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The hypothalamic hypocretinergic/orexinergic (Hcrt/Ox) system is involved in many physiological and pathophysiological processes. Malfunction of Hcrt/Ox transmission results in narcolepsy, a sleep disease caused in humans by progressive neurodegeneration of hypothalamic neurons containing Hcrt/Ox. To explore the Hcrt/Ox system plasticity we systemically administered suvorexant (a dual Hcrt/Ox receptor antagonist) in rats to chronically block Hcrt/Ox transmission without damaging Hcrt/Ox cells. Three groups of eight rats (four males and four females) received daily i.p. injections of suvorexant (10 or 30 mg/kg) or vehicle (DMSO) over a period of 7 days in which the body weight was monitored. After the treatments cerebrospinal fluid (CSF) Hcrt1/OxA concentration was measured by ELISA, and hypothalamic Hcrt/OxR1 and Hcrt/OxR2 levels by western blot. The systemic blockade of the Hcrt/Ox transmission with the suvorexant high dose produced a significant increase in body weight at the end of the treatment, and a significant decrease in CSF Hcrt1/OxA levels, both features typical in human narcolepsy type 1. Besides, a significant overexpression of hypothalamic Hcrt/OxR1 occurred. For the Hcrt/OxR2 two very close bands were detected, but they did not show significant changes with the treatment. Thus, the plastic changes observed in the Hcrt/Ox system after the chronic blockade of its transmission were a decrease in CSF Hcrt1/OXA levels and an overexpression of hypothalamic Hcrt/OxR1. These findings support an autoregulatory role of Hcrt/OxR1 within the hypothalamus, which would induce the synthesis/release of Hcrt/Ox, but also decrease its own availability at the plasma membrane after binding Hcrt1/OxA to preserve Hcrt/Ox system homeostasis.
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Introduction

The hypocretinergic/orexinergic (Hcrt/Ox) system is a neuromodulatory network involved in several physiological processes including feeding and sleep/wakefulness behaviors, and endocrine and autonomic functions (Kukkonen et al., 2002). It consists of two excitatory neuropeptides known as Hcrt1 and Hcrt2, or OxA and OxB (De Lecea et al., 1998; Sakurai et al., 1998), which are produced specifically by a small group of hypothalamic neurons mainly concentrated in the perifornical area within the posterior and lateral hypothalamus (De Lecea et al., 1998; Sakurai et al., 1998; Nuñez et al., 2006; García-García et al., 2013). These neurons project to multiple target areas in the central nervous system (Peyron et al., 1998) where Hcrt/Ox peptides bind two G protein-coupled receptors: Hcrt/OxR1, with a much higher affinity for Hcrt1/OxA, and Hcrt/OxR2, which binds to both Hcrt/Ox peptides indistinctly (Sakurai et al., 1998). The deficit of Hcrt/Ox neurotransmission is associated with human narcolepsy (Nishino et al., 2000), and with other pathophysiological processes (Emamzadeh and Surguchov, 2018; Wang et al., 2018).

Narcolepsy is a rare neurological disorder associated with a significant dysregulation of the sleep-wakefulness cycle, in which the control of rapid eye movement (REM) sleep is lost. Clinical characteristics include excessive daytime sleepiness and the intrusion of REM sleep traits into wakefulness, such as transient loss of muscle tone (cataplexy), hypnagogic/hypnopompic hallucinations or sleep paralysis (Bassetti et al., 2019). Beyond the symptoms associated with sleep, narcoleptic patients also present many autonomic and metabolic/endocrine disturbances, including an increased body-mass index (Schuld et al., 2000; Plazzi et al., 2011). Narcolepsy is currently classified into type 1 (NT1) and type 2 (NT2) (American Academy of Sleep Medicine [AASM], 2014), whose main differential clinical characteristic is that cataplexy (lack of muscle tone) occurs in NT1, but not in NT2. Narcoleptic type I patients present a global loss of Hcrt/Ox neurons that is reflected in decreased levels of Hcrt1/OxA in cerebrospinal fluid (CSF), and also by an absence of signal for Hcrt/Ox immunostaining in the hypothalamus (Nishino et al., 2000; Peyron et al., 2000; Mignot et al., 2002).

There are several animal models of narcolepsy -including canines and rodents- with different pathophysiology and characteristics (Chen et al., 2009). Genetic models mimic to differing extents some of the clinical features of human narcolepsy, although narcolepsy in humans is not directly linked to genetic alterations in the Hcrt/Ox system. Genetic models do not enable the examination of the Hcrt/Ox system adaptability during the development and progression of the disease. By contrast, chronic pharmacological models can express progressive changes in a dose-dependent manner (Winrow et al., 2011), and consequently they are suitable for the exploration of the homeostatic performance of the Hcrt/Ox system to compensate its alterations.

Many studies have focused on the pathophysiological mechanisms mediated by the Hcrt/Ox system (Peyron et al., 2000; Thannickal et al., 2000; España et al., 2001; Mignot et al., 2002; Mochizuki et al., 2004; Kantor et al., 2009; Diniz-Behn et al., 2010; Hansen et al., 2017), but its self-regulatory physiological functioning is still poorly understood. The complete pharmacological blockade of the two Hcrt/Ox receptors in mice lead to an experimental model with narcolepsy-like features (Mahoney et al., 2020; Kaushik et al., 2021), but with undamaged Hcrt/Ox cells. Then, this latter model could be useful to explore plasticity mechanisms of the Hcrt/Ox system under physiopathological conditions and get insight also into adaptive changes present at initial stages of narcolepsy before total loss of Hcrt/Ox neurons. In the present study we have accomplished a chronic systemic administration of two doses of suvorexant (a dual Hcrt/Ox receptor antagonist) in rats to block both Hcrt/Ox receptors, i.e., Hcrt/OxR1 and Hcrt/OxR2. We hypothesized that as long as the Hcrt/Ox neurons continue to maintain their functionality, homeostatic mechanisms would be expressed which would attempt to compensate for the alterations produced by the exogenous blockade of the Hcrt/Ox receptors. To test this hypothesis, and get insight into self-regulating Hcrt/Ox mechanisms, we measured the CSF levels of Hcrt1/OxA and the expression of Hcrt/OxR1 and Hcrt/OxR2 in the posterior hypothalamic tissue after suvorexant/vehicle administration. Changes in the body weight of the animals were also analyzed to evaluate the effectiveness of the suvorexant treatment (Schuld et al., 2000).



Materials and methods


Subjects and surgery

Twenty-four adult Sprague Dawley rats (12 males and 12 females) aged between 4 and 5 months were used in this study. The animals were housed in pairs in a temperature and humidity-controlled room with water and food ad libitum and on a reverse 12:12-h light/dark cycle (lights on at 12:00 p.m., and off at 12:00 a.m.). All the experiments were carried out in accordance with the European Community Council Directive (2010/63/UE) and approved by the Institutional Animal Care and Use Committee of the Universidad Autónoma de Madrid (Spain) and the competent regional government agency (PROEX 131.8/20).

The animals were divided into three experimental groups each with eight rats (four males and four females). Suvorexant (MK-4305, Biorbyt) was dissolved through vortexing in 100% dimethyl sulfoxide (DMSO; D8418, Sigma-Aldrich, Darmstadt, Germany) (Simmons et al., 2017) to get doses of 10 or 30 mg/kg for each animal, depending on the experimental group to which it belongs. All the treatments were carried out in a period of approximately 1 month, with a random distribution of the animals of the different experimental groups. They consisted of 2 days of vehicle administration in the three groups, followed by either 7 days of suvorexant (10 or 30 mg/kg) or vehicle administration (control group) (Winrow et al., 2011). All the compounds were administered i.p. daily at a fixed volume of 150 μl 2 h before the lights were turned on. Body weight was monitored starting from the day prior to the treatments, before injecting the vehicle in the three groups of rats (day 0), and throughout the treatments with DMSO and the two doses of suvorexant, on days 4, 7, and 10.



Cerebrospinal fluid and posterior hypothalamic tissue sample collections

The day after the last injection (day 10), animals were anesthetized i.p. with 1.4 g/Kg urethane (U2500, Sigma-Aldrich, Darmstadt, Germany) at the end of the dark phase. CSF was collected by puncture of the cisterna magna and frozen immediately, and the animals were decapitated for brain extraction. The posterior hypothalamic area was carefully dissected out over ice and immediately homogenized in RIPA buffer. All the samples were stored at −80°C until subsequent analyses.



Cerebrospinal fluid determination of Hcrt1/OxA levels

The CSF Hcrt1/OxA concentrations were measured by a competitive enzyme-linked immunosorbent assay (ELISA) with a commercially available kit (EK-003-30, Phoenix Pharmaceuticals, Karlsruhe, Germany). Working with duplicates, 50 μl of standard peptide solutions or CSF were directly dispensed into secondary antibody precoated wells and incubated together with 25 μl of biotinylated Hcrt1/OxA-peptide and 25 μl of primary antibody at room temperature on a shaker for 2 h. After washing, 100 μl of Streptavidin-horseradish peroxidase (SA-HRP) were added to each well for 1 h incubation, and the plate was washed again. 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate solution (100 μl) was added and incubated for 1 h. The reaction was stopped with 100 μl of 2 N hydrochloric acid, and the absorbance was read at 450 nm within 20 min. The intensity of the colorimetric reaction was directly proportional to the amount of the biotinylated Hcrt1/OxA-peptide–SA-HRP complexes and inversely proportional to the amount of Hcrt1/OxA in the standard solutions, or in the CSF. The Hcrt1/OxA concentration in the CSF samples was calculated by extrapolation of the absorbance values on the standard sigmoid curve equation (Hcrt1/OxA standard solutions range: 0.01–100 ng/ml).



Protein expression of hypocretin/orexin receptors in the posterior hypothalamus

The hypothalamic tissue was mechanically homogenized in RIPA buffer (pH = 7.4) for western blot analysis. The protein concentration of the samples was determined using the Pierce™ BCA Protein Assay Kit (23,225, ThermoFisher Scientific, Waltham, MA, USA). A denaturing and reducing Laemmli buffer was mixed with 20 μg of sample extract, and resolved by SDS-PAGE. Proteins were electrotransferred onto a 0.45 μm pore size nitrocellulose membrane (GE10600002, Sigma-Aldrich, Darmstadt, Germany), that was blocked with 10% milk in phosphate buffered saline with 0.1% tween (0.1% PBS-T). The membrane was incubated with primary antibodies against Hcrt/OxR1 (ab68718, Abcam, Cambridge, UK 1:200), Hcrt/OxR2 (ab183072, Abcam, 1:300), and cofilin (ab54532, Abcam, 1:300) for 48 h at 4°C with gentle shaking. The specificity of the primary antibodies was proved in all the experiments by including a negative control sample (liver tissue, which does not express the Hcrt/OxRs). Biotin-conjugated secondary antibodies (1:400) were incubated with the membrane for 1 h at room temperature on a shaker, and later the membrane was incubated with ABC elite complex (PK-6100, Vector Laboratories, Burlingame, CA, USA) under the same conditions as that carried out for the peroxidase staining. For signal measurements, the enhanced chemiluminescence detection system (ECL, GERPN2106, Sigma-Aldrich, Darmstadt, Germany) and the Chemi-DOC XRS + system (BioRad, Hercules, CA, USA) were used. The quantification of the bands was performed by densitometry with the Image Lab software under conditions of non-saturated signal to ensure the linearity range. Hcrt/OxR1 and Hcrt/OxR2 signals were normalized against those of cofilin (loading control) for comparative analyses.



Statistical analysis

Non-parametric statistics were used including the Friedman analysis of variance and the Wilcoxon matched pairs signed-ranks test for analysis of the changes in body weight after the different treatments and comparison of the expression levels of hypothalamic Hcrt/OxR1 and Hcrt/OxR2 in the control group. The Kruskal–Wallis one-way analysis of the variance and the Mann–Whitney U test were used to investigate the plastic changes in hypothalamic Hcrt/OxR1 and Hcrt/OxR2 expression, as well as in the CSF Hcrt1/OxA levels, which might have occurred as consequence of the different experimental treatments. The relative changes in body weight occurring within the 0–4, 4–7, and 7–10 day intervals were obtained in order to know the time course of the body weight changes through the experiments, and a parametric two-way ANOVA with replicated design (time intervals × treatment × subject) was used for comparisons between vehicle and suvorexant administration. Also, to know the effects of the different treatments in relation with the sex of the animals and the interaction between the two factors, the data in males and females in the dimethyl sulfoxide (DMSO) and the 30 mg/Kg of suvorexant groups were normalized as percentages, and two-way parametric ANOVAs with replicated design (treatment × sex × subject) were applied. Post hoc multiple pair analyses were performed using Fisher’s pairwise comparison test. Statistical significance was set at p ≤ 0.05.




Results


Body weight changes associated with treatments

Given the close relationship between the Hcrt/Ox system and the feeding behavior and metabolism, we measured the body weight variation to evaluate the effectiveness of the chronic treatment with suvorexant in our rats. All the groups had a moderate but statistically significant decrease in body weight at the end of the treatments, as indicated by the different Friedman ANOVAs (Control group: χ2 = 19.05, df = 3, p = 0.001, median day 0 = 318.8, median day 10 = 296.55; suvorexant 10 mg/Kg group: χ2 = 18.6, df = 3, p = 0.003, median day 0 = 318.8, median day 10 = 325.2; suvorexant 30 mg/Kg group: χ2 = 10.95, df = 3, p = 0.012, median day 0 = 346.1, median day 10 = 340.9). However, the time course of the changes in body weight was different under the three different treatments. This became evident when comparing the differences in body weight relative to the values of the first day in each interval that occurred within the 0–4; 4–7; and 7–10 day intervals. A two-way replicated design ANOVA showed statistically significant differences not only between the different treatments [F(2,71) = 3.828; p ≤ 0.05], but also between the different time intervals [F(2,71) = 7.369, p ≤ 0.005]. Multiple pair-contrasts using the Fisher test indicated that in the control group the rate of weight loss did not present statistically significant differences between the three time intervals. Therefore, these animals exhibited a progressive weight loss that was similar throughout the entire period they received vehicle injections (Figure 1). However, this was not the case during the treatments with suvorexant. As shown in Figure 1, during the last interval (days 7–10), the animals gained weight in a statistically significant manner (p ≤ 0.05) when compared to the decrease in weight that was recorded during the previous intervals. Nevertheless, statistical significance for the increase in weight occurring during the last interval of treatment was only observed in the high dose group when compared with the values of the control group (Figure 1).
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FIGURE 1
Relative body weight variation throughout the treatments. Bar graphs show average percentage values (mean ± standard error) of change in body weight relative to the first day in each time interval (0–4, 4–7, and 7–10 days) for the three treatments (DMSO, suvorexant 10 and 30 mg/kg/day). *p ≤ 0.05 (Fishers Least Significant Difference test), suvorexant 30 mg/kg vs. vehicle. #p ≤ 0.05 (Fishers Least Significant Difference test), suvorexant 7–10 day interval vs. suvorexant 0–4 and 4–7 day intervals.




Molecular changes in the hypocretinergic/orexinergic system induced by suvorexant

To address the plasticity of the Hcrt/Ox system itself under conditions of progressive loss of Hcrt/Ox transmission, as it occurs in human NT1, we analyzed the expression changes in the Hcrt1/OxA peptide, as well as in the hypothalamic Hcrt/Ox receptors after the treatments.


Cerebrospinal fluid Hcrt1/OxA levels

The Krustal–Wallis analysis of variance showed statistically significant differences between the three treatments (H = 7.28, df = 2, p = 0.027). Post hoc comparisons with the Mann–Whitney U test indicated that the change following the low dose of suvorexant did not reach statistically significant values when compared with the control group (Z = −0.525, p = 0.599). Only the high dose of suvorexant produced a significant decrease in Hcrt1/OxA in CSF by comparison with both the control (Z = −2.626, P = 0.009) and the 10 mg/kg groups (Z = −1.995, p = 0.046) (Figure 2).
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FIGURE 2
Cerebrospinal fluid (CSF) Hcrt1/OxA levels. Boxplots show the values for the CSF Hcrt1/OxA concentration in the different experimental groups. Each dot represents a single Hcrt1/OxA measure in CSF for the four males and the four females in each group. The three horizontal lines of the boxes represent the first, second (median), and third quartiles, respectively, with the whisk extending to 1.5 inter-quartile range.




Protein expression levels of the hypocretin/orexin receptors in the posterior hypothalamus

After western blot analysis, in relation to Hcrt/OxR2, two very close bands (see Hcrt/OxR2 in Figure 3, upper part; Supplementary Figure 2) were detected in the membrane around the area of 50 KDa, corresponding to the anticipated size of the receptor. Since these bands were absent in the negative control sample -liver homogenate- (Supplementary Figure 2), which does not express the Hcrt/Ox receptors, they must be specific for the Hcrt/OxR2.
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FIGURE 3
Upper part depicts examples of western blot membranes for Hcrt/OxR2 and cofilin in hypothalamic extracts from each experimental group. Note the presence of two very close bands for this receptor (see also Supplementary Figure 2). (A,B) Are boxplots showing the relative hypothalamic values of the upper band (A) and the lower band (B) levels of the Hcrt/OxR2 normalized to cofilin for each group. Dots represent single measures of the levels of the upper band (A) and the lower band (B) of the Hcrt/OxR2 normalized to cofilin for the males and the females in each group. The three horizontal lines of the boxes represent the first, second (median), and third quartiles, respectively, with the whisk extending to 1.5 inter-quartile range.


A first comparison in the control group between the protein levels of Hcrt/OxR1 and Hcrt/OxR2 (added values of both bands) in the posterior hypothalamic tissue was carried out. All animals (males and females) presented a higher amount of Hcrt/OxR1 (median = 1.62, range = 1.29–3.11 a.u.) than Hcrt/OxR2 (median = 0.89, range = 0.40–1.19 a.u.). The difference between hypothalamic Hcrt/OxR1 and Hcrt/OxR2 expression was statistically significant (Wilcoxon signed-rank test: Z = 2.521, p = 0.011). Plastic changes were observed in the hypothalamic Hcrt/Ox receptors as consequence of the treatments. With regard to the Hcrt/OxR1 levels, the Krustal–Wallis analysis of variance comparing the control and the two suvorexant groups revealed significant changes (H = 6.378, p = 0.041). Post hoc pair contrasts with the Mann–Whitney U test (Figure 4 and Supplementary Figure 1) showed similar expression values of this receptor between the control and the low-dose groups (Z = 0.521, p = 0.602). Only the high dose of suvorexant produced an overexpression of the hypothalamic Hcrt/OxR1 that was statistically significant compared with the values for both the control and the low-dose groups (Z = 2.003, p = 0.045, and Z = 2.175, p = 0.030, respectively) (Figure 4). In relation with the plastic changes for the Hcrt/OxR2, a great variability took place after administration of the low dose in the two Hcrt/OxR2 bands (see Figures 3A,B and Supplementary Figure 2), but both bands showed a similar trend with increased levels for the low dose but not for the high one (Figures 3A,B). The corresponding Krustal–Wallis analyses of variance indicated that the changes were more pronounced for the upper band, with almost significant differences (H = 5.361, p = 0.068), than for the lower band (H = 4.309, p = 0.116). Post hoc comparisons showed that the main differences for the Hcrt/OxR2 upper band occurred between doses (U test: Z = −2.119, p = 0.034) (Figure 3A). Comparisons between control and the low dose groups showed only nearly significant differences (U test: Z = 1.841, p = 0.066) while no significant values appeared between the high dose of suvorexant and the control groups (U test: Z = 0.475, p = 0.635).
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FIGURE 4
Hcrt/OxR1 hypothalamic levels. Western blots for Hcrt/OxR1 and cofilin in hypothalamic extracts from each experimental group. Boxplots show the relative hypothalamic values of Hcrt/OxR1 levels normalized to cofilin for each group. Dots represent single measures of Hcrt/OxR1 levels normalized to cofilin for the males and the females in each group. The number of subjects for the Hcrt/OxR1 analysis in the experimental groups is seven due to the lack of tissue availability in one subject. The three horizontal lines of the boxes represent the first, second (median), and third quartiles, respectively, with the whisk extending to 1.5 inter-quartile range.


Finally, regarding the body weight changes and the molecular variations in the Hcrt/Ox system analyzed here in relation with the sex of the animals, Table 1 summarizes the results of the two-way ANOVAs, for the normalized percentages of those changes between the control and the high-dose of suvorexant groups (treatment factor), considering the values of males and females (sex factor). Note from this table the statistically significant changes produced by the treatment with the high dose of suvorexant in all the physiological and molecular variables except for hypothalamic Hcrt/OxR2 values. In contrast, there were no statistically significant changes in relation with sex factor. However, the interaction “treatment × sex” resulted to reach statistically significant values for the hypothalamic Hcrt/OxR1 levels.


TABLE 1    Sex-related effects of suvorexant treatment in physiological and molecular variables.
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Discussion

Dual Hcrt/Ox receptor antagonists produce increases in both slow-wave and REM sleep (Winrow et al., 2011; Gotter et al., 2014; Mahoney et al., 2020; Kaushik et al., 2021). Furthermore, a 7-day chronic blockade of Hcrt/Ox transmission with dual orexin receptor antagonists (DORAs) in wild type mice (Mahoney et al., 2020; Kaushik et al., 2021) produces REM sleep-related narcoleptic symptoms -such as cataplexy- after exposure to certain stimuli, as is observed in human NT1 (Schiappa et al., 2018). In our experiments in rats we administered two doses –10 and 30 mg/kg- of the drug daily, since it is known that in the rat a 30 mg/kg dose is sufficient to produce changes related to sleep and locomotor activity comparable with those induced with higher doses (Winrow et al., 2011).

To evaluate the effectiveness of the chronic treatment with suvorexant in our rats, we analyzed the changes in the body weight of the animals throughout the treatments. Regardless of the experimental group, a moderate but statistically significant decrease in body weight at the end of the treatments occurred. Nevertheless, only the control group presented and maintained a decrease throughout the whole experimental period, whereas the animals receiving suvorexant showed a recovery in their body weight at the end of the treatment. Furthermore, for the high-dose group the increase proved to be statistically significant when compared with the control group. In agreement with the increase in body-mass index observed in narcoleptic patients (Schuld et al., 2000; Dahmen et al., 2001; Kok et al., 2003), our results point to the effectiveness of suvorexant high-dose in mimicking some phenotypic traits of narcolepsy.

Concerning the molecular changes in the Hcrt/Ox system induced by suvorexant, another common feature between the results of the present experiments in rats and human NT1 is the significant decrease in CSF Hcrt1/OxA levels observed in the high-dose group by comparison with the control and the low-dose groups. The decrease in CSF Hcrt1/OxA levels constitutes a more specific biomarker of NT1 than any other such as hypersomnolence, or even cataplexy (American Academy of Sleep Medicine [AASM], 2014). Our results agree with those of Kaushik et al. (2021) reporting a decrease of Hcrt1/OxA levels in the whole brain tissue of mice after a similar suvorexant treatment. Although we have not evaluated cataplexy-like behavior and sleep pattern in our rats as it has been done in mice (Mahoney et al., 2020; Kaushik et al., 2021), it seems that the 30 mg/kg dose of suvorexant in the rat experimental model is able to reproduce a functional situation present in NT1 patients, despite the fact that the cells of the Hcrt/Ox system would be undamaged. We believe that from the cellular and molecular point of view, the decrease in CSF Hcrt1/OxA concentration observed in our pharmacological model after the systemic blockade of both Hcrt/Ox receptors strongly supports the existence of a positive feedback loop necessary for Hcrt/Ox peptide expression and/or release.

It is well known that in the posterior hypothalamus, besides the Hcrt/Ox cells, there is also a dense innervation of Hcrt/Ox axons (Peyron et al., 1998; Horvath et al., 1999; Van Den Pol et al., 2001). In fact, the Hcrt/Ox cells themselves are innervated by Hcrt/Ox fibers (Horvath et al., 1999; Yamanaka et al., 2010), therefore it has been proposed that the Hcrt/Ox cells can exert their own self-regulatory actions regardless of those that may be mediated by other intra- and extra-hypothalamic neurotransmission systems also afferent to Hcrt/Ox cells (Burt et al., 2011). Also, it has been suggested that this self-regulation could be performed by Hcrt/OxR1, whose presence in the perikarya of Hcrt/Ox cells was immunocytochemically demonstrated (Bäckberg et al., 2002). Furthermore, since canine familial narcolepsy is caused by a mutation in the gene encoding Hcrt/OxR2 (Lin et al., 1999), and narcoleptic dogs exhibited unaltered levels of Hcrt1/OxA in CSF (Ripley et al., 2001), the Hcrt/OxR2 seems not to play an important role in the synthesis and/or release of Hcrt/Ox. However, it has been suggested that the Hcrt/OxR2 could be involved in the depolarization of Hcrt/Ox neurons by Hcrt/Ox fibers in in vitro experiments (Yamanaka et al., 2010) although the presence of the Hcrt/OxR2 has not been reported in the Hcrt/Ox cells (Vassalli et al., 2015).

In our study, the control group of rats presented hypothalamic Hcrt/OxR1 levels significantly higher than those of Hcrt/OxR2, suggesting an important role for the former within this area. Kaushik et al. (2021) reported that in the whole brain tissue of mice, Hcrt/OxR1 mRNA levels did not change after chronic suvorexant treatment, but there was an initial decrease of Hcrt/OxR2 mRNA levels followed by an increase at the end of the treatment. To our knowledge, no plastic changes regarding the Hcrt/Ox receptors have been specifically evaluated in the hypothalamus so far. When analyzing the expression of the Hcrt/Ox receptors at the protein level, our study shows that specifically in the hypothalamus, the chronic treatment with the high dose of suvorexant produced a significant overexpression of Hcrt/OxR1 in parallel with the decrease in CSF Hcrt1/OxA, but no expression changes were observed regarding the Hcrt/OxR2. In concert with above reported Hcrt/Ox fibers in contact with Hcrt/Ox neurons (Horvath et al., 1999; Yamanaka et al., 2010), the expression of Hcrt/OxR1 within the Hcrt/Ox perikarya (Bäckberg et al., 2002) and the normal concentration of Hcrt1/OxA in CSF in narcoleptic dogs, our results provide a conclusive support for the role of Hcrt/OxR1 as an autoreceptor in the Hcrt/Ox system. Furthermore, the Hcrt/OxR1 sequence is highly conserved among mammals but absent in the genomes of species outside that group (Soya and Sakurai, 2020), and the Hcrt/OxR1 is selective for Hcrt1/OxA binding. On the contrary, the Hcrt/OxR2 sequence shows some variations and binds indistinctly Hcrt1/OxA and Hcrt2/OxB (Sakurai et al., 1998; Wang et al., 2018). This also indicates a strong evolutionary pressure for maintaining the signaling mediated by the binding of Hcrt1/OxA to Hcrt/OxR1 in order to preserve the proper Hcrt/Ox system operation in the phylogenetic group of mammals.

All of the above enables us to propose a model of self-regulation of the Hcrt/Ox system mediated by Hcrt/OxR1 within the hypothalamus (Figure 5). On the one hand the Hcrt/OxR1 would induce the expression of the gene encoding Hcrt/Ox peptide and/or Hcrt/Ox peptides release (Figure 5A), and on the other hand it would block its own expression (Figure 5B). According to this model, the blockade of the Hcrt/Ox signaling, and more specifically that mediated by Hcrt/OxR1, would produce a decrease in the CSF Hcrt1/OxA levels together with a compensatory increase in the expression of Hcrt/OxR1. This prediction agrees with the observations in our animals treated with the high dose of suvorexant.
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FIGURE 5
Self-regulatory model of the Hcrt/Ox system mediated by Hcrt/OxR1 within the hypothalamic Hcrt/Ox neurons. (A) Hcrt1/OxA binding to Hcrt/OxR1 in the Hcrt/Ox neurons would activate downstream signaling pathways that induce the expression of the HCRT gene and/or Hcrt/Ox peptides release (dashed arrows), thus establishing a positive feedback loop for Hcrt/Ox peptide synthesis/release. (B) On the other hand, Hcrt1/OxA binding to Hcrt/OxR1 would also activate signaling cascades that block the expression of the HCRTR1 gene (blunted-head dashed arrow) and/or induce the internalization of available Hcrt/OxR1 on the plasma membrane to intracellular vesicles (equilibrium arrow), thus establishing a negative feedback loop for the availability of Hcrt/OxR1. This self-regulating function of the receptor, which could also be present in other neuronal groups, would counteract the positive feedback loop for Hcrt/Ox peptide synthesis, generating a homeostatic balance between them. TF, transcription factor.


With regard to Hcrt/OxR2, the two different but very close bands observed in the western blot membrane could correspond to the two previously described isoforms of the Hcrt/OxR2 in the mouse (Chen and Randeva, 2004), both expressed in the hypothalamic tissue (Chen et al., 2006), that may be also present in the rat. The upper band would correspond to the largest splice variant (460aa), while the lower band would correspond to the smallest one (443aa). No significant changes were found for the two bands when comparing the group treated with the high dose of suvorexant and the control group. For the low-dose group an increase in the levels of both Hcrt/OxR2 bands was observed, which in fact was statistically significant for the upper band when compared to the high-dose group. Distinct effects for high and low antagonist doses have also been described in other neurotransmission systems with the mediation of GABAergic neurons (Dos Santos Dantas et al., 2006; Hiyoshi et al., 2014). Since the GABAergic neurons of various hypothalamic nuclei have been reported to be activated by hypocretins (Burdakov et al., 2003; Eriksson et al., 2004), more complex signaling pathways, probably involving GABAergic neurons, must participate in the regulation of hypothalamic Hcrt/OxR2 expression.

In relation with male/female effects produced by the treatment with suvorexant, the trend was the same for both sexes. However, the interaction of treatment and sex factors resulted significant for the levels of Hcrt/OxR1, thus indicating that female rats had a potentiation in the response. Nevertheless, no sex-related significant differences occurred for the decrease of Hcrt1/OxA levels in CSF or for the plastic changes regarding Hcrt/OxR2. The increment of body weight by the end of the treatment -although near- did not show sex significant values either. Previous studies have indicated higher expression levels of both Hcrt/Ox peptides and their receptors in female compared to male rats (Taheri et al., 1999; Jöhren et al., 2001, 2002), which vary throughout the estrous cycle (Silveyra et al., 2007). Furthermore, a higher activation of Hcrt/Ox neurons in females has been described (Grafe et al., 2017). This increased Hcrt/Ox activity in female rats, which positively correlates with estrogen plasma levels (Grafe and Bhanagar, 2020), would explain a greater severity of its blockade compared to males in our experiments. Although, in fact, the mechanisms underlying sex differences with respect to the Hcrt/Ox system remain poorly understood. The study of sex differences in relation with the Hcrt/Ox system deserves especial attention not only for their molecular and cellular characteristics, but also for the knowledge of their physiological and behavioral effects.

In conclusion, this study shows that the chronic systemic blockade of Hcrt/Ox receptors with a 30 mg/kg dose of suvorexant in rats generates a pharmacological model that shares some important features of human NT1. These include a significant increase in body weight at the end of the treatment, and a significant decrease in CSF Hcrt1/OxA levels likely due to the blockade of Hcrt/OxR1. Our results give a conclusive support to the role of the Hcrt/OxR1 as an autoreceptor suggested previously by other authors. Our findings are key to get insight into adaptation mechanisms of Hcrt/Ox neurons during progressive degeneration in narcolepsy. The Hcrt/OxR1 would regulate Hcrt/Ox peptide circulating levels, as well as its own receptor expression, as a homeostatic self-regulatory mechanism of the Hcrt/Ox system. None of the two possible isoforms of Hcrt/OxR2 seems to have an important function in hypothalamic self-regulatory Hcrt/Ox mechanisms. However, the Hcrt/OxR2 could be responsible for important actions in the Hcrt/Ox system at the level of their target cells in central nervous regions related to the mechanisms of the sleep-wake cycle (Lin et al., 1999; Ripley et al., 2001; Willie et al., 2003; Irukayama-Tomobe et al., 2017; Yukitake et al., 2019). Nonetheless, the Hcrt/OxR1 in its role as autoreceptor inducing the synthesis and/or release of the Hcrt/Ox peptides would have a pivotal role not only in sleep mechanisms, but also in all the physiological functions mediated by the Hcrt/Ox system.

Finally, we believe that the experiments with chronic systemic administration of suvorexant in rats lead to a pharmacological model, in which the Hcrt/Ox cells would remain undamaged, that mimics several traits of narcolepsy. We think that this would be a good experimental model for the study of the cellular and molecular neurobiological bases of the wide range of Hcrt/Ox system functions in wild-type animals; and especially for the experimental study of narcoleptic traits and REM sleep mechanisms using cats and rats, the species where knowledge of sleep mechanisms have been accumulated for years (Reinoso-Suárez et al., 2001; Moreno-Balandrán et al., 2008; Sánchez-López et al., 2018; Carrera-Cañas et al., 2019).



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Comité de Ética de la Investigación, Universidad Autónoma de Madrid.



Author contributions

CC-C, IA, and MG: conceptualization, and writing – original draft preparation and review and editing. CC-C and MC: methodology. CC-C, IA, MC, and MG: validation and investigation. CC-C and IA: formal analysis. All authors have read and agreed to the published version of the manuscript.



Funding

This research was funded by the Federación Española de Enfermedades Raras (FEDER FI9058) and Eugenio Rodríguez Pascual Foundation (FERP2021). The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.



Acknowledgments

We acknowledge the technical advice and support obtained from J. Arredondo and I. Sánchez-Pérez from Department of Biochemistry, UAM. CC-C is recipient of a predoctoral fellowship from Tatiana PGB Foundation.



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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2022.1013182/full#supplementary-material



References

American Academy of Sleep Medicine [AASM] (2014). International classification of sleep disorders, 3rd Edn. Darien, IL: AASM.

Bäckberg, M., Hervieu, G., Wilson, S., and Meister, B. (2002). Orexin receptor-1 (OX-R1) immunoreactivity in chemically identified neurons of the hypothalamus: Focus on orexin targets involved in control of food and water intake. Eur. J. Neurosci. 15, 315–318. doi: 10.1046/j.0953-816x.2001.01859.x

Bassetti, C. L. A., Adamantidis, A., Burdakov, D., Han, F., Gay, S., Kallweit, U., et al. (2019). Narcolepsy-clinical spectrum, aetiopathophysiology, diagnosis and treatment. Nat. Rev. Neurol. 15, 519–539. doi: 10.1038/s41582-019-0226-9

Burdakov, D., Liss, B., and Ashcroft, F. M. (2003). Orexin excites GABAergic neurons of the arcuate nucleus by activating the sodium—calcium exchanger. J. Neurosci. 23, 4951–4957. doi: 10.1523/JNEUROSCI.23-12-04951.2003

Burt, J., Alberto, C. O., Parsons, M. P., and Hirasawa, M. (2011). Local network regulation of orexin neurons in the lateral hypothalamus. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301, R572–R580. doi: 10.1152/ajpregu.00674.2010

Carrera-Cañas, C., Garzón, M., and De Andrés, I. (2019). The transition between slow-wave sleep and REM sleep constitutes an independent sleep stage organized by cholinergic mechanisms in the rostrodorsal pontine tegmentum. Front. Neurosci. 13:748. doi: 10.3389/fnins.2019.00748

Chen, J., and Randeva, H. S. (2004). Genomic organization of mouse orexin receptors: Characterization of two novel tissue-specific splice variants. Mol. Endocrinol. 18, 2790–2804. doi: 10.1210/me.2004-0167

Chen, J., Karteris, E., Collins, D., and Randeva, H. S. (2006). Differential expression of mouse orexin receptor type-2 (OX2R) variants in the mouse brain. Brain Res. 1103, 20–24. doi: 10.1016/j.brainres.2006.05.054

Chen, L., Brown, R., McKenna, J., and McCarley, R. (2009). Animal models of narcolepsy. CNS Neurol. Disord. Drug Targets 8, 296–308. doi: 10.2174/187152709788921717

Dahmen, N., Bierbrauer, J., and Kasten, M. (2001). Increased prevalence of obesity in narcoleptic patients and relatives. Eur. Arch. Psychiatry Clin. Neurosci. 251, 85–89. doi: 10.1007/s004060170057

De Lecea, L., Kilduff, T. S., Peyron, C., Gao, X., Foye, P. E., Danielson, P. E., et al. (1998). The hypocretins: Hypothalamus-specific peptides with neuroexcitatory activity. Neurobiology 95, 322–327. doi: 10.1073/pnas.95.1.322

Diniz-Behn, C. G., Klerman, E. B., Mochizuki, T., Shih-Chieh, L., and Scammell, T. E. (2010). Abnormal sleep/wake dynamics in orexin knockout mice. Sleep 33, 297–306. doi: 10.1093/sleep/33.3.297

Dos Santos Dantas, A., Luft, T., Henriques, J. A. P., Schwartsmann, G., and Roesler, R. (2006). Opposite effects of low and high doses of the gastrin-releasing peptide receptor antagonist RC-3095 on memory consolidation in the hippocampus: Possible involvement of the GABAergic system. Peptides 27, 2307–2312. doi: 10.1016/j.peptides.2006.03.021

Emamzadeh, F. N., and Surguchov, A. (2018). Parkinson’s disease: Biomarkers, treatment, and risk factors. Front. Neurosci. 12:612. doi: 10.3389/fnins.2018.00612

Eriksson, K. S., Sergeeva, O. A., Selbach, O., and Haas, H. L. (2004). Orexin (hypocretin)/dynorphin neurons control GABAergic inputs to tuberomammillary neurons. Eur. J. Neurosci. 19, 1278–1284. doi: 10.1111/j.1460-9568.2004.03243.x

España, R. A., Baldo, B. A., Kelley, A. E., and Berridge, C. W. (2001). Wake-promoting and sleep-suppressing actions of hypocretin (orexin): Basal forebrain sites of action. Neuroscience 106, 699–715.

García-García, B., Reinoso-Suárez, F., and Rodrigo-Angulo, M. L. (2013). Hypothalamic hypocretinergic/orexinergic neurons projecting to the oral pontine rapid eye movement sleep inducing site in the cat. Anat. Rec. (Hoboken) 296, 815–821. doi: 10.1002/ar.22690

Gotter, A. L., Garson, S. L., Stevens, J., Munden, R. L., Fox, S., Tannenbaum, P. L., et al. (2014). Differential sleep-promoting effects of dual orexin receptor antagonists and GABAA receptor modulators. BMC Neurosci. 15:109. doi: 10.1186/1471-2202-15-109

Grafe, L. A., and Bhanagar, S. (2020). The contribution of orexins to sex differences in the stress response. Brain Res. 1731:145893. doi: 10.1016/j.brainres.2018.07.026

Grafe, L. A., Cornfeld, A., Luz, S., Valentino, R., and Bhatnagar, S. (2017). Orexins mediate sex differences in the stress response and in cognitive flexibility. Biol. Psychiatry 81, 683–692. doi: 10.1016/j.biopsych.2016.10.013

Hansen, M. H., Kornum, B. R., and Jennum, P. (2017). Sleep–wake stability in narcolepsy patients with normal, low and unmeasurable hypocretin levels. Sleep Med. 34, 1–6. doi: 10.1016/j.sleep.2017.01.021

Hiyoshi, T., Kambe, D., Karasawa, J., and Chaki, S. (2014). Differential effects of NMDA receptor antagonists at lower and higher doses on basal gamma band oscillation power in rat cortical electroencephalograms. Neuropharmacology 85, 1–15. doi: 10.1016/j.neuropharm.2014.05.037

Horvath, T. L., Diano, S., and Van Den Pol, A. N. (1999). Synaptic interaction between hypocretin (Orexin) and neuropeptide Y cells in the rodent and primate hypothalamus: A novel circuit implicated in metabolic and endocrine regulations. J. Neurosci. 19, 1072–1087. doi: 10.1523/JNEUROSCI.19-03-01072.1999

Irukayama-Tomobe, Y., Ogawa, Y., Tominaga, H., Ishikawa, Y., Hosokawa, N., Ambai, S., et al. (2017). Nonpeptide orexin type-2 receptor agonist ameliorates narcolepsy-cataplexy symptoms in mouse models. Proc. Natl. Acad. Sci. U.S.A. 114, 5731–5736. doi: 10.1073/pnas.1700499114

Jöhren, O., Neidert, S. J., Kummer, M., and Dominiak, P. (2002). Sexually dimorphic expression of prepro-orexin mRNA in the rat hypothalamus. Peptides 23, 1177–1180. doi: 10.1016/s0196-9781(02)00052-9

Jöhren, O., Neidert, S. J., Kummer, M., Dendorfer, A., and Dominiak, P. (2001). Prepro-orexin and orexin receptor mRNAs are differentially expressed in peripheral tissues of male and female rats. Endocrinology 142, 3324–3331. doi: 10.1210/endo.142.8.8299

Kantor, S., Mochizuki, T., Janisiewicz, A. M., Clark, E., Nishino, S., and Scammell, T. E. (2009). Orexin neurons are necessary for the circadian control of REM sleep. Sleep 32, 1127–1134. doi: 10.1093/sleep/32.9.1127

Kaushik, M. K., Aritake, K., Cherasse, Y., Imanishi, A., Kanbayashi, T., Urade, Y., et al. (2021). Induction of narcolepsy-like symptoms by orexin receptor antagonists in mice. Sleep 44, 1–15. doi: 10.1093/sleep/zsab043

Kok, S. W., Overeem, S., Visscher, T. L. S., Lammers, G. J., Seidell, J. C., Pijl, H., et al. (2003). Hypocretin deficiency in narcoleptic humans is associated with abdominal obesity. Obes. Res. 11, 1147–1154. doi: 10.1038/oby.2003.156

Kukkonen, J. P., Holmqvist, T., Ammoun, S., and Åkerman, K. E. O. (2002). Functions of the orexinergic/hypocretinergic system. Am. J. Physiol. Cell Physiol. 283, 1567–1591. doi: 10.1152/ajpcell.00055.2002

Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., et al. (1999). The sleep disorder canine narcolepsy is caused by a mutation in the hypocretin (Orexin) receptor 2 gene. Cell 98, 365–376. doi: 10.1016/S0092-8674(00)81965-0

Mahoney, C. E., Mochizuki, T., and Scammell, T. E. (2020). Dual orexin receptor antagonists increase sleep and cataplexy in wild type mice. Sleep 43:zsz302. doi: 10.1093/sleep/zsz302

Mignot, E., Lammers, G. J., Ripley, B., Okun, M., Nevsimalova, S., Overeem, S., et al. (2002). The role of cerebrospinal fluid hypocretin measurement in the diagnosis of narcolepsy and other hypersomnias. Arch. Neurol. 59, 1553–1562. doi: 10.1001/archneur.59.10.1553

Mochizuki, T., Crocker, A., McCormack, S., Yanagisawa, M., Sakurai, T., and Scammell, T. E. (2004). Behavioral state instability in orexin knock-out mice. J. Neurosci. 24, 6291–6300. doi: 10.1523/JNEUROSCI.0586-04.2004

Moreno-Balandrán, E., Garzón, M., Bódalo, C., Reinoso-Suárez, F., and De Andrés, I. (2008). Sleep-wakefulness effects after microinjections of hypocretin 1 (orexin A) in cholinoceptive areas of the cat oral pontine tegmentum. Eur. J. Neurosci. 28, 331–341. doi: 10.1111/j.1460-9568.2008.06334.x

Nishino, S., Ripley, B., Overeem, S., Lammers, G. J., and Mignot, E. (2000). Hypocretin (orexin) deficiency in human narcolepsy. Lancet 355, 39–40. doi: 10.1016/S0140-6736(99)05582-8

Nuñez, A., Moreno-Balandrán, M. E., Rodrigo-Angulo, M. L., Garzón, M., and De Andrés, I. (2006). Relationship between the perifornical hypothalamic area and oral pontine reticular nucleus in the rat. Possible implication of the hypocretinergic projection in the control of rapid eye movement sleep. Eur. J. Neurosci. 24, 2834–2842. doi: 10.1111/j.1460-9568.2006.05159.x4

Peyron, C., Faraco, J., Rogers, W., Ripley, B., Overeem, S., Charnay, Y., et al. (2000). A mutation in a case of early onset narcolepsy and a generalized absence of hypocretin peptides in human narcoleptic brains. Nat. Med. 6, 991–997. doi: 10.1038/79690

Peyron, C., Tighe, D. K., Van Den Pol, A. N., De Lecea, L., Heller, H. C., Sutcliffe, J. G., et al. (1998). Neurons containing hypocretin (Orexin) project to multiple neuronal systems. J. Neurosci. 18, 9996–10015.

Plazzi, G., Moghadam, K. K., Maggi, L. S., Donadio, V., Vetrugno, R., Liguori, R., et al. (2011). Autonomic disturbances in narcolepsy. Sleep Med. Rev. 15, 187–196. doi: 10.1016/j.smrv.2010.05.002

Reinoso-Suárez, F., De Andrés, I., Rodrigo-Angulo, M. L., and Garzón, M. (2001). Brain structures and mechanisms involved in the generation of REM sleep. Sleep Med. Rev. 5, 63–77. doi: 10.1093/sleep/32.11.1491

Ripley, B., Fujiki, N., Okura, M., Mignot, E., and Nishino, S. (2001). Hypocretin levels in sporadic and familial cases of canine narcolepsy. Neurobiol. Dis. 8, 525–534. doi: 10.1006/nbdi.2001.0389

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, I., Chemelli, R. M., Tanaka, H., et al. (1998). Orexins and orexin receptors: A family of hypothalamic neuropeptides and g protein-coupled receptors that regulate feeding behavior. Cell 92, 573–585. doi: 10.1016/S0092-8674(00)80949-6

Sánchez-López, A., Silva-Pérez, M., and Escudero, M. (2018). Temporal dynamics of the transition period between nonrapid eye movement and rapid eye movement sleep in the rat. Sleep 41, 1–9. doi: 10.1093/sleep/zsy121

Schiappa, C., Scarpelli, S., D’Atri, A., Gorgoni, M., and De Gennaro, L. (2018). Narcolepsy and emotional experience: A review of the literature. Behav. Brain Funct. 14:1. doi: 10.1186/s12993-018-0151-x

Schuld, A., Hebebrand, J., Geller, F., and Pollmächer, T. (2000). Increased body-mass index in patients with narcolepsy. Lancet 355, 1274–1275. doi: 10.1016/S0140-6736(05)74704-8

Silveyra, P., Catalano, P. N., Lux-Lantos, V., and Libertun, C. (2007). Impact of proestrous milieu on expression of orexin receptors and prepro-orexin in rat hypothalamus and hypophysis: Actions of Cetrorelix and Nembutal. Am. J. Physiol. Endocrinol. Metab. 292, E820–E828. doi: 10.1152/ajpendo.00467.2006

Simmons, S. J., Martorana, R., Philogene-Khalid, H., Tran, F. H., Gentile, T. A., Xu, X., et al. (2017). Role of hypocretin/orexin receptor blockade on drug-taking and ultrasonic vocalizations (USVs) associated with low-effort self-administration of cathinone-derived 3,4-methylenedioxypyrovalerone (MDPV) in rats. Psychopharmacology 234, 3207–3215. doi: 10.1007/s00213-017-4709-3

Soya, S., and Sakurai, T. (2020). Evolution of orexin neuropeptide system: Structure and function. Front. Neurosci. 14:691. doi: 10.3389/fnins.2020.00691

Taheri, S., Mahmoodi, M., Opacka-Juffry, J., Ghatei, M. A., and Bloom, S. R. (1999). Distribution and quantification of immunoreactive orexin A in rat tissues. FEBS Lett. 457, 157–161. doi: 10.1016/s0014-5793(99)01030-3

Thannickal, T. C., Moore, R. Y., Nienhuis, R., Ramanathan, L., Gulyani, S., Aldrich, M., et al. (2000). Reduced number of hypocretin neurons in human narcolepsy. Neuron 27, 469–474. doi: 10.1016/S0896-6273(00)00058-1

Van Den Pol, A. N., Patrylo, P. R., Ghosh, P. K., and Gao, X. B. (2001). Lateral hypothalamus: Early developmental expression and response to hypocretin (orexin). J. Comp. Neurol. 433, 349–363. doi: 10.1002/cne.1144

Vassalli, A., Li, S., and Tafti, M. (2015). Comment on “Antibodies to influenza nucleoprotein cross-react with human hypocretin receptor 2”. Sci. Transl. Med. 7:314le2. doi: 10.1126/scitranslmed.aad2353

Wang, C., Wang, Q., Ji, B., Pan, Y., Xu, C., Cheng, B., et al. (2018). The orexin/receptor system: Molecular mechanism and therapeutic potential for neurological diseases. Front. Mol. Neurosci. 11:220. doi: 10.3389/fnmol.2018.00220

Willie, J. T., Chemelli, R. M., Sinton, C. M., Tokita, S., Williams, S. C., Kisanuki, Y. Y., et al. (2003). Distinct narcolepsy syndromes in orexin receptor-2 and orexin null mice. Neuron 38, 715–730. doi: 10.1016/S0896-6273(03)00330-1

Winrow, C. J., Gotter, A. L., Cox, C. D., Doran, S. M., Tannenbaum, P. L., Breslin, M. J., et al. (2011). Promotion of sleep by suvorexant—a novel dual orexin receptor antagonist. J. Neurogenet. 25, 52–61. doi: 10.3109/01677063.2011.566953

Yamanaka, A., Tabuchi, S., Tsunematsu, T., Fukazawa, Y., and Tominaga, M. (2010). Orexin directly excites orexin neurons through orexin 2 receptor. J. Neurosci. 30, 12642–12652. doi: 10.1523/JNEUROSCI.2120-10.2010

Yukitake, H., Fujimoto, T., Ishikawa, T., Suzuki, A., Shimizu, Y., Rikimaru, K., et al. (2019). TAK-925, an orexin 2 receptor-selective agonist, shows robust wake-promoting effects in mice. Pharmacol. Biochem. Behav. 187:172794. doi: 10.1016/j.pbb.2019.172794



OPS/images/fnmol-15-1013182-g003.jpg
Hert/OxR2 S w—
Cofilin —— - |

A

=

o
1

[a]

® male
® female

o
O
1

o
(0 0]
1

o o o
(9] (o)) ~
1 1 1

Hcrt/OxR2 upper band levels (a.u.)
=

O
w
1

control (DMSO) suvorexant 10mg/kg suvorexant 30mg/kg

=
o
1

O
O
1

O
(0]
1

o
~N
1

o~
o
1

® male

® female
aQ

o

[ S—

O
()
1

Hcrt/OxR2 lower band levels (a.u.)
-

control (DMSO) suvorexant 10mg/kg suvorexant 30mg/kg
Group





OPS/images/fnmol-15-1013182-g002.jpg
3500 - ’

3000 -

2500 -

2000 -

1500 -

Hcrt1l/OxA levels (pg/mL)

1000 -

male
female -C-

500

control (DMSO) suvorexant 10mg/kg suvorexant 30mag/kg
Group





OPS/images/fnmol-15-1013182-g005.jpg
Hcrt/OxR1 @ Hcert1/OxA

Hcrt/OxR2 @ Hcrt2/0OxB

i
F

/% I//——H HCRTR1]






OPS/images/fnmol-15-1013182-g004.jpg
Hcrt/OxR1 Q

COfiin

—
l
. | .

1.0 °

0.9 -1
>
©
il - L 9
n
& o
Q
—~ 0.7 1
oC
X
O
£
O 0.6 1
-

0.5

® male
= . ® female
control (DMSO) suvorexant 10mg/kg suvorexant 30mg/kg

Group





OPS/images/fnmol-15-1013182-g001.jpg
Relative body weight variation (%)

A5

2.5

1,5

0,5

—*

Oto4

4to7 71to0 10

Day intervals

O Control
(DMSO)

B Suvorexant
10mg/kg

B Suvorexant
30mg/kg





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Plasticity of the hypocretinergic/orexinergic system after a chronic treatment with suvorexant in rats. Role of the hypocretinergic/orexinergic receptor 1 as an autoreceptor



		Introduction



		Materials and methods



		Subjects and surgery



		Cerebrospinal fluid and posterior hypothalamic tissue sample collections



		Cerebrospinal fluid determination of Hcrt1/OxA levels



		Protein expression of hypocretin/orexin receptors in the posterior hypothalamus



		Statistical analysis









		Results



		Body weight changes associated with treatments



		Molecular changes in the hypocretinergic/orexinergic system induced by suvorexant



		Cerebrospinal fluid Hcrt1/OxA levels



		Protein expression levels of the hypocretin/orexin receptors in the posterior hypothalamus















		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnmol-15-1013182-t001.jpg
Variable

Body weight (days 7-10)

CSF Hcrt1/OxA levels

Hypothalamic Hert/OxR1 levels
Hypothalamic levels of Hert/OxR2 upper band
Hypothalamic levels of Hert/OxR2 lower band

Treatment factor

F(1.15) = 8.200
F115) = 7.721
F(1,13) = 7.760
F(1.15) = 0.334
F(1,15) = 2.040

P <0025
<0025
P <0025
p>025
p=<025

Sex factor

F(115) = 4.648
F(1,15) = 0.232
F(1,13) = 0316
F(1.15) = 0.531
F(1,15) = 0.028

p<0.10
p>025
p>025
p>025
p>025

Interaction treatment x Sex

F(1.15) = 0.060
F(1,15) = 0.960
F(1,13) = 6.356
Fi115) = 2.293
F(1,15) = 0.064

Two-way ANOVAs comparing changes between the control and the high-dose of suvorexant groups for the different physiological and molecular variables.

p>025
p>025
<0025
p=<025
p>025





OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Plasticity of the
hypocretinergic/orexinergic
system after a chronic treatment
with suvorexant in rats. Role of
the hypocretinergic/orexinergic
receptor 1 as an autoreceptor












OPS/images/logo.jpg
’ frontiers | Frontiers in Molecular Neuroscience







