas | Anandamide administration alone and after inhibition of fatty acid amide hydrolase (FAAH) increases dopamine levels in the nucleus accumbens shell in rats[END_REF], increasing palatability and the hedonic impact of food [START_REF] Mahler | Endocannabinoid hedonic hotspot for sensory pleasure: anandamide in nucleus accumbens shell enhances 'liking' of a sweet reward[END_REF]. As in the hypothalamus, food deprivation increases endocannabinoid levels whereas food consumption decreases these in the limbic forebrain, including the NAc [START_REF] Kirkham | Endocannabinoid levels in rat limbic forebrain and hypothalamus in relation to fasting, feeding and satiation: stimulation of eating by 2-arachidonoyl glycerol[END_REF]. Indeed, endocannabinoids promote overeating when administered centrally either in the hypothalamus or the NAc [START_REF] Kirkham | Endocannabinoid levels in rat limbic forebrain and hypothalamus in relation to fasting, feeding and satiation: stimulation of eating by 2-arachidonoyl glycerol[END_REF][START_REF] Jamshidi | Anandamide administration into the ventromedial hypothalamus stimulates appetite in rats[END_REF]. The endocannabinoid system, therefore, links homeostatic and hedonic circuits involved in energy balance regulation [START_REF] Marzo | The endocannabinoid system as a link between homoeostatic and hedonic pathways involved in energy balance regulation[END_REF], which may explain cannabinoid signal dysfunction in eating disorders and obesity [START_REF] Parsons | Endocannabinoid signalling in reward and addiction[END_REF]. Indeed, obesity is associated with an overactive endocannabinoid system in humans and animal models, including elevated plasmatic levels of AEA and 2-AG [START_REF] Marzo | Leptin-regulated endocannabinoids are involved in maintaining food intake[END_REF][25][26].

One diet-induced obesity rodent model, based on a free-choice high-fat high-sucrose (fcHFHS) paradigm, has proven to be a valuable preclinical model for obesogenic studies as it induces caloric overconsumption and excessive weight gain (for a review, see [START_REF] Slomp | Stressing the importance of choice: Validity of a preclinical free-choice high-caloric diet paradigm to model behavioural, physiological and molecular adaptations during human diet-induced obesity and metabolic dysfunction[END_REF]). In this paradigm, rodents have the opportunity to choose from several diet components, heterogeneous in palatability, form and nutritive content [START_REF] La Fleur | The snacking rat as model of human obesity: effects of a free-choice high-fat high-sugar diet on meal patterns[END_REF], which mimics an important feature of modern-day human diets. Extended exposure to this fcHFHS diet increases motivation to work for sugar pellets, an effect not observed following no choice diets [START_REF] La Fleur | A reciprocal interaction between food-motivated behavior and diet-induced obesity[END_REF]. Interestingly, this increased motivation occurs specifically in obesity prone rats following food withdrawal [START_REF] Pickering | Withdrawal from free-choice high-fat high-sugar diet induces craving only in obesity-prone animals[END_REF]. We used this paradigm to investigate the consequences of a fcHFHS diet on gene expression in DA and endocannabinoid systems using qPCR; we focused on brain regions associated with homeostatic and hedonic control of food intake. A k-means cluster analysis approach was used to analyze these data, based on obesity or palatable food intake hallmarks. Furthermore, endocannabinoid levels were measured in both the NAc and PFC using mass spectrometry.

Methods

Subjects

Forty-eight male Wistar rats (Janvier Labs, Le Genest-Saint-Isle, France) weighing 200±10 g at arrival were individually housed in standard cages in a light-controlled room (lights on 07:00-19:00) maintained at a temperature of 23°C. Rats were allowed to adapt to their environment for 2 weeks with access to ad libitum standard chow (Standard Diet, Mucedola, Italy) and water. All experiments were approved by the CREMEAS (Comité d'Éthique pour l'Expérimentation Animale de Strasbourg, France, APAFIS #2017040311573635) and performed by certified scientists to work with living animals. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Diet

Following the habituation period, animals were divided into two groups: a control group (n=23) exposed to a standard chow diet (4RF21, 3.952 Kcal/g containing 19.42% proteins, 2.58% lipids, 5.54% fibers, 6.76% ash, 54.61% nitrogen-free extract, Mucedola, Italy) and a free-choice high fat high sugar group (fcHFHS, n=25) exposed to standard chow with normal tap water, combined with availability of saturated fat ("blanc de boeuf", Vandermoortele, France) and a bottle of 10% sugar dissolved in water (Powder Sugar, Erstein, France), as previously described [START_REF] La Fleur | The snacking rat as model of human obesity: effects of a free-choice high-fat high-sugar diet on meal patterns[END_REF]. The regimen lasted 6 weeks (Figure 1a). The sucrose concentration was chosen to be comparable to most sweetened beverages consumed by humans, and as a preferred sugar concentration in rats [START_REF] Spector | A detailed analysis of sucrose drinking in the rat[END_REF].

Animals were weighed once per week and daily food and liquid intake were recorded every 24h.

Group randomization was established based on the initial animal weight. Total caloric intake was then calculated per day for each rat.

Sample collection and quantitative polymerase chain reaction (qPCR)

Animals were given an overdose of pentobarbital (182mg/rat, i.p.). Weight and body length were recorded to calculate body mass index (BMI, distance tip of nose-anus 2 /body mass). Individual mesenteric, epididymal, subcutaneous (inguinal), and perirenal white adipose tissues were dissected from the left side, cleaned and weighed. Fresh brains were collected, cut in 1mm slices in a rat brain matrix, and regions were collected bilaterally (except for the Arc) according to a rat brain stereotaxic atlas [START_REF] Paxinos | The rat brain in stereotaxic coordinates[END_REF]. PFC (3 mm punch, 4.68 to 2.5 mm from bregma, 2 slices), NAc (1.9 mm punch, 3 to 0.6 mm from bregma, 2 slices), VTA (1 mm punch, -5 to -6 mm from bregma, bilateral, 1 slice), and Arc (1.9 mm punch, -2.04 to -3.6 mm from bregma, central, 1 slice) samples were kept at -80°C.

Gene expression was analyzed using qPCR as described previously [START_REF] De Sa Nogueira | Binge sucrose-induced neuroadaptations: A focus on the endocannabinoid system[END_REF]. Briefly, qPCR was run in triplicate using Sso Advanced TM Universal SYBR Green supermix in a CFX96 Touch TM apparatus (Biorad) with following thermal cycling parameters: 30 s at 95°C followed by 40 amplification cycles of 5 s at 95° and 45 s at 60°C. Primer sequences were established using primer3 software (see Supplemental Table 1). Expression levels were normalized to Rplp0 housekeeping gene levels, commonly used in brain or food-related studies [START_REF] Li | Identification of optimal reference genes for RT-qPCR in the rat hypothalamus and intestine for the study of obesity[END_REF][START_REF] Silberberg | Detection of stable reference genes for real-time PCR analysis in schizophrenia and bipolar disorder[END_REF] and compared between controls and fcHFHS samples using the 2-ΔΔCt method [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF].

Mass spectrometry

PFC and NAc samples, distinct from the qPCR experiment were prepared as previously described [START_REF] De Sa Nogueira | Binge sucrose-induced neuroadaptations: A focus on the endocannabinoid system[END_REF]. Briefly, they were sonicated (2 times 5 s, 90W) in 200 µl of H2O. The homogenate was centrifuged (20,000g, 30 min, 4°C) and supernatant (150 µl) was mixed with 50 µl of acetonitrile (ACN) 100% containing 400.26 pmol of D8-2AG (sc-480539; Santa Cruz, Heidelberg, Germany) and 100.15 pmol of D4-AEA (Tocris/Biotechne, Lille, France). Samples were centrifuged (20,000g for 30 min, 4°C), the supernatant was collected and evaporated to dryness. Samples were re-suspended in 20 µl of ACN 30% / H2O 69.9% / formic acid 0.1% (v/v/v). We did not have enough material to perform the same analysis on individual VTA or Arc samples. Analyses were performed on a Dionex Ultimate 3000 HPLC system coupled with a triple quadrupole Endura mass spectrometer (Thermo Scientific, San Jose, USA), controlled by Xcalibur v. 2.0 software (Thermo Electron, San Jose, USA). Samples (3µl) were loaded onto the column heated at 40°C. Elution was performed by applying a gradient of mobile phases A/B (flow rate of 50 µl/min). Column, mobile phases, gradient, and MS parameters are detailed in Supplemental Table 2. Qualification and quantification were performed with the multiple reaction monitoring mode (MRM) and based on precursor ion, selective fragment ions and retention times obtained for 2-AG, AEA, D8-2-AG, and D5-AEA. All amounts of endocannabinoids fit within the standard curve limits, with typical analytical ranges from 1fmol-100pmol to 150fmol-100pmol. Precision (CV% between repeated injections of the same sample) values were <1% for same-day measurements and <5% for inter-day measurements.

Statistical analysis

k-means clustering and correlograms were performed using R software (https://www.datanovia.com/en/lessons/k-means-clustering-in-r-algorith-and-practical-examples/). Obesity clusters (k=2; obesity prone, OP and obesity resistant, OR) were generated using fat pad weight, body mass index, and total weight gain as the 3 variables. Palatable food consumption-based clusters (k=3; low palatable consumers, LPC, high sucrose consumers, HSC and high fat consumers, HFC) were generated using total palatable food, total sucrose, and total fat consumption as the 3 variables. Because the data contained more than 2 variables, scatter plot visualization was performed by applying a dimensionality reduction algorithm (PCA) that outputs 2 new variables from the 3 original variables. All qPCR data were analyzed throughout obesity hallmarks and palatable food intake-based subgroups, with the main limitation being a low number of animals in some subgroups.

Only statistically significant results are reported.

All data were tested for normality and homoscedasticity before applying parametric statistical tests. Statistical analysis for body weight gain, food consumption, qPCR, and mass spectrometry results were performed using Graphpad Prism 6.0 software. Differences between control and fcHFHS groups were assessed using unpaired two-tailed t-tests, and by one-way ANOVA with Tukey's post hoc test for multiple comparisons to assess differences between more than 2 groups (cluster comparisons). Repeated measures two-way ANOVA and multiple comparison tests including Sidak correction were used to assess differences in food intake and body weight changes over time between groups. Correlation and linear regressions were performed to compare sucrose/fat intake with time, CB2 and GPR55 relative expression between them and in relation to sucrose consumption.

Results

Feeding behavior and body composition

Over the 6-week diet, the fcHFHS group consumed significantly more total calories than the control group, showing a persistent hyperphagia (Figure 1b; F(1,46) = 38.72, p < .0001, p < .006 for each time point). In the fcHFHS group, whereas calorie intake from fat was stable over weeks (Supplemental Figure 1a), calorie intake from sucrose progressively increased (Figure 1c left; Y = 1.936 * x + 24.94, R 2 = 0.973, p = .0005) and conversely, calorie intake from standard chow progressively decreased (Supplemental Figure 1b; Y = -3,362 * x + 92.14, R 2 = 0.965 p = .0005).

Calories consumed from fat or sucrose solution did not significantly differ, although standard chow provided higher calories than palatable food (Figure 1b; F(1, 48) = 50.85, p < .0001, p < .0007 for each time point). Hyperphagia of the fcHFHS group resulted in a rapid increase in weight gain compared to the control group, and was significantly different already following the first week of the diet (Figure 1c,d; F(1, 46) = 44.12, p < .0001, p = .027 for the first week, p < .0001 for other time points). Diet exposure also increased abdominal fat pads, weight gain and BMI, two other obesity hallmarks (Figure 1d; p < .0001 for each obesity hallmark).

K-means clustering analysis

Besides data analysis of control and fcHFHS groups, we also generated statistical analysis using a k-mean clusters to highlight distinct populations inside the obesogenic group, without a prior assumption (see methods). Using 3 obesity hallmarks (fat pad weight, BMI, and weight gain) as variables to generate "obesity clusters", the fcHFHS group was divided into 2 subgroups: obesity prone (OP; n=10) and obesity resistant (OR; n=15) animals (Figure 1e). There were no differences in weight between OP, OR and controls before the regimen (see Supplemental Figure 2b). Both OP and OR groups showed increased fat pad weight (F(2, 45) = 27.55, p < .0001; chow vs OR and chow vs OP: ps < .0001), BMI (F(2, 45) = 14.23, p < .0001, chow vs OR: p =0.014, chow vs OP: p < .0001) and weight gain (F(2, 45) = 65.39, p < .0001, chow vs OR and chow vs OP: ps < .0001) compared to the control group (Figure 1f). Although fat pad weight at the end of the diet did not differ between OR and OP groups, BMI and weight gain were significantly increased in the OP group (BMI: p = .048; weight gain: p < .0001). The analysis of chow intake over the 6-week regimen revealed that the OP group consumed more chow than the OR group (p = .016, Supplemental Figure 2a).

In a parallel cluster analysis, total sucrose intake, total fat intake, and total palatable food intake over the 6 week-diet were used as variables and generated 3 "palatable food clusters" subgroups: high sucrose consumers (HSC; n=5), high fat consumers (HFC; n=7) and low palatable food consumers (LPC; n=13) (Figure 1g). HSC, HFC, and LPC consumed respectively more sucrose (F(2, 22) = 14.78, p < .0001, HSC vs LPC: p = .0001, HSC vs HFC: p = .0002), more fat (F(2, 22) = 22,43, p < .0001, HFC vs LPC: p < .0001, HFC vs HSC: p < .0001), and less palatable food (F(2, 22) = 20.67, p < .0001, LPC vs HSC: p = .0002, LPC vs HFC: p < .0001) than the 2 other groups for each comparison (Figure 1h). Total chow intake was not significantly different across groups (Supplemental Figure 2c). Importantly, weight gain at the end of the diet was increased compared to the control group (F(3, 44) = 14.18, p < .0001; HFC vs LPC: p < .0001, HSC vs chow: p = .0012, HFC vs chow: p < .0001, LPC vs chow: p < .0001), but did not differ across these 3 subgroups (Figure 1i), neither before the regimen (Supplemental Figure 2d). The proportion of OP and OR rats was similar in HSC, HFC, and LPC groups, indicating that obesity and palatable food clusters were independent (Figure 1j).

Dopamine gene expression and dopamine levels

We first investigated the effects of a fcHFHS diet on the expression of genes from the DA system. Catechol-O-methyl transferase (degradation enzyme for DA, COMT) mRNA was increased in the PFC (Figure 2a; p = .024) and NAc (Figure 2b, p = .012) following the diet. Interestingly, and as previously shown by others using a clustering approach in a diet-induced obesity model [START_REF] Alsio | Dopamine D1 receptor gene expression decreases in the nucleus accumbens upon long-term 17 exposure to palatable food and differs depending on diet-induced obesity phenotype in rats[END_REF], separation of the fcHFHS group into OP/OR subgroups revealed a decrease in DA D1 receptor transcripts in the OP group compared to the control group (F(2, 34) = 3.939, p = .029), although no difference was observed between control and OR groups (Figure 2c). DA contents in the NAc, obtained using mass spectrometry, were no different between fcHFHS and control groups (Figure 2d). In the VTA, the fcHFHS diet induced an increase in D1 receptor transcripts (p = .0067) and a decrease in D2 receptor (p = .0042), DAT (p < .001) and TH (p < .001) synthesis enzyme transcripts (Figure 2e). No significant differences were detected following the cluster analysis in OP and OR samples, or with the palatable food clusters (data not shown).

Cannabinoid gene expression and endocannabinoid levels

We first investigated the effects of a fcHFHS diet on gene expression from the endocannabinoid system in the NAc. Transcripts coding for an AEA synthesis enzyme, NAPE-PLD, and AEA degradation enzyme, FAAH, were respectively increased (p = .030) and decreased (p = .034) in the NAc of the fcHFHS group compared to the control group (Figure 3a, left graph). Both transcripts coding for a 2-AG synthesis enzyme, DAGL, and degradation enzyme, MGL, were decreased following fcHFHS diet exposure (Figure 3a, left graph; DAGL: p = .013, MGL: p = .022).

The cannabinoid receptors CB1, CB2, and GPR55 showed distinct regulation patterns in the NAc. CB1 transcripts were not regulated, whereas levels of CB2 and GPR55 receptor transcripts showed a strong variability in the fcHFHS group (Figure 3a, left graph). The palatable food-clustering explained this variability with an increase in CB2 and GPR55 transcripts in the HSC compared to control, HF, and LPC groups (Figure 3b; CB2: (F(3, 25) = 12.45, p < .0001, HSC vs chow: p = .0037, HSC vs HFC: p = .0003, HSC vs LPC: p < .0001); GPR55: (F(3, 25) = 9.716, p = .0002, HSC vs chow: p = .0008, HSC vs HFC: p = .001, HSC vs LPC: p <.0003). Interestingly, we observed a trend for an opposite regulation with a decrease in CB2 and GPR55 transcripts in HFC and LPC groups. A strong correlation between the CB2 and GPR55 receptor transcript levels was observed (Figure 3c, left graph; R 2 = 0.916, p < .0001). Importantly, this correlation was found in all animals, including the control group. Interestingly, CB2 and GPR55 transcript levels were correlated with total sucrose intake at the end of the fcHFHS diet (Figure 3c, right graph; R 2 = 0.39, p =.0127; Supplemental Figure 1c; R 2 = 0.38, p = .015). No significant correlations were observed for CB2 or GPR55 and fat mass (Supplemental Figure 1d). In the NAc, mass spectrometry measurements revealed a decrease in 2-AG levels in the fcHFHS group compared to the control group (Figure 3a, right graph; p = .0004) whereas no difference was observed for AEA (Figure 3a, middle graph). In the VTA, CB1 and CB2 receptor transcript levels were oppositely regulated following the fcHFHS diet with a decrease and an increase, respectively in this group compared to the control group (Figure 3d; CB1: p = .012, CB2: p = .002). Moreover, fcHFHS diet exposure induced a global decrease in transcripts for AEA and 2-AG synthesis and degradation enzymes (Figure 3d; NAPE: p = .0002, FAAH, DAGL and MGL: ps < .0001). Finally, in the Arc, GPR55 transcripts were decreased in the fcHFHS group compared to the control group (Figure 3e; p = .0009). The variability observed for levels of CB1 transcripts in the fcHFHS group (Figure 3e) could be explained by a decrease in the OP compared to the OR subgroup (Figure 3f; F(2, 23) = 4.95, p = .016, OP vs OR: p = .013). No regulation of cannabinoid gene expression or endocannabinoid levels was detected in the PFC in our conditions (Supplemental Figure 3 a,b).

Gene expression regulation in the homeostatic system

We also investigated the effects of a fcHFHS diet on gene expression from the homeostatic system in the VTA and Arc. In the VTA, diet exposure decreased the expression of POMC anorexigenic peptide (Figure 4a; POMC: p = .029). In the Arc, transcripts for the growth hormone secretagogue receptor or ghrelin receptor (GR) were significantly decreased in the fcHFHS group compared to the control group (Figure 4b, left; p = .026). Separation of the fcHFHS group into OP/OR subgroups using the obesity hallmarks-clustering revealed a significant increase in NPY transcripts in the OP group compared to the OR and control groups (Figure 4c, right; F(2, 21) = 4.66, p = .021; OP vs chow: p = .034, OP vs OR: p = .038).

Discussion

Here we provide a detailed summary (Figure 5) of endocannabinoid system modulation by a fcHFHS diet, with cluster analysis revealing increases in both CB2 and GPCR55 in the NAc of the HSC. As well we observed a decrease in CB1 transcripts in the Arc of OP animals and an increase in the same measure for OR subgroups. High sugar intake induced an increase in both CB2 and GPR55 transcripts in the NAc, levels that were correlated with each other and with total sucrose intake following the 6-week diet. Interestingly, a saturated fat diet can induce inflammatory processes in the mouse NAc, an effect that mediated anxio-depressive behavior and compulsive sucrose seeking [38].

CB2 receptors participate in the regulation of cytokine release and immune cell function [START_REF] Pertwee | The pharmacology of cannabinoid receptors and their ligands: an overview[END_REF], and both CB2 and GPR55 receptors are expressed in microglia. Up-regulation of their transcripts may underline NAc inflammatory responses following diet exposure; based on similar findings with highfat diet in mice [38], we hypothesize that these changes could increase excessive sucrose intake, although mechanisms underlying such adaptations are still unknown. CB2 receptors are also expressed on neurons and could therefore play a role on the rewarding effects of palatable food through distinct mechanisms. Less is known about the potential role of GPR55 in eating disorders, but a functional polymorphism in its gene may be a risk factor for anorexia nervosa [START_REF] Ishiguro | Functional polymorphism in the GPR55 gene is associated with anorexia nervosa[END_REF] and this receptor has been proposed as a new pharmaceutical target to treat obesity and type 2 diabetes [START_REF] Tuduri | GPR55: a new promising target for metabolism?[END_REF].

In addition, direct interaction between CB2 and GPR55 in cancer cells could participate in modulation of receptor signaling [START_REF] Balenga | Heteromerization of GPR55 and cannabinoid CB <sub>2</sub> receptors modulates signalling[END_REF][START_REF] Moreno | Targeting CB2-GPR55 receptor heteromers modulates cancer cell signaling[END_REF], similar signaling modulation of these two receptors as heterodimers may contribute to feeding behavior. In addition, other heterodimerization of receptors may participate in the adaptations observed in the control of palatable food intake, as CB1 receptors have been shown to form heteromers with NAc opioid receptors [START_REF] Rios | mu opioid and CB1 cannabinoid receptor interactions: reciprocal inhibition of receptor signaling and neuritogenesis[END_REF][START_REF] Rodriguez | Ultrastructural localization of the CB1 cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen nucleus[END_REF] which mediate the hedonic aspects of sweet foods [START_REF] Pecina | Hedonic hot spot in nucleus accumbens shell: where do muopioids cause increased hedonic impact of sweetness?[END_REF]. Further examination of such molecular adaptations would bring insights into the mechanisms mediating biological changes associated with palatable food intake.

We observed a decrease in 2-AG levels in the NAc of fcHFHS rats, consistent with the local decrease in DAGL and MGL transcripts. Decreased 2-AG levels have been reported in the limbic forebrain during food consumption [START_REF] Kirkham | Endocannabinoid levels in rat limbic forebrain and hypothalamus in relation to fasting, feeding and satiation: stimulation of eating by 2-arachidonoyl glycerol[END_REF]. Injections of endocannabinoids in the NAc induced hyperphagia, an effect reversed by CB1 receptor antagonism [START_REF] Kirkham | Endocannabinoid levels in rat limbic forebrain and hypothalamus in relation to fasting, feeding and satiation: stimulation of eating by 2-arachidonoyl glycerol[END_REF][START_REF] Soria-Gomez | Pharmacological enhancement of the endocannabinoid system in the nucleus accumbens shell stimulates food intake and increases c-Fos expression in the hypothalamus[END_REF]. Genetically modified mice with reduced 2-AG levels in the forebrain showed a decreased fat preference [START_REF] Wei | A role for the endocannabinoid 2-arachidonoyl-sn-glycerol for social and high-fat food reward in male mice[END_REF]. Moreover, systemic injections of CB1R antagonists decreased palatable food-evoked local DA release [START_REF] Melis | The cannabinoid antagonist SR 141716A (Rimonabant) reduces the increase of extra-cellular dopamine release in the rat nucleus accumbens induced by a novel high palatable food[END_REF].

Altogether, this suggests that the decrease in 2-AG levels following the 6 week-diet could reflect an endocannabinoid-mediated compensatory mechanism that functions to decrease palatable foodinduced hyperphagia and restore "homeostatic" feeding.

In the VTA, we observed an opposite regulation of CB1 (decrease) and CB2 (increase) receptor transcripts in fcHFHS rats, whereas mRNA coding for the synthesis and degradation enzymes for both endocannabinoids were decreased following the diet. CB1 receptors are expressed, primarily, in afferent terminals (excitatory or inhibitory) where they contribute to short-and longterm endocannabinoid-mediated synaptic plasticity [START_REF] Lau | Endocannabinoid modulation of homeostatic and non-homeostatic feeding circuits[END_REF]. Activation of CB1 receptors on axon terminals of GABAergic neurons in the VTA inhibits GABA transmission, leading to an increase in the firing pattern of DA neurons [START_REF] Lupica | Marijuana and cannabinoid regulation of brain reward circuits[END_REF]. In this context, cocaine-induced DA release in the NAc is partially due to an endocannabinoid-mediated disinhibitory mechanism of VTA DA neurons [50].

Based on similitudes observed between drugs of abuse and excessive food intake [START_REF] Volkow | The dopamine motive system: implications for drug and food addiction[END_REF], we therefore hypothesize that a similar mechanism could arise for food-induced DA release with reduced DA neuronal activity in the VTA. Increases in AEA and 2-AG tone enhance DA transmission in the NAc through CB1 receptors [START_REF] Solinas | Anandamide administration alone and after inhibition of fatty acid amide hydrolase (FAAH) increases dopamine levels in the nucleus accumbens shell in rats[END_REF][START_REF] De Luca | Endocannabinoid 2-Arachidonoylglycerol Self-Administration by Sprague-Dawley Rats and Stimulation of in vivo Dopamine Transmission in the Nucleus Accumbens Shell[END_REF] and 2-AG is synthetized in the VTA after cocaine exposure to suppress GABAergic inhibition of VTA DA neurons [50]. A global decrease in endocannabinoids in the VTA following the diet would be consistent with a reduced activity of VTA DA neurons.

Altogether, regulation of endocannabinoid-related transcripts in the VTA following the fcHFHS diet could contribute to a DA deficiency syndrome of obesity or reflect a compensatory mechanism to decrease the hedonic value of palatable food and this remains to be investigated at the protein level.

In the Arc, the fcHFHS diet induced a decrease of GPR55 transcripts, in both OP and OR rats, suggesting a compensatory mechanism to reduce hyperphagia by limiting activity of AgRP/NPY neurons. However, little is known about the role of GPR55 at central synapses.

Interestingly, CB1 receptor transcripts were decreased in OP compared to OR rats. A recent neuroanatomical study in mice showed that CB1 receptors are expressed by GABA terminals contacting AgRP/NPY neurons in the Arc [START_REF] Morozov | Cannabinoid type 1 receptorcontaining axons innervate NPY/AgRP neurons in the mouse arcuate nucleus[END_REF]. Thus, if the regulated transcripts reflect a similar regulated level of protein, a decrease in CB1 receptor expression in these GABA terminals of OP rats could reduce the GABAergic tone over AgRP/NPY orexigenic neurons, leading to increased firing and hyperphagia. This will need to be further investigated.

In the present study, we confirmed that long-term exposure to palatable food resulted in prolonged hyperphagia and an obese phenotype, as previously reported [START_REF] La Fleur | The snacking rat as model of human obesity: effects of a free-choice high-fat high-sugar diet on meal patterns[END_REF]. We observed increased COMT transcripts in the PFC and NAc of fcHFHS rats (Figure 2a,b), which could result in increased protein expression and activity and therefore potentially a higher DA degradation at the synaptic cleft, thus reducing local DA levels. It has been shown that COMT activity can modulate DA in the PFC, with a COMT inhibitor enhancing pharmacologically-evoked dopamine release in the PFC without affecting catecholamine basal levels [START_REF] Tunbridge | Catechol-o-methyltransferase inhibition improves set-shifting performance and elevates stimulated dopamine release in the rat prefrontal cortex[END_REF]. The same inhibitor also enhanced foodevoked dopamine release in the rat PFC [START_REF] Lapish | Tolcapone enhances food-evoked dopamine efflux and executive memory processes mediated by the rat prefrontal cortex[END_REF]. Such effect could be linked to the DA deficiency syndrome and altered reward responsivity observed in obese patients. Nevertheless, given the PFC roles in multiple processes associated with compulsive behaviours (e.g., inhibition, decision making etc.), the contribution of DA in the PFC to palatable food intake likely occurs through multiple mechanisms. Also, in addition to an association between body weight and COMT genetic variants [START_REF] Annerbrink | Catechol Omethyltransferase val158-met polymorphism is associated with abdominal obesity and blood pressure in men[END_REF], subjects with genetic variants in DAT and COMT genes displayed altered activity in several reward-related brain regions during reward anticipation and delivery [START_REF] Dreher | Variation in dopamine genes influences responsivity of the human reward system[END_REF]. In line with previous studies using similar diet [START_REF] Alsio | Dopamine D1 receptor gene expression decreases in the nucleus accumbens upon long-term 17 exposure to palatable food and differs depending on diet-induced obesity phenotype in rats[END_REF], we observed decreased D1 transcripts in the NAc of OP rats (Figure 2b), validating the obesity hallmarks-based clustering. In addition, these data and those showing decreased TH in the VTA are consistent with previous reports of increased striatal D1 mRNA in junk-food non-gainers versus junk-food gainers, as well as a decreased TH in the VTA of gainers versus non-gainers [12]. Our results, if correlated with regulation at the protein level, would also be in accordance with decreased D1 receptor protein levels and impaired D1 receptor signaling observed in the NAc of hyperphagic rats, and reduced hedonic food intake following D1 receptor stimulation [START_REF] Durst | Reward-representing D1-type neurons in the medial shell of the accumbens nucleus regulate palatable food intake[END_REF]. In addition, the fcHFHS diet induced an increase of D1, but a decrease in regulation of D2 receptor transcripts, in the VTA. On the other hand, recent studies reported that obesity prone rats exhibit increased DA system sensitivity prior to diet manipulation [START_REF] Oginsky | Enhanced cocaine-induced locomotor sensitization and intrinsic excitability of NAc medium spiny neurons in adult but not in adolescent rats susceptible to diet-induced obesity[END_REF][START_REF] Vollbrecht | Pre-existing differences and diet-induced alterations in striatal dopamine systems of obesity-prone rats[END_REF]. Thus, the question of whether these differences reflect vulnerability factors or are the consequence of the diet itself remains an open question.

The increased NPY expression in the Arc of OP rats provided further validation of molecular changes in diet-induced obesity paradigms [START_REF] Cifani | Regulation of hypothalamic neuropeptides gene expression in diet induced obesity resistant rats: possible targets for obesity prediction?[END_REF][START_REF] La Fleur | A free-choice high-fat high-sugar diet induces changes in arcuate neuropeptide expression that support hyperphagia[END_REF][START_REF] Levin | Arcuate NPY neurons and energy homeostasis in diet-induced obese and resistant rats[END_REF][START_REF] Wang | Difference of NPY and its receptor gene expressions between obesity and obesity-resistant rats in response to high-fat diet[END_REF], suggesting an important role of this peptide in the pathogenesis of obesity. This up-regulation could lead OP rats to consume more calories, resulting in weight gain. In our conditions, a difference between OP and OR rats in food intake was only observed with standard normocaloric food intake (Supplemental Figure 2a), suggesting the ability to differentiate feeding driven by homeostatic versus hedonic cues using this clustering approach. These findings, therefore, help to strengthen the fcHFHS paradigm as a reliable preclinical model for human diet-induced obesity and metabolic dysfunction [START_REF] Slomp | Stressing the importance of choice: Validity of a preclinical free-choice high-caloric diet paradigm to model behavioural, physiological and molecular adaptations during human diet-induced obesity and metabolic dysfunction[END_REF]. Indeed, this preclinical model provided rats with the choice between four different food items with distinct fluidity, texture, form and nutritive content [START_REF] La Fleur | The snacking rat as model of human obesity: effects of a free-choice high-fat high-sugar diet on meal patterns[END_REF]. All experiments included a control group that only had access to regular chow, allowing us to identify behavioural and biological changes specifically associated with a highfat and high-sugar diet. This model has been used repeatedly in experimental research, effectively producing overeating, body weight gain, and body fat accumulation in both rats and mice [START_REF] Slomp | Stressing the importance of choice: Validity of a preclinical free-choice high-caloric diet paradigm to model behavioural, physiological and molecular adaptations during human diet-induced obesity and metabolic dysfunction[END_REF].

Despite the limitations of translating preclinical findings to human studies, these models have consistently provided data that are useful in developing and testing hypothesis regarding molecular mechanisms underlying weight disorders [START_REF] Kleinert | Animal models of obesity and diabetes mellitus[END_REF][START_REF] Lutz | Considering our methods: Methodological issues with rodent models of appetite and obesity research[END_REF]. Moreover, and this will be our future goal, analysis of the effects of this fcHFHS diet in females may provide novel insight into endocannabinoid system adaptations following palatable food intake, which may contribute to sex differences in human pathology [START_REF] Bulik | Genetics and epigenetics of eating disorders[END_REF].

Conclusion

Cluster analysis allowed us to distinguish between rodents that gain different amounts of weight and those that consume excessive amounts of sugar or fat. These distinctions helped to decipher subtle molecular adaptations of the endocannabinoid system that were specific to sugar or fat, weight gain, or excessive intake of sugar. This analysis, therefore, provided insight into cannabinoid mechanisms of action and how these relate to maladaptive feeding. Current cannabinoid treatment strategies for obesity include CB1 antagonists to limit depressive side effects observed with inverse agonists, such as rimonabant, inhibitors of synthesis enzymes to increase endocannabinoids, and peripheral ligands to limit central cannabinoid-mediated psychologic effects (see [START_REF] Lau | Endocannabinoid modulation of homeostatic and non-homeostatic feeding circuits[END_REF][START_REF] Murphy | Targeting the Endocannabinoid CB1 Receptor to Treat Body Weight Disorders: A Preclinical and Clinical Review of the Therapeutic Potential of Past and Present CB1 Drugs[END_REF]). Unfortunately, these strategies have limited utility due to side effects or minimal effects on eating. Our results highlighted CB2 as a regulated gene following an obesogenic diet, in link with the level of sugar consumption. Future studies should explore the implications of this 
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 2 Figure 2. Effects of fcHFHS on dopamine related gene expression in the reward system and dopamine content in the NAc. a) In the PFC, COMT transcripts were increased following the diet. b) In the NAc, COMT transcripts were increased in the fcHFHS group compared to the chow group and D1 receptor transcripts were decreased in the OP group compared to the chow group. (c) Dopamine levels in
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 3 Figure 3. Effects of fcHFHS on endocannabinoid system-related gene expression and endocannabinoid levels in the PFC and the NAc. (a) In the NAc, fcHFHS increased NAPE transcripts and decreased FAAH, DAGL, and MGL transcripts and 2-AG levels. (b) In the NAc, palatable food intake-based Km clustering explained the variability observed for CB2 and GPR55 transcripts by revealing an increase in the HSC group. (c) GPR55 and CB2 transcript levels were correlated in animals from the two groups (graph on the left). CB2 gene expression was also correlated with total sucrose intake consumed throughout the experiment. (d) In the VTA, transcripts for CB1 and endocannabinoid synthesis and degradation enzymes were decreased in the fcHFHS group compared to the chow group. In contrast, fcHFHS was responsible for increased CB2 transcripts. (e) In the arcuate nucleus, GPR55 transcripts were decreased in the fcHFHS group compared to the chow group. (f) Obesity hallmark-based Km clustering revealed a decrease in CB1 transcripts in the OP cluster compared to the OR cluster. White dots represent individual data. *, p<.005; **, p<.001; ***, p<.0001, n=3 -16 per group. 2-AG, 2-Arachidonoyl glycerol; AEA, Anandamide; CB1, Cannabinoid receptor type 1, CB2, Cannabinoid receptor type 2; GPR55, G protein-coupled receptor 55; DAGL, Diacylglycerol lipase; FAAH, Fatty acid amide hydrolase; MGL, Monoacylglycerol lipase; NAPE, N-acyl phosphatidylethanolamine phospholipase D; HFC, High Fat Consumers; HSC, High Sucrose Consumers; LPC, Low Palatable Consumers; OP, Obesity Prone; OR, Obesity Resistant; NAc, nucleus accumbens; Arc: Arcuate nucleus VTA, ventral tegmental area; fcHFHS, free choice high fat high sugar.
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 4 Figure 4. Effects of fcHFHS on homeostatic system-related gene expression in the reward system and the Arc. (a) In the VTA, POMC was decreased in the fcHFHS group compared to the chow group. (b) In the Arc, GR transcripts were decreased in the OP group compared to the chow group. (c) Obesity hallmark-based Km clustering explained the variability observed for NPY transcripts by revealing an increase in the OP cluster. White dots represent individual data. *, p<.005; **, p<.001; ***, p<.0001, n=5 -14 per group. AgRP, Agouti-related peptide; CART, Cocaine and amphetamine regulated transcript; GR, Growth hormone secretagogue receptor; LR, Leptin receptor; NPY, Neuropeptide Y; OP,

Acknowledgments

This project was supported by the Université de Strasbourg, the Centre National de la Recherche Scientifique (CNRS), by the Programme International de Cooperation Scientifique (PICS CNRS), and by the Natural Sciences and Engineering Research Council of Canada (NSERC). RB received a postdoctoral fellowship from the Fondation pour la Recherche Médicale (FRM). We thank datanovia.com for data analysis resources. The authors declare no conflict of interest.

Data availability statement

All the data supporting the findings of this study can be provided upon request from the corresponding author.

receptor at the neuronal and glial levels, examine the effect of selective CB2 compounds to minimize neuronal changes or neuroinflammatory states and propose novel strategies to refine treatments for obesity.
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