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There is a strong relationship between palatable diet and pain sensitivity, and the cannabinoid and opioid systems might play an important role in this correlation. The palatable diet used in many animal models of obesity is the cafeteria (CAF) diet, based on human food with high sugar, salt, and fat content. In this study, we investigated whether long-term exposure to a CAF diet could modify pain sensitivity and explored the role of the cannabinergic system in this modification. Male Sprague–Dawley rats were divided into two groups: one fed with standard chow only (CO) and the other with extended access (EA) to a CAF diet. Hot plate and tail flick tests were used to evaluate pain sensitivity. At the end of a 40-day CAF exposure, EA rats showed a significant increase in the pain threshold compared to CO rats, finding probably due to up-regulation of CB1 and mu-opioid receptors. Instead, during abstinence from palatable foods, EA animals showed a significant increase in pain sensibility, which was ameliorated by repeated treatment with a fatty acid amide hydrolase inhibitor, PF-3845 (10 mg/kg, intraperitoneally), every other day for 28 days. Ex vivo analysis of the brains of these rats clearly showed that this effect was mediated by mu-opioid receptors, which were up-regulated following repeated treatment of PF-3845. Our data add to the knowledge about changes in pain perception in obese subjects, revealing a key role of CB1 and mu-opioid receptors and their possible pharmacological crosstalk and reinforcing the need to consider this modulation in planning effective pain management for obese patients.
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Introduction

The modern diet, or so-called Western diet, contains many sweetened beverages and foods rich in sugar, salt, and fat (Deshmukh-Taskar et al., 2009). The chronic consumption of energy-rich foods is motivated not only by their nutritional value but also the hedonic pleasure they impart (de Macedo et al., 2016), and thus subjects break energy homeostasis (Ghanemi et al., 2018), overeat, and become obese (Shafat et al., 2009).

To explain the lack of control of food intake, many studies hypothesized the concept of food addiction (Avena and Gold, 2011; Micioni Di Bonaventura et al., 2012; D'Addario et al., 2014), as these subjects seem to have an uncontrollable urge to eat large amounts of palatable foods based on a state of reward hyposensitivity comparable to that of drug addiction (Johnson and Kenny, 2010; Avena and Gold, 2011). In fact, in a dynamic similar to that of substance abuse, the eaters develop a compulsive-feeding behavior in search of reward, despite the negative consequences (Gold et al., 2003). Several studies demonstrated that rodents have such high motivation to obtain palatable food that they even expose themselves to extreme cold, noxious heat pain, or aversive foot shock (Cabanac and Johnson, 1983; Foo and Mason, 2005; Oswald et al., 2011). Moreover, in another study, mice fed with palatable food were much more likely to spend time in an aversive environment in order to obtain pleasant food compared to mice without experience of this diet (Teegarden and Bale, 2007). Intake of sucrose solutions and dietary fat alters pain sensitivity in animals, another finding that points to a relationship between endogenous opioid peptides and palatable foods (Davis et al., 1956; Blass et al., 1987; Klein and Green, 1988; Markskaufman et al., 1988; Shide and Blass, 1989; Kanarek et al., 1991; Frye et al., 1992). Human studies have produced similar observations. Consumption of a sucrose solution alleviated pain reactions and decreased crying after painful procedures in newborns (Blass and Hoffmeyer, 1991; Smith et al., 1992; Blass and Shide, 1994; Smith and Blass, 1996; Herschel et al., 1998; Overgaard and Knudsen, 1999). In children (Miller et al., 1994) and adult male subjects (Kakeda et al., 2008), sweet substances increased pain threshold, whereas a number of other works have observed that in adults the intake of palatable foods may have analgesic properties (Miller et al., 1994; Mercer and Holder, 1997; Lewkowski et al., 2003). Taken together, these results suggest that diet can modulate the action of central nervous system (CNS) mechanisms involved in pain sensitivity. This correlation extended to obesity and pain could have important implications for the treatment of pain in obese human subjects.

Different works have examined pain perception in obese animals and humans compared to nonobese subjects, but the debate is still open (Chin et al., 2019). A recent systematic review (Torensma et al., 2016) included two studies suggesting that obese subjects have a lower pain threshold than nonobese subjects (Pradalier et al., 1981; McKendall and Haier, 1983), but four studies indicating that obese subjects have a higher one (Zahorska-Markiewicz et al., 1988; Miscio et al., 2005; Maffiuletti et al., 2011; Dodet et al., 2013). Other findings concluded that body mass index and body fat may influence the pain threshold (Bohnert et al., 2013; Price et al., 2013; Tashani et al., 2017; Torensma et al., 2017), and the intensity of the perception of stimuli changes proportionally with the levels of subcutaneous fat in the affected body area. Price et al. (2013) reported that obese people have a higher pain threshold in the abdominal area compared to the hands and forearms. Tashani et al. (2017) showed different results: obese individuals were more sensitive to pressure pain but not to thermal pain, suggesting a more complex relationship between fat distribution and pain sensitivity. In the same year, in a study comparing obese patients and control patients in their pain perception and ability to grade pain, Torensma et al. (2016) reported that in experiments obese patients revealed hypoalgesia to noxious electrical stimuli and had difficulty grading noxious thermal and electrical stimuli set between the pain threshold and the tolerance level. In summary, all these studies indicate that pain perception may be altered in obese subjects, but the variability in the findings, related to different methodologies, pain tests, and selection of participants, makes it difficult to determine appropriate pain relief strategies for such patients. In this context, the study of cannabinoids and opioids may help our understanding of the mechanisms involved in overeating and pain perception.

Cannabinoids and opioids share many pharmacological properties, including analgesia and control of hunger (Fattore et al., 2005; Micioni Di Bonaventura et al., 2013). It has been reported that the opioid antagonist naloxone inhibited antinociception induced by a cannabinoid (Manzanares et al., 1998), and another study found that the antinociceptive properties of subeffective doses of both drugs were synergistic (Massi et al., 2001).

Repeated treatment with CB1 agonist increases proenkephalin gene expression and mu-opioid receptors (Corchero et al., 1997a; Corchero et al., 1997b; Corchero et al., 1999). In feeding regulation, the hyperphagic effect of endocannabinoid and the appetite suppression resulting from the blockade of CB1 have been clearly documented (see recent reviews, Koch, 2017; Tarragon and Moreno, 2019).

Similarly, opioid receptor agonists increase the intake of high-fat diets, whereas antagonists decrease it (reviewed in (Le Foll and Goldberg, 2005; Micioni Di Bonaventura et al., 2019). The interaction between these two systems may indicate that their relationship plays a role in the rewarding value of food and in the regulation of ingestive behavior (Cota et al., 2006).

Based on these considerations, we investigated in male Sprague–Dawley rats (i) how long-term exposure to a palatable diet and then abstinence from it could modify pain sensitivity and (ii) the possible role of the cannabinergic and opioidergic systems. For this purpose, we used the “cafeteria (CAF) diet,” consisting of energy-dense foods such as cheese, processed meats, chocolate, and cookies, which reflects the variety of the unhealthy human foods and CAF is used in many animal obesity models (Sclafani and Springer, 1976; Sampey et al., 2011). Pain sensitivity was evaluated at the end of 40 days of CAF exposure, and in the middle and at the end of the abstinence period from CAF (at days 54 and 68, respectively). To assess the involvement of the cannabinergic and opioidergic systems, during the abstinence period, we used PF-3845, a selective and long half-life fatty acid amide hydrolase (FAAH) inhibitor (Ahn et al., 2009; Mileni et al., 2010), in order to increase the acylethanolamide tone. With the choice of PF-3845, we were able to avoid the undesirable side effects that are observed with direct CB1 agonists.



Materials and Methods


Animals

Male Sprague–Dawley rats (300–350 g, 10–11 weeks old) were purchased from Charles River Laboratories (Calco, Italy) and housed in single plastic cages (40 × 60 × 30 cm) on fresh bedding with free access to food and water. The environment was controlled with a 12-h light–dark cycle and a room temperature of 22.0°C ± 2.0°C. The animals did not show any signs of stress (except nociception-related behavior) or illness throughout the experiment. All animal procedures in this study were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Italian Ministry of Health, protocol n.887/2015-PR; 19/01/2017) and associated guidelines from European Communities Council Directive (2010/63/EU), as well as the ethical standards of the International Association for the Study of Pain (Zimmermann, 1983).

All behavioral experiments were performed by experimenters who were blinded to the experimental groups and treatments.



Drugs

N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1Hpyrazole-3-carboxyamide hydrochloride (SR141716A, SR1) was obtained from the National Institute on Drug Abuse; naloxone hydrochloride (Nal) was purchased from Tocris (Bristol, UK), and N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenyl]methyl]-1-piperidinecarboxamide (PF-3845) was purchased from Selleck Chemicals (Aurogene, Rome, Italy). SR1 or Nal was dissolved in PEG400 and Tween 80 2:1 (Sigma-Aldrich, Milan, Italy) and kept overnight under gentle agitation with a micro stirring bar. Before injection, sterile saline was added, so that the final concentrations of PEG400 and Tween 80 were 20% and 10% vol/vol, respectively. SR1 was administered intraperitoneally (IP) at the dose of 1 mg/kg (La Rana et al., 2006); Nal was administered IP at the dose 1 mg/kg (Wager-Srdar et al., 1987).

PF-3845 was dissolved in a vehicle of PEG 400/Tween 80/saline (5%/5%/90%, vol/vol/vol) and was administered IP on alternating days at the dose of 10 mg/kg. All compounds were injected in a volume of 1 mL/kg.

The dose of PF-3845 was chosen on the basis of previous published work demonstrating that systemic administration of PF-3845 increased brain levels of FAAH substrates such as anandamide and oleoylethanolamide (Ahn et al., 2009; Booker et al., 2012; Nasirinezhad et al., 2015; Rock et al., 2015; Henry et al., 2017).



CAF Diet

The CAF diet consists of mortadella (3.2 kcal/g), cookies (4.8 kcal/g, Macine; Mulino Bianco, Novara, Italy), chocolate muffins (4.5 kcal/g, Mr Day; Vicenzi Group, San Giovanni Lupatoto, Verona, Italy), cheese chips (Fonzies; Mondelez, Milano, Italy; 5.3 kcal/g), cheese (4.3 kcal/g), sippets (5.5 kcal/g; San Carlo, Milano), and lard (9 kcal/g) which were individually weighed before being made available to the rats. Caloric intake from the various foods was calculated based on the nutritional information provided by the manufacturer. Body weight and food intake (expressed as mean kcal/kg ingested ± SEM) were measured daily.



Experimental Procedure

In the first experiment (Figure 1), we evaluated the pain threshold following CAF diet and during abstinence period. Rats were individually caged and randomly divided into two experimental groups as follows: (1) animals fed with standard chow only (CO) [4RF18; Mucedola, Settimo Milanese, Italy (2.6 kcal/g)] and (2) animals fed with both standard chow and extended access (EA) (24 h/24 h) to CAF diet for 40 days. From day 41, the EA group started a period of abstinence from CAF diet, receiving only chow until day 68, whereas CO rats were maintained with the same chow-only regimen as in the previous 40 days. Pain behavioral tests (hot plate and tail flick) were performed in the morning on days 40, 54, and 68. Rats were sacrificed on days 40 and 68, and their brains collected.




Figure 1 | Experimental design for animal model, behavioral studies, and biochemical and molecular analysis. In the first experiment, we evaluated pain threshold following cafeteria diet and during abstinence period. Rats were fed with chow only (CO) or fed 24 h with both chow and extended access to cafeteria diet (EA) for 40 days. On day 41, EA group was fed with only chow until day 68. Pain behavioral tests and Western blot analysis were performed on days 40, 54, and 68. In the second experiment, the CO and EA groups were treated with a selective FAAH inhibitor, PF-3845 (10 mg/kg, IP) from days 41 to 68. Pain behavioral tests were performed on days 54 and 68. Moreover, in the third experiment, at day 54, CB-1 and mu-opioid receptor antagonists were administrated 1 h before performing hot plate test.



In the following second and third experiments, CO and EA groups were subjected to the same diet protocol described in the first experiment, but during the abstinence they were treated every other day either with vehicle or with the selective FAAH inhibitor, PF-3845 (10 mg/kg, IP) from days 41 to 54.

In the second experiment, the hot plate test was performed on day 54, after which rats were sacrificed, and their brains collected.

Instead, in the third experiment, after PF-3845 treatment, CO and EA rats received on day 54 an acute IP administration of either CB1 or mu-opioid receptor antagonists, SR or Nal, 1 h before the hot plate test was performed.



Hot Plate Test

Commonly used for evaluating thermal pain sensitivity, the hot plate test provides rapid and precise screening of analgesic drug properties in animals (Le Bars et al., 2001). During the experiment, the rat is introduced into an open-ended cylindrical space with a floor consisting of a plate heated to a constant temperature (55.2°C ± 1°C). As the animal passes through the cylinder, paw licking and jumping, two supraspinally integrated responses, are measured in terms of their reaction times expressed in seconds. This test can only be performed once in each animal, once the jumping response is evaluated. A 60-s cutoff was imposed to avoid tissue damage.



Tail Flick Test

This nociceptive test used in rodents measures the latency of the avoidance response to thermal stimulus (Le Bars et al., 2001). In the standard method, radiant heat is focused on the dorsal surface of the tail, and the number of seconds it takes until the animal flicks the tail away from the beam is measured. This tail flick latency is a measure of nociceptive sensitivity and spinal nociceptive reflex. A 30-s cutoff was imposed to prevent tissue damage.



Western Blot Analysis

At days 40, 54, and 68, animals were sacrificed, and whole brains were extracted and homogenized in ice-cold lysis buffer [20 mM Tris–HCl (pH 7.5), 10 mM NaF, 150 mM NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, leupeptin and trypsin inhibitor 10 μg/mL; 0.25/50 mg tissue]. After 1 h, tissue lysates were obtained by centrifugation at 20,000g for 15 min at 4°C. Protein concentrations were estimated by the Bio-Rad protein assay (Bio-Rad Laboratories, Milan, Italy) using bovine serum albumin as standard.

Brain lysate proteins (50 μg) were dissolved in Laemmli sample buffer, boiled for 5 min, and separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and then transferred to a nitrocellulose membrane (240 mA for 40 min at room temperature). The filter was then blocked with 1× phosphate-buffered saline (PBS) and 3% nonfat dried milk for 40 min at room temperature and probed with anti–cannabinoid receptor (CB) 1 (dilution 1:1,000; cat. no. NB120-23703; Novus Biologicals, Cambridge, UK) or anti–mu-opioid receptor antibody (dilution 1:1,000; cat. no. NBP1-96656; Novus Biologicals) in 1× PBS, 3% nonfat dried milk, and 0.1% Tween 20 at 4°C overnight. The secondary antibody was incubated for 1 h at room temperature. Subsequently, the blot was thoroughly washed with PBS and then developed using enhanced chemiluminescence detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according to the manufacturer's instructions, and the immune complex was visualized by Image Quant (GE Healthcare, Milan, Italy). The protein bands were scanned and densitometrically analyzed with a model GS-700 imaging densitometer (Bio-Rad Laboratories). To ascertain that blots were loaded with equal amounts of protein lysates, they were also incubated in the presence of the antibody against the β-actin protein (Sigma-Aldrich).



Statistical Analysis

In vivo and ex vivo data are presented as mean ± SEM. For the hot plate test and the tail flick test, data were presented as time of response express in seconds. The data were analyzed with analysis of variance (ANOVA) (Systat Software 10.0, San Jose, CA, USA) using the factors described in the Results. We used post hoc tests to follow up on significant interaction or main effects (P < 0.05) from the factorial ANOVAs. Resistant rats were excluded because they did not significantly increase body weight and did not develop obese phenotype (Cifani et al., 2015).




Results


Body Weight

In the first experiment, the statistical analysis, which included the between-subject factor of diet (CO, EA) and the within-subject factor of time (day), showed a significant difference in body weight (F(1,22) = 20.44; P < 0.01) and food intake (F(1,22) = 985.1; **P < 0.01) between the groups during the 40 days of free access to CAF and/or chow. Post hoc tests showed that EA rats immediately increased their food intake (**P < 0.01) (data not
shown), and after 8 days of this diet, the body weight of EA rats increased significantly compared to that of CO rats (*P < 0.05) until day 40 (Figure 2).




Figure 2 | Body weight measured throughout the experimental period. After 8 days, CAF diet significantly increased body weight in EA rats (black spot) if compared to CO rats (white spot) until day 40 (*P < 0.05). During the abstinence period (days 41–68), when only standard chow was available, a progressive and significant decrease in body weight in EA rats was observed. Data are shown as means ± SEM for the CO and EA groups (n = 6).



During the abstinence period (days 41–68), when only standard chow was available, EA rats displayed a significant reduction in caloric intake (F(1,10) = 144.92; **P < 0.01) and a progressive decrease in body weight (F(1,10) = 8.53; *P < 0.05). Post hoc tests are shown in Figure 2.

In the second and third experiments, EA rats significantly increased both their food intake (data not shown) and body weight in comparison to CO rats during the 40 days of CAF. During the abstinence days, the same reduction in body weight of Experiment 1 was recorded; thus, PF-3845 treatment did not affect feeding behavior (data not shown).



Pain Evaluation and Involvement of CB1 and Mu-Opioid Receptors After CAF Diet and During Abstinence Period

In the first behavioral experiment, the pain threshold at the end of the CAF exposure (day 40) and at the middle (day 54) and end (day 68) of the abstinence period was evaluated by hot plate and tail flick tests. At day 40, EA rats showed a significant increase of pain threshold in both the hot plate (F(1,10) = 22.59; **P < 0.01) (Figure 3A) and the tail flick (F(1,10) = 26.07; **P < 0.01) (Figure 3B) compared to CO animals. At day 54, in the middle of the abstinence period, EA rats showed increased pain sensitivity, but only in the hot plate test (F(1,10) = 13.70; *P < 0.05) (Figure 3C), as no significant effect was observed in the tail flick experiment (F(1,10) = 1.41; P > 0.05) (Figure 3D). Finally, at the end of the abstinence period on day 68, no difference was found between EA (F(1,10) = 2.78; P > 0.05) and CO (F(1,10) = 0.50; P > 0.05) animals in either test (Figures 3E, F).




Figure 3 | Pain threshold by hot plate and tail flick test were performed at the end of CAF exposure (day 40) and during abstinence period (54 and 68 days). EA rats showed a significant increase of pain threshold both in hot plate (A) and tail flick (B) tests compared to CO animals (**P < 0.01) at day 40. At day 54, in EA rats, pain sensitivity was significantly increased only in hot plate test (C; *P < 0.05). No significant effect was observed in tail flick test (D). At day 68, no difference was observed between EA and CO animals in both tests (E, F). Data are shown as mean ± SEM for the CO and EA groups (n = 6).



In order to correlate the increased pain threshold and the cannabinoid and opioid systems, CB1 and mu-opioid receptors expression was evaluated. At day 40, a significant increase in CB1 (F(1,10) = 16.45; **P < 0.01) and mu-opioid (F(1,10) = 22.91; **P < 0.01) receptors was found in the brain of EA rats (respectively, Figures 4A, B). While the variation in mu-opioid receptor expression has already been reported (Will et al., 2003), this article shows for the first time the correlation between CB1 receptors and highly palatable food.




Figure 4 | Expression of CB1 (A, B) and mu-opioid receptors (C, D) in CO and EA rat brain at the end of cafeteria exposure (day 40) and at the end of the abstinence period (day 68). On day 40, a significant increase in CB1 and mu-opioid receptor expression was found in EA rats brains (A, B) if compared to CO rats (**P < 0.01). On day 68, no difference was observed between the EA and CO rats (C, D). Representative immunoblots are shown, and densitometric analyses of protein bands of CB1 receptor and mu-opioid receptor are performed on three separate experiments. All data are expressed as mean ± SEM. Equal loading was confirmed by β-actin staining.



On day 68, no difference was observed between EA and CO animals in CB1 (F(1,10) = 0.15; P > 0.05) and mu-opioid receptors (F(1,10) = 3.37; P > 0.05) (Figures 4C, D).



Effect of PF-3845, A Selective FAAH Inhibitor, on Hypersensitivity by Cafeteria Abstinence and Role of Cannabinergic System

The statistical analysis, which included the between-subjects factors of diet (CO, EA) and treatment (vehicle, PF-3845), showed a significant interaction between the two factors (F(1,20) = 7.93; P < 0.05). Repeated treatment with PF-3845, administered every other day from days 41 to 54 during the second experiment, reduced pain sensitivity in PF-3845–CO rats, as compared to vehicle CO animals, as measured by the hot plate test (Figure 5; *P < 0.05). Similar effects were also found in the EA group. In fact, PF-3845–treated animals had a longer time of reaction to thermal stimulus than did vehicle-administered EA animals (Figure 5; ##P < 0.01)




Figure 5 | Pain threshold by hot plate test was performed during abstinence period (day 54) after repeated PF-3845 (PF, 10 mg/kg, IP) administration. In CO rats, PF treatment reduced pain sensitivity compared to vehicle CO animals (*P < 0.05). A similar effect was observed in EA rats; in fact, PF treatment increased time of reaction to thermal stimulus compared to vehicle EA animals (##P < 0.01). Data are shown as mean ± SEM for all groups (n = 6).



Next, we evaluated whether PF-3845 treatment was able to modify CB1 and mu-opioid receptor expression. On day 54, via Western blot analysis, we observed that PF-3845 treatment did not modify CB1 expression both in the CO (F(1,10) = 1.32; P > 0.05) and EA groups (F(1,10) = 1.83; P > 0.05) (Figure 6A), whereas mu-opioid receptor expression was increased in the CO (F(1,10) = 7.35; P < 0.05) and EA groups (F(1,10) = 24.47; P < 0.05) (Figure 6B).




Figure 6 | Expression of CB1 (A) and mu-opioid receptor (B) in CO and EA rat brain after FAAH inhibitor PF treatment at day 54. This drug did not modify CB1 expression (A), whereas mu-opioid receptor expression was significantly increased both in PF-CO and PF-EA rats if compared to their vehicle group (*P < 0.05 vs. CO, #P < 0.05 vs. EA) (B). Representative immunoblots are shown, and the densitometric analyses of protein bands of CB1 receptor and mu-opioid receptor are performed on three separate experiments. All data are expressed as mean ± SEM. Equal loading was confirmed by β-actin staining.



Finally, in order to evaluate CB1 and opioid receptor involvement, at day 54 of the third experiment, we administered a CB1 antagonist/inverse agonist, SR1 (1 mg/kg), or an opioid antagonist, naloxone (Nal, 1 mg/kg) in CO and EA rats. The statistical analysis in the CO group showed a significant effect of the treatment (F(3,20) = 8.38; P < 0.01). CB1 or mu-opioid antagonists were able to blunt the effect of FAAH inhibitor (Figure 7; *P < 0.05 and **P < 0.01). Analysis of variance in the EA group showed a significant effect of the treatment (F(3,20) = 18.75; P < 0.01). CB1 or mu-opioid antagonist reduced the effect of PF-3845 (Figure 7; #P < 0.05 and ##P < 0.01).




Figure 7 | Pain threshold by hot plate test performed at day 54 for evaluating CB1 and opioid receptor involvement. CB1 antagonist, SR1416A (SR1, 1 mg/kg), and an opioid antagonist, naloxone (Nal, 1 mg/kg), were administered in CO and EA rats 1 h before performing hot plate test. In PF-CO and PF-EA rats, treatment with both CB1 and mu-opioid receptors antagonists was able to blunt the effect of FAAH inhibitor (*P < 0.05, **P < 0.01 vs. PF-CO; #P < 0.05 and ##P < 0.01 vs. PF-EA; °P < 0.05 and °°P < 0.01 vs. veh). Data are shown as mean ± SEM for all groups (n = 6).






Discussion

Cannabinoid–opioid receptor cross-talk has been studied extensively, especially regarding the interaction between the molecular and cellular mechanisms in pain threshold (Vigano et al., 2005a; Parolaro et al., 2010), as well as its function in eating behavior (Cota et al., 2006). It is now generally accepted that both systems and the activation of their receptors play a key role in acute and chronic pain modulation (Vigano et al., 2005a; Parolaro et al., 2010; Siuda et al., 2017). Many authors have underlined the important contribution of these two systems in a wide range of physiological processes, including appetite regulation and eating behaviors (Calignano et al., 1998; Pagotto et al., 2006; Cota, 2008). Although it is still unclear whether obesity can alter pain sensitivity (Hitt et al., 2007; Somers et al., 2011), several authors have shown a correlation between an increase of body weight and a significant alteration of pain sensitivity (Torensma et al., 2016; Chin et al., 2019). Obesity is usually associated with musculoskeletal system disorders such as back pain or osteoarthritis. Moreover, many studies indicate that it could be one of the risk factors in some nociceptive pain conditions, and more recently, it has been demonstrated that obesity is associated with worsening in neuropathic pain intensity (Hozumi et al., 2016). On the other hand, patients with intense chronic pain more frequently suffer from eating disorders (Godfrey et al., 2018) and eat more sweet-tasting food when they feel pain, particularly if they are not able to control their impulses (Darbor et al., 2017). In recent years, more attention has been devoted to obesity and to the behavioral alterations due to continuous and compulsive consumption of highly palatable foods (Zheng and Berthoud, 2007). In fact, obesity from palatable diet induces a change in different neurotransmitter systems leading to changes in several CNS areas, such as the Ventral Tegmental Area (VTA), hypothalamus, and Nucleus Accumbens (NAc), the same zones involved in the reward system (Sampey et al., 2011). In this context, the CAF diet is a valid tool for imitating the contemporary diet, which is characterized by high salt content and high-calorie fatty and sugary foods (Johnson and Kenny, 2010; Sampey et al., 2011). Extended exposure to this kind of diet induces a significant modification of several signaling pathways related to physiological control, such as food intake and stimulation of the reward system. This suggests that palatable foods could lead to addiction through mechanisms that are similar to those in drug abuse (Pelchat, 2002; Wang et al., 2004; Johnson and Kenny, 2010). In this scenario, opioid and cannabinergic systems are significantly involved (Zhang et al., 2003; Erlanson-Albertsson, 2005).

The aim of our study was not only to study the correlation between obesity and pain in rats with an extended access to palatable foods, a topic still debated (Hitt et al., 2007; Somers et al., 2011), but also to evaluate the responses to pain during the period of abstinence from a highly palatable diet (Sampey et al., 2011). In particular, we studied (i) the difference in pain perception between animals fed for 40 days with extended access to CAF (EA rats) and rats fed with standard chow (CO rats); (ii) the contribution of the opioidergic and cannabinergic systems, through the involvement of CB1 and mu-opioid receptors in the brain. Results clearly indicate that, at the end of the CAF diet, EA animals showed a significant increase in pain threshold compared to rats fed with standard diet, perhaps due to an up-regulation of CB1 and mu-opioid receptors. Surprisingly, in this study, we have shown that palatable food increased CB1 receptor expression in the brain, suggesting that the observed analgesic effect was probably mediated by both the opioid and the cannabinoid systems.

Our results are in agreement with previous reports in which obese subjects were less sensitive to painful stimuli (Zahorska-Markiewicz et al., 1983; Zahorska-Markiewicz et al., 1988; Khimich, 1997). Taking into account that endogenous opioid levels were increased in obese humans (Givens et al., 1980; Cozzolino et al., 1996; Karayiannakis et al., 1998; Martinez-Guisasola et al., 2001) and animals (Smith et al., 2002; Barnes et al., 2003), the decrease in pain sensitivity observed here may be associated with these changes.

Regarding the CB1 receptor, studies have shown that CB1 antagonists reduce the intake of palatable sugar in rats (Gardner, 2005; Mathes et al., 2008) and prevent the orexigenic effect of the endocannabinoid agonist anandamide on food intake (Cota et al., 2006). Furthermore, endocannabinoids induce a neuromodulation in specific brain areas (e.g., NAc), and this neurochemical response contributes to subjective reward and positive reinforcement. These findings support a role of endocannabinoids in the hedonistic effects of natural rewards such as palatable food in eating disorders (Gardner, 2005; Parsons and Hurd, 2015; Pucci et al., 2016; Pucci et al., 2018; Pucci et al., 2019). We have also evaluated pain sensitivity after withdrawal of CAF diet, because deprivation of highly palatable food induces a neuroadaptive response associated with behavioral alteration (depression and anxiety) (Johnson and Kenny, 2010; de Macedo et al., 2016). Fourteen days after the end of the CAF diet (day 54), we observed a weak increase of pain sensitivity, which was significant in the hot plate test, but not in the tail flick test. These different results may suggest that there were alterations in the brain rather than in the spinal cord. In fact, it is well known that the hot plate test is a classic pain model for supraspinal stimuli, whereas the tail flick test is a model for spinal stimuli (Langerman et al., 1995). In agreement with these observations, Western blot analysis showed a slight increase of mu-opioid receptor expression in the brain of rats that previously had extended access to the CAF diet, but no difference was observed in spinal cord tissues between these two groups (data not shown).

These findings help to explain the results of our study of standard chow intake during abstinence from the CAF diet; ingestion behavior alone is probably insufficient to elicit analgesia, and instead the hedonic value from palatable food may be needed to inhibit the response to pain (Foo and Mason, 2009). Indeed, de Freitas et al. (2012) found that acute oral administration of sucrose can induce antinociception mediated by the actions of endogenous opioid peptide and mu-opioid receptor (de Freitas et al., 2012).

Opioids and cannabinoids share several pharmacological actions that may be relevant in understanding the therapeutic potential of cannabinoids, particularly as analgesics (Manzanares et al., 1999). These two systems are widely distributed throughout the CNS and have key role in both reward-related feeding (Cota et al., 2006; Pagotto et al., 2006) and modulating pain thresholds. The strong relationship between cannabinergic and opioidergic systems and the capability of a system to activate the other one is well known; in fact, CB1 agonists induce antinociception increasing opioid precursors' gene expression or releasing endogenous opioids (Houser et al., 2000; Valverde et al., 2001). It has be shown that extended treatment with a cannabinoid agonist induced a significant increase of mRNA levels of endogenous precursor opioid peptides in several CNS areas (Corchero et al., 1997a; Manzanares et al., 1998) and that CB1 agonist can induce down regulation of its receptor and enhance brain reward function producing reward effects (Daigle et al., 2008). On the other hand, it has been suggested that opioid receptor–mediated analgesia might be enhanced by an increase in endocannabinoid levels (Bushlin et al., 2010), because morphine-induced analgesia was enhanced by FAAH initiator in the CNS, as already reported (Pacheco Dda et al., 2009).

For these reasons, in this study, we used an indirect agonist, the selective endocannabinoid clearance inhibitor, PF-3845. Specifically, this FAAH inhibitor was used to evaluate the contribution of the CB1 receptor to pain perception during an abstinence period from the CAF diet. Our results clearly showed that repeated PF-3845 treatment decreased pain sensitivity in CO and EA rats compared to the respective vehicle groups. Surprisingly, a significant effect between in abstinence (EA + PF-3845) and normal (CO + PF-3845) rats was observed. This activity was mainly mu-opioid receptor mediated: Western blot analysis showed a significant up-regulation of this receptor following PF-3845 treatment. In support of our data, Vigano et al. (2005b) showed that repeated treatment with CB1 agonist significantly increased mu-opioid receptor density in the lateral hypothalamus and in the periaqueductal gray. Finally, we performed behavioral experiments to study pain, using both CB1 and opioid antagonists (SR1 and naloxone, respectively) to confirm our hypothesis. In fact, results showed that pretreatment with cannabinoid and even better opioid antagonists reduced PF-3845–increased sensitivity.

Our findings point out that an extended exposure to palatable food followed by abstinence from it induced a significant change in pain perception, leading to increased pain sensitivity. In this scenario, the cannabinergic system played a key role in regulating, “compulsive” food intake behavior and pain response.

Further work is necessary in this field to improve our understanding of the modulation of pain sensitivity in obese subjects. This is extremely important in order to plan appropriate pain management strategies for overweight patients, further considering that obesity is a rapidly growing a global pandemic problem (Collaborators et al., 2017; Chooi et al., 2019).



Data Availability Statement

The datasets generated for this study are available on request to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by the Ministry of Health, protocol n.887/2015-PR; 19/01/2017.



Author Contributions

Participated in research design: AC, SG, CCi, MM, and RR. Conducted experiments: MM, CCi, CA, MG, CD, CCr, GL, EM, AR, and LB. Performed data analysis: MM, CCi, CA, and RR. Wrote or contributed to the writing of the manuscript: MM, CA, CCi, and RR.



Funding

This work was supported by Italian Ministry of University and Research grant (PRIN2012 prot. #2012JTX3KL) to CCi, RR, and SG.



Acknowledgments

We thank Giovanni Esposito and Angelo Russo for animal care and assistance. The authors would like to thank Sheila Beatty for editing the English usage in the manuscript.



References

 Ahn, K., Johnson, D. S., Mileni, M., Beidler, D., Long, J. Z., McKinney, M. K., et al. (2009). Discovery and characterization of a highly selective FAAH inhibitor that reduces inflammatory pain. Chem. Biol. 16 (4), 411–420. doi: 10.1016/j.chembiol.2009.02.013

 Avena, N. M., and Gold, M. S. (2011). Food and addiction - sugars, fats and hedonic overeating. Addiction 106 (7), 1214–1215; discussion 1219-1220. doi: 10.1111/j.1360-0443.2011.03373.x

 Barnes, M. J., Lapanowski, K., Conley, A., Rafols, J. A., Jen, K. L., and Dunbar, J. C. (2003). High fat feeding is associated with increased blood pressure, sympathetic nerve activity and hypothalamic mu opioid receptors. Brain Res. Bull. 61 (5), 511–519. doi: 10.1016/S0361-9230(03)00188-6

 Blass, E. M., and Hoffmeyer, L. B. (1991). Sucrose as an analgesic for newborn infants. Pediatrics 87 (2), 215–218. doi: 10.1097/00132586-199112000-00033

 Blass, E. M., and Shide, D. J. (1994). Some comparisons among the calming and pain-relieving effects of sucrose, glucose, fructose and lactose in infant rats. Chem. Senses 19 (3), 239–249. doi: 10.1093/chemse/19.3.239

 Blass, E., Fitzgerald, E., and Kehoe, P. (1987). Interactions between sucrose, pain and isolation distress. Pharmacol. Biochem. Behav. 26 (3), 483–489. doi: 10.1016/0091-3057(87)90153-5

 Bohnert, A. S. B., Eisenberg, A., Whiteside, L., Price, A., McCabe, S. E., and Ilgen, M. A. (2013). Prescription opioid use among addictions treatment patients: nonmedical use for pain relief vs. other forms of nonmedical use. Addictive Behav. 38 (3), 1776–1781. doi: 10.1016/j.addbeh.2012.11.005

 Booker, L., Kinsey, S. G., Abdullah, R. A., Blankman, J. L., Long, J. Z., Ezzili, C., et al. (2012). The fatty acid amide hydrolase (FAAH) inhibitor PF-3845 acts in the nervous system to reverse LPS-induced tactile allodynia in mice. Br. J. Pharmacol. 165 (8), 2485–2496. doi: 10.1111/j.1476-5381.2011.01445.x

 Bushlin, I., Rozenfeld, R., and Devi, L. A. (2010). Cannabinoid-opioid interactions during neuropathic pain and analgesia. Curr. Opin. Pharmacol. 10 (1), 80–86. doi: 10.1016/j.coph.2009.09.009

 Cabanac, M., and Johnson, K. G. (1983). Analysis of a conflict between palatability and cold exposure in rats. Physiol. Behav. 31 (2), 249–253. doi: 10.1016/0031-9384(83)90128-2

 Calignano, A., La Rana, G., Giuffrida, A., and Piomelli, D. (1998). Control of pain initiation by endogenous cannabinoids. Nature 394 (6690), 277–281. doi: 10.1038/28393

 Chin, S. H., Huang, W. L., Akter, S., and Binks, M. (2019). Obesity and pain: a systematic review. Int. J. Obes. (Lond). doi: 10.1038/s41366-019-0505-y

 Chooi, Y. C., Ding, C., and Magkos, F. (2019). The epidemiology of obesity. Metabolism 92, 6–10. doi: 10.1016/j.metabol.2018.09.005

 Cifani, C., Micioni Di Bonaventura, M. V., Pucci, M., Giusepponi, M. E., Romano, A., Di Francesco, A., et al. (2015). Regulation of hypothalamic neuropeptides gene expression in diet induced obesity resistant rats: possible targets for obesity prediction? Front. Neurosci. 9, 187. doi: 10.3389/fnins.2015.00187

 Collaborators, G. B. D. O., Afshin, A., Forouzanfar, M. H., Reitsma, M. B., Sur, P., Estep, K., et al. (2017). Health effects of overweight and obesity in 195 countries over 25 Years. N. Engl. J. Med. 377 (1), 13–27. doi: 10.1056/NEJMoa1614362

 Corchero, J., Avila, M. A., Fuentes, J. A., and Manzanares, J. (1997a). delta-9-Tetrahydrocannabinol increases prodynorphin and proenkephalin gene expression in the spinal cord of the rat. Life Sci. 61 (4), PL 39–PL 43. doi: 10.1016/s0024-3205(97)00405-0

 Corchero, J., Fuentes, J. A., and Manzanares, J. (1997b). delta 9-Tetrahydrocannabinol increases proopiomelanocortin gene expression in the arcuate nucleus of the rat hypothalamus. Eur. J. Pharmacol. 323 (2-3), 193–195. doi: 10.1016/s0014-2999(97)00144-1

 Corchero, J., Romero, J., Berrendero, F., Fernandez-Ruiz, J., Ramos, J. A., Fuentes, J. A., et al. (1999). Time-dependent differences of repeated administration with Delta9-tetrahydrocannabinol in proenkephalin and cannabinoid receptor gene expression and G-protein activation by mu-opioid and CB1-cannabinoid receptors in the caudate-putamen. Brain Res. Mol. Brain Res. 67 (1), 148–157. doi: 10.1016/S0169-328X(99)00053-4

 Cota, D., Tschop, M. H., Horvath, T. L., and Levine, A. S. (2006). Cannabinoids, opioids and eating behavior: the molecular face of hedonism? Brain Res. Rev. 51 (1), 85–107. doi: 10.1016/j.brainresrev.2005.10.004

 Cota, D. (2008). Role of the endocannabinoid system in energy balance regulation and obesity. Front. Horm. Res. 36, 135–145. doi: 10.1159/000115362

 Cozzolino, D., Sessa, G., Salvatore, T., Sasso, F. C., Giugliano, D., Lefebvre, P. J., et al. (1996). The involvement of the opioid system in human obesity: a study in normal weight relatives of obese people. J. Clin. Endocrinol. Metab. 81 (2), 713–718. doi: 10.1210/jcem.81.2.8636293

 D'Addario, C., Micioni Di Bonaventura, M. V., Pucci, M., Romano, A., Gaetani, S., Ciccocioppo, R., et al. (2014). Endocannabinoid signaling and food addiction. Neurosci. Biobehav. Rev. 47, 203–224. doi: 10.1016/j.neubiorev.2014.08.008

 Daigle, T. L., Kearn, C. S., and Mackie, K. (2008). Rapid CB1 cannabinoid receptor desensitization defines the time course of ERK1/2 MAP kinase signaling. Neuropharmacology 54 (1), 36–44. doi: 10.1016/j.neuropharm.2007.06.005

 Darbor, K. E., Lench, H. C., and Carter-Sowell, A. R. (2017). Correction: do people eat the pain away? The effects of acute physical pain on subsequent consumption of sweet-tasting food. PloS One 12 (2), e0173165. doi: 10.1371/journal.pone.0173165

 Davis, W., Miya, T., and Edwards, L. (1956). The influence of glucose and insulin pretreatment upon morphine analgesia in the rat. J.  Am. Pharm. Assoc. (Sci. ed.) 45 (1), 60–62. doi: 10.1002/jps.3030450118

 de Freitas, R. L., Kubler, J. M., Elias-Filho, D. H., and Coimbra, N. C. (2012). Antinociception induced by acute oral administration of sweet substance in young and adult rodents: the role of endogenous opioid peptides chemical mediators and mu(1)-opioid receptors. Pharmacol. Biochem. Behav. 101 (2), 265–270. doi: 10.1016/j.pbb.2011.12.005

 de Macedo, I. C., de Freitas, J. S., and da Silva Torres, I. L. (2016). The influence of palatable diets in reward system activation: a mini review. Adv. Pharmacol. Sci. 2016, 7238679. doi: 10.1155/2016/7238679

 Deshmukh-Taskar, P. R., O'Neil, C. E., Nicklas, T. A., Yang, S. J., Liu, Y., Gustat, J., et al. (2009). Dietary patterns associated with metabolic syndrome, sociodemographic and lifestyle factors in young adults: the Bogalusa Heart Study. Public Health Nutr. 12 (12), 2493–2503. doi: 10.1017/s1368980009991261

 Dodet, P., Perrot, S., Auvergne, L., Hajj, A., Simoneau, G., Decleves, X., et al. (2013). Sensory impairment in obese patients? sensitivity and pain detection thresholds for electrical stimulation after surgery-induced weight loss, and comparison with a nonobese population. Clin. J. Pain 29 (1), 43–49. doi: 10.1097/AJP.0b013e31824786ad

 Erlanson-Albertsson, C. (2005). How palatable food disrupts appetite regulation. Basic Clin. Pharmacol. Toxicol. 97 (2), 61–73. doi: 10.1111/j.1742-7843.2005.pto_179.x

 Fattore, L., Deiana, S., Spano, S. M., Cossu, G., Fadda, P., Scherma, M., et al. (2005). Endocannabinoid system and opioid addiction: behavioural aspects. Pharmacol. Biochem. Behav. 81 (2), 343–359. doi: 10.1016/j.pbb.2005.01.031

 Foo, H., and Mason, P. (2005). Sensory suppression during feeding. Proc. Natl. Acad. Sci. U. S. A 102 (46), 16865–16869. doi: 10.1073/pnas.0506226102

 Foo, H., and Mason, P. (2009). Analgesia accompanying food consumption requires ingestion of hedonic foods. J. Neurosci. 29 (41), 13053–13062. doi: 10.1523/JNEUROSCI.3514-09.2009

 Frye, C. A., Bock, B. C., and Kanarek, R. B. (1992). Hormonal milieu affects tailflick latency in female rats and may be attenuated by access to sucrose. Physiol. Behav. 52 (4), 699–706. doi: 10.1016/0031-9384(92)90400-V

 Gardner, E. L. (2005). Endocannabinoid signaling system and brain reward: emphasis on dopamine. Pharmacol. Biochem. Behav. 81 (2), 263–284. doi: 10.1016/j.pbb.2005.01.032

 Ghanemi, A., Yoshioka, M., and St-Amand, J. (2018). Broken energy homeostasis and obesity pathogenesis: the surrounding concepts. J. Clin. Med. 7 (11), E453. doi: 10.3390/jcm7110453

 Givens, J. R., Wiedemann, E., Andersen, R. N., and Kitabchi, A. E. (1980). beta-Endorphin and beta-lipotropin plasma levels in hirsute women: correlation with body weight. J. Clin. Endocrinol. Metab. 50 (5), 975–976. doi: 10.1210/jcem-50-5-975

 Godfrey, K. M., Bullock, A. J., Dorflinger, L. M., Min, K. M., Ruser, C. B., and Masheb, R. M. (2018). Pain and modifiable risk factors among weight loss seeking Veterans with overweight. Appetite 128, 100–105. doi: 10.1016/j.appet.2018.06.010

 Gold, M. S., Frost-Pineda, K., and Jacobs, W. S. (2003). Overeating, binge eating, and eating disorders as addictions. Psychiatr. Ann. 33 (2), 117–122. doi: 10.3928/0048-5713-20030201-08

 Henry, R. J., Kerr, D. M., Flannery, L. E., Killilea, M., Hughes, E. M., Corcoran, L., et al. (2017). Pharmacological inhibition of FAAH modulates TLR-induced neuroinflammation, but not sickness behaviour: an effect partially mediated by central TRPV1. Brain Behav. Immun. 62, 318–331. doi: 10.1016/j.bbi.2017.02.016

 Herschel, M., Khoshnood, B., Ellman, C., Maydew, N., and Mittendorf, R. (1998). Neonatal circumcision. Randomized trial of a sucrose pacifier for pain control. Arch. Pediatr. Adolesc. Med. 152 (3), 279–284. doi: 10.1001/archpedi.152.3.279

 Hitt, H. C., McMillen, R. C., Thornton-Neaves, T., Koch, K., and Cosby, A. G. (2007). Comorbidity of obesity and pain in a general population: results from the Southern Pain Prevalence Study. J. Pain 8 (5), 430–436. doi: 10.1016/j.jpain.2006.12.003

 Houser, S. J., Eads, M., Embrey, J. P., and Welch, S. P. (2000). Dynorphin B and spinal analgesia: induction of antinociception by the cannabinoids CP55,940, Delta(9)-THC and anandamide. Brain Res. 857 (1-2), 337–342. doi: 10.1016/s0006-8993(00)01981-8

 Hozumi, J., Sumitani, M., Matsubayashi, Y., Abe, H., Oshima, Y., Chikuda, H., et al. (2016). Relationship between Neuropathic Pain and Obesity. Pain Res. Manag. 2016, 2487924. doi: 10.1155/2016/2487924

 Johnson, P. M., and Kenny, P. J. (2010). Dopamine D2 receptors in addiction-like reward dysfunction and compulsive eating in obese rats. Nat. Neurosci. 13 (5), 635–641. doi: 10.1038/nn.2519

 Kakeda, T., Ito, M., Matsui, T., and Ishikawa, T. (2008). The evidence for sweet substance-induced analgesia in adult human. Pain Res. 23 (3), 159–166. doi: 10.11154/pain.23.159

 Kanarek, R. B., White, E. S., Biegen, M. T., and Marks-Kaufman, R. (1991). Dietary influences on morphine-induced analgesia in rats. Pharmacol. Biochem. Behav. 38 (3), 681–684. doi: 10.1016/0091-3057(91)90034-Y

 Karayiannakis, A. J., Zbar, A., Makri, G. G., Syrigos, K., Athanasiadis, L., Alexiou, D., et al. (1998). Serum beta-endorphin levels in morbidly obese patients: the effect of vertical banded gastroplasty. Eur. Surg. Res. 30 (6), 409–413. doi: 10.1159/000008606

 Khimich, S. (1997). Level of sensitivity of pain in patients with obesity. Acta Chir. Hung. 36 (1-4), 166–167.

 Klein, S. P., and Green, K. F. (1988). Tolerance to morphine analgesia from brief exposure to a palatable solution. Brain Res. Bull. 21(6), 963–965.

 Koch, M. (2017). Cannabinoid receptor signaling in central regulation of feeding behavior: a mini-review. Front. Neurosci. 11, 293. doi: 10.3389/fnins.2017.00293

 La Rana, G., Russo, R., Campolongo, P., Bortolato, M., Mangieri, R. A., Cuomo, V., et al. (2006). Modulation of neuropathic and inflammatory pain by the endocannabinoid transport inhibitor AM404 [N-(4-hydroxyphenyl)-eicosa-5,8,11,14-tetraenamide]. J. Pharmacol. Exp. Ther. 317 (3), 1365–1371. doi: 10.1124/jpet.105.100792

 Langerman, L., Zakowski, M. I., Piskoun, B., and Grant, G. J. (1995). Hot plate versus tail flick: evaluation of acute tolerance to continuous morphine infusion in the rat model. J. Pharmacol. Toxicol. Methods 34 (1), 23–27. doi: 10.1016/1056-8719(94)00077-H

 Le Bars, D., Gozariu, M., and Cadden, S. W. (2001). Animal models of nociception. Pharmacol. Rev. 53 (4), 597–652.

 Le Foll, B., and Goldberg, S. R. (2005). Cannabinoid CB1 receptor antagonists as promising new medications for drug dependence. J. Pharmacol. Exp. Ther. 312 (3), 875–883. doi: 10.1124/jpet.104.077974

 Lewkowski, M. D., Ditto, B., Roussos, M., and Young, S. N. (2003). Sweet taste and blood pressure-related analgesia. Pain 106 (1-2), 181–186. doi: 10.1016/s0304-3959(03)00333-6

 Maffiuletti, N. A., Morelli, A., Martin, A., Duclay, J., Billot, M., Jubeau, M., et al. (2011). Effect of gender and obesity on electrical current thresholds. Muscle Nerve 44 (2), 202–207. doi: 10.1002/mus.22050

 Manzanares, J., Corchero, J., Romero, J., Fernandez-Ruiz, J. J., Ramos, J. A., and Fuentes, J. A. (1998). Chronic administration of cannabinoids regulates proenkephalin mRNA levels in selected regions of the rat brain. Brain Res. Mol. Brain Res. 55 (1), 126–132. doi: 10.1016/S0169-328X(97)00371-9

 Manzanares, J., Corchero, J., Romero, J., Fernandez-Ruiz, J. J., Ramos, J. A., and Fuentes, J. A. (1999). Pharmacological and biochemical interactions between opioids and cannabinoids. Trends Pharmacol. Sci. 20 (7), 287–294. doi: 10.1016/S0165-6147(99)01339-5

 Markskaufman, R., Kanarek, R., and Delanty, S. (1988). Sweettasting solutions modify the analgesic properties of morphine in rats. FASEB J. A1567.

 Martinez-Guisasola, J., Guerrero, M., Alonso, F., Diaz, F., Cordero, J., and Ferrer, J. (2001). Plasma beta-endorphin levels in obese and non-obese patients with polycystic ovary disease. Gynecol. Endocrinol. 15 (1), 14–22. doi: 10.1080/gye.15.1.14.22

 Massi, P., Vaccani, A., Romorini, S., and Parolaro, D. (2001). Comparative characterization in the rat of the interaction between cannabinoids and opiates for their immunosuppressive and analgesic effects. J. Neuroimmunol. 117 (1-2), 116–124. doi: 10.1016/S0165-5728(01)00323-X

 Mathes, C. M., Ferrara, M., and Rowland, N. E. (2008). Cannabinoid-1 receptor antagonists reduce caloric intake by decreasing palatable diet selection in a novel dessert protocol in female rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 295 (1), R67–R75. doi: 10.1152/ajpregu.00150.2008

 McKendall, M. J., and Haier, R. J. (1983). Pain sensitivity and obesity. Psychiatry Res. 8 (2), 119–125. doi: 10.1016/0165-1781(83)90099-9

 Mercer, M. E., and Holder, M. D. (1997). Antinociceptive effects of palatable sweet ingesta on human responsivity to pressure pain. Physiol. Behav. 61 (2), 311–318. doi: 10.1016/s0031-9384(96)00400-3

 Micioni Di Bonaventura, M. V., Cifani, C., Lambertucci, C., Volpini, R., Cristalli, G., and Massi, M. (2012). A2A adenosine receptor agonists reduce both high-palatability and low-palatability food intake in female rats. Behav. Pharmacol. 23 (5-6), 567–574. doi: 10.1097/FBP.0b013e3283566a60

 Mileni, M., Kamtekar, S., Wood, D. C., Benson, T. E., Cravatt, B. F., and Stevens, R. C. (2010). Crystal structure of fatty acid amide hydrolase bound to the carbamate inhibitor URB597: discovery of a deacylating water molecule and insight into enzyme inactivation. J. Mol. Biol. 400 (4), 743–754. doi: 10.1016/j.jmb.2010.05.034

 Micioni Di Bonaventura, M. V., Micioni Di Bonaventura, E., Cifani, C., and Polidori, C. (2019). N/OFQ-NOP System in Food Intake. Handb Exp. Pharmacol. 254, 279–295. doi: 10.1007/164_2019_212

 Micioni Di Bonaventura, M. V., Ubaldi, M., Liberati, S., Ciccocioppo, R., Massi, S., and Cifani, C. (2013). Caloric restriction increases the sensitivity to the hyperphagic effect of nociceptin/orphanin FQ limiting its ability to reduce binge eating in female rats. Psychopharmacology (Berl) 228 (1), 53–63. doi: 10.1007/s00213-013-3013-0

 Miller, A., Barr, R. G., and Young, S. N. (1994). The cold pressor test in children: methodological aspects and the analgesic effect of intraoral sucrose. Pain 56 (2), 175–183. doi: 10.1016/0304-3959(94)90092-2

 Miscio, G., Guastamacchia, G., Brunani, A., Priano, L., Baudo, S., and Mauro, A. (2005). Obesity and peripheral neuropathy risk: a dangerous liaison. J. Peripher. Nerv. Syst. 10 (4), 354–358. doi: 10.1111/j.1085-9489.2005.00047.x

 Nasirinezhad, F., Jergova, S., Pearson, J. P., and Sagen, J. (2015). Attenuation of persistent pain-related behavior by fatty acid amide hydrolase (FAAH) inhibitors in a rat model of HIV sensory neuropathy. Neuropharmacology 95, 100–109. doi: 10.1016/j.neuropharm.2014.11.024

 Oswald, K. D., Murdaugh, D. L., King, V. L., and Boggiano, M. M. (2011). Motivation for palatable food despite consequences in an animal model of binge eating. Int. J. Eat Disord. 44 (3), 203–211. doi: 10.1002/eat.20808

 Overgaard, C., and Knudsen, A. (1999). Pain-relieving effect of sucrose in newborns during heel prick. Biol. Neonate 75 (5), 279–284. doi: 10.1159/000014105

 Pacheco Dda, F., Klein, A., Perez, A. C., Pacheco, C. M., de Francischi, J. N., Reis, G. M., et al. (2009). Central antinociception induced by mu-opioid receptor agonist morphine, but not delta- or kappa-, is mediated by cannabinoid CB1 receptor. Br. J. Pharmacol. 158 (1), 225–231. doi: 10.1111/j.1476-5381.2009.00310.x

 Pagotto, U., Marsicano, G., Cota, D., Lutz, B., and Pasquali, R. (2006). The emerging role of the endocannabinoid system in endocrine regulation and energy balance. Endocr. Rev. 27 (1), 73–100. doi: 10.1210/er.2005-0009

 Parolaro, D., Rubino, T., Vigano, D., Massi, P., Guidali, C., and Realini, N. (2010). Cellular mechanisms underlying the interaction between cannabinoid and opioid system. Curr. Drug Targets 11 (4), 393–405. doi: 10.2174/138945010790980367

 Parsons, L. H., and Hurd, Y. L. (2015). Endocannabinoid signalling in reward and addiction. Nat. Rev. Neurosci. 16 (10), 579–594. doi: 10.1038/nrn4004

 Pelchat, M. L. (2002). Of human bondage: food craving, obsession, compulsion, and addiction. Physiol. Behav. 76 (3), 347–352. doi: 10.1016/s0031-9384(02)00757-6

 Pradalier, A., Willer, J. C., Boureau, F., and Dry, J. (1981). Relationship between pain and obesity: an electrophysiological study. Physiol. Behav. 27 (6), 961–964. doi: 10.1016/0031-9384(81)90354-1

 Price, R. C., Asenjo, J. F., Christou, N. V., Backman, S. B., and Schweinhardt, P. (2013). The role of excess subcutaneous fat in pain and sensory sensitivity in obesity. Eur. J. Pain 17 (9), 1316–1326. doi: 10.1002/j.1532-2149.2013.00315.x

 Pucci, M., Micioni Di Bonaventura, M. V., Giusepponi, M. E., Romano, A., Filaferro, M., Maccarrone, M., et al. (2016). Epigenetic regulation of nociceptin/orphanin FQ and corticotropin-releasing factor system genes in frustration stress-induced binge-like palatable food consumption. Addict. Biol. 21 (6), 1168–1185. doi: 10.1111/adb.12303

 Pucci, M., Micioni Di Bonaventura, M. V., Zaplatic, E., Bellia, F., Maccarrone, M., Cifani, C., et al. (2019). Transcriptional regulation of the endocannabinoid system in a rat model of binge-eating behavior reveals a selective modulation of the hypothalamic fatty acid amide hydrolase gene. Int. J. Eat Disord. 52 (1), 51–60. doi: 10.1002/eat.22989

 Pucci, M., Micioni Di Bonaventura, M. V., Vezzoli, V., Zaplatic, E., Massimini, M., Mai, S., et al. (2019). Preclinical and clinical evidence for a distinct regulation of mu opioid and type 1 cannabinoid receptor genes expression in obesity. Front. Genet. 10, 523. doi: 10.3389/fgene.2019.00523

 Rock, E. M., Limebeer, C. L., Ward, J. M., Cohen, A., Grove, K., Niphakis, M. J., et al. (2015). Interference with acute nausea and anticipatory nausea in rats by fatty acid amide hydrolase (FAAH) inhibition through a PPARalpha and CB1 receptor mechanism, respectively: a double dissociation. Psychopharmacol. (Berl) 232 (20), 3841–3848. doi: 10.1007/s00213-015-4050-7

 Sampey, B. P., Vanhoose, A. M., Winfield, H. M., Freemerman, A. J., Muehlbauer, M. J., Fueger, P. T., et al. (2011). Cafeteria diet is a robust model of human metabolic syndrome with liver and adipose inflammation: comparison to high-fat diet. Obes. (Silver Spring) 19 (6), 1109–1117. doi: 10.1038/oby.2011.18

 Sclafani, A., and Springer, D. (1976). Dietary obesity in adult rats: similarities to hypothalamic and human obesity syndromes. Physiol. Behav. 17 (3), 461–471. doi: 10.1016/0031-9384(76)90109-8

 Shafat, A., Murray, B., and Rumsey, D. (2009). Energy density in cafeteria diet induced hyperphagia in the rat. Appetite 52 (1), 34–38. doi: 10.1016/j.appet.2008.07.004

 Shide, D. J., and Blass, E. M. (1989). Opioidlike effects of intraoral infusions of corn oil and polycose on stress reactions in 10-day-old rats. Behav. Neurosci. 103 (6), 1168. doi: 10.1037/0735-7044.103.6.1168

 Siuda, E. R., Carr, R. 3rd, Rominger, D. H., and Violin, J. D. (2017). Biased mu-opioid receptor ligands: a promising new generation of pain therapeutics. Curr. Opin. Pharmacol. 32, 77–84. doi: 10.1016/j.coph.2016.11.007

 Smith, B. A., and Blass, E. M. (1996). Taste-mediated calming in premature, preterm, and full-term human infants. Dev. Psychol. 32 (6), 1084. doi: 10.1037/0012-1649.32.6.1084

 Smith, B. A., Stevens, K., Torgerson, W. S., and Kim, J. H. (1992). Diminished reactivity of postmature human infants to sucrose compared with term infants. Dev. Psychol. 28 (5), 811. doi: 10.1037/0012-1649.28.5.811

 Smith, S. L., Harrold, J. A., and Williams, G. (2002). Diet-induced obesity increases mu opioid receptor binding in specific regions of the rat brain. Brain Res. 953 (1-2), 215–222. doi: 10.1016/s0006-8993(02)03291-2

 Somers, T. J., Wren, A. A., and Keefe, F. J. (2011). Understanding chronic pain in older adults: abdominal fat is where it is at. Pain 152 (1), 8–9. doi: 10.1016/j.pain.2010.09.022

 Tarragon, E., and Moreno, J. J. (2019). Cannabinoids, chemical senses, and regulation of feeding behavior. Chem. Senses 44 (2), 73–89. doi: 10.1093/chemse/bjy068

 Tashani, O. A., Astita, R., Sharp, D., and Johnson, M. I. (2017). Body mass index and distribution of body fat can influence sensory detection and pain sensitivity. Eur. J. Pain 21 (7), 1186–1196. doi: 10.1002/ejp.1019

 Teegarden, S. L., and Bale, T. L. (2007). Decreases in dietary preference produce increased emotionality and risk for dietary relapse. Biol. Psychiatry 61 (9), 1021–1029. doi: 10.1016/j.biopsych.2006.09.032

 Torensma, B., Thomassen, I., van Velzen, M., and In ‘t Veld, B. A. (2016). Pain experience and perception in the obese subject systematic review (revised version). Obes. Surg. 26 (3), 631–639. doi: 10.1007/s11695-015-2008-9

 Torensma, B., Oudejans, L., van Velzen, M., Swank, D., Niesters, M., and Dahan, A. (2017). Pain sensitivity and pain scoring in patients with morbid obesity. Surg. Obes. Relat. Dis. 13 (5), 788–795. doi: 10.1016/j.soard.2017.01.015

 Valverde, O., Noble, F., Beslot, F., Dauge, V., Fournie-Zaluski, M. C., and Roques, B. P. (2001). Delta9-tetrahydrocannabinol releases and facilitates the effects of endogenous enkephalins: reduction in morphine withdrawal syndrome without change in rewarding effect. Eur. J. Neurosci. 13 (9), 1816–1824. doi: 10.1046/j.0953-816x.2001.01558.x

 Vigano, D., Rubino, T., and Parolaro, D. (2005a). Molecular and cellular basis of cannabinoid and opioid interactions. Pharmacol. Biochem. Behav. 81 (2), 360–368. doi: 10.1016/j.pbb.2005.01.021

 Vigano, D., Rubino, T., Vaccani, A., Bianchessi, S., Marmorato, P., Castiglioni, C., et al. (2005b). Molecular mechanisms involved in the asymmetric interaction between cannabinoid and opioid systems. Psychopharmacol. (Berl) 182 (4), 527–536. doi: 10.1007/s00213-005-0114-4

 Wager-Srdar, S. A., Gannon, M., and Levine, A. S. (1987). The effect of naloxone on nocturnal food intake in female and male rats. Physiol. Behav. 39 (5), 669–672. doi: 10.1016/0031-9384(87)90172-7

 Wang, G. J., Volkow, N. D., Telang, F., Jayne, M., Ma, J., Rao, M., et al. (2004). Exposure to appetitive food stimuli markedly activates the human brain. Neuroimage 21 (4), 1790–1797. doi: 10.1016/j.neuroimage.2003.11.026

 Will, M. J., Franzblau, E. B., and Kelley, A. E. (2003). Nucleus accumbens mu-opioids regulate intake of a high-fat diet via activation of a distributed brain network. J. Neurosci. 23 (7), 2882–2888. doi: 10.1523/JNEUROSCI.23-07-02882.2003

 Zahorska-Markiewicz, B., Kucio, C., and Pyszkowska, J. (1983). Obesity and pain. Hum. Nutr. Clin. Nutr. 37 (4), 307–310.

 Zahorska-Markiewicz, B., Zych, P., and Kucio, C. (1988). Pain sensitivity in obesity. Acta Physiol. Pol. 39 (3), 183–187.

 Zhang, M., Balmadrid, C., and Kelley, A. E. (2003). Nucleus accumbens opioid, GABaergic, and dopaminergic modulation of palatable food motivation: contrasting effects revealed by a progressive ratio study in the rat. Behav. Neurosci. 117 (2), 202–211. doi: 10.1037/0735-7044.117.2.202

 Zheng, H., and Berthoud, H. R. (2007). Eating for pleasure or calories. Curr. Opin. Pharmacol. 7 (6), 607–612. doi: 10.1016/j.coph.2007.10.011

 Zimmermann, M. (1983). Ethical guidelines for investigations of experimental pain in conscious animals. Pain 6 (2), 109–110. doi: 10.1016/0304-3959(83)90201-4



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Cifani, Avagliano, Micioni Di Bonaventura, Giusepponi, De Caro, Cristiano, La Rana, Botticelli, Romano, Calignano, Gaetani, Micioni Di Bonaventura and Russo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar-11-00266-g005.jpg
DAY 54

PFEA

ehEA

T
PFCO

==
venco

() 3893 93010 30H





OEBPS/Images/fphar-11-00266-g003.jpg
8 H Rt
& w
P e ax!  Pararaninl - EEr BB
(s) awn %o reL. (s) swm o L. © (s) own yow 1oL

<o
<o

-
)

$ 8 R g ° § & 8§ ¢ ° ¢ 8 8 & °

(53593 9381 10K o (shsmerweidion W (s emdion





OEBPS/Images/fphar.2020.00266_cover.jpg
’ frontiers
in Pharmacology

Modulation of Pain Sensitivity by
Chronic Consumption of Highly
Palatable Food Followed by
Abstinence: Emerging Role of Fatty
Acid Amide Hydrolase





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-00266-g007.jpg
Hot plate test (s)

DAY 54
SR1 and Nal






OEBPS/Images/fphar-11-00266-g006.jpg
CO+Veh CO+ PF-3845 EA+Veh EA+PF-3845

Bactn | o — — o — e e e o e e e

A g2 ' B c20 '
g ' £ |
g | ] *
< ' &ix 1
il 1 £ 1
5 ' 5 '
3 | B T I
g 10 1 e '
e 1 | 4 1
= ' 5
Bos 1 2os H
3 I e I
2 | ] i
goo & 00

ven pr Ven Pt
BG Bes co co






OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/fphar-11-00266-g001.jpg
EXPERIMENTAL MODEL

'Ad Ubitum access to standard laboratory chow and water

ABSTINENCE
o e caftra ot

s
P I T R S Y e A e,
40

TExp.

PF3845 10 moka o

€0 = Chow Only
EA = Extended access lo cafeteria

{Texp. 22003
In vivo and ex vivo studies






OEBPS/Images/fphar-11-00266-g004.jpg
o
©

|
J
|
8l H o
W s3s=35: d3::zz
LS hoe G ovdeons o o Unoe 9/ 101de2na nus ey
Fia e o
5 ¢

_,
,
s ([ ]l]]
=] ] *
Q1 . o
< w H
anhl e e
[l Sedisoamn sapoms e scvsnsnsoney
i . a

co, rceptor





OEBPS/Images/fphar-11-00266-g002.jpg
Body Weight (g)

b

4

&

350

Days.





OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Modulation of Pain Sensitivity by Chronic Consumption of Highly Palatable Food Followed by Abstinence: Emerging Role of Fatty Acid Amide Hydrolase

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Drugs

          



          		

            CAF Diet

          



          		

            Experimental Procedure

          



          		

            Hot Plate Test

          



          		

            Tail Flick Test

          



          		

            Western Blot Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Body Weight

          



          		

            Pain Evaluation and Involvement of CB1 and Mu-Opioid Receptors After CAF Diet and During Abstinence Period

          



          		

            Effect of PF-3845, A Selective FAAH Inhibitor, on Hypersensitivity by Cafeteria Abstinence and Role of Cannabinergic System

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



