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New pharmacological approaches that target orexin receptors (OXRs) are being developed to treat sleep disorders such as insomnia and narcolepsy, with fewer side effects than existing treatments. Orexins are neuropeptides that exert excitatory effects on postsynaptic neurons via the OXRs, and are important in regulating sleep/wake states. To date, there are three FDA-approved dual orexin receptor antagonists for the treatment of insomnia, and several small molecule oral OX2R (OXR type 2) agonists are in the pipeline for addressing the orexin deficiency in narcolepsy. To find new hypnotics and psychostimulants, rodents have been the model of choice, but they are costly and have substantially different sleep patterns to humans. As an alternative model, zebrafish larvae that like humans are diurnal and show peak daytime activity and rest at night offer several potential advantages including the ability for high throughput screening. To pharmacologically validate the use of a zebrafish model in the discovery of new compounds, we aimed in this study to evaluate the functionality of a set of known small molecule OX2R agonists and antagonists on human and zebrafish OXRs and to probe their effects on the behavior of zebrafish larvae. To this end, we developed an in vitro IP-One Homogeneous Time Resolved Fluorescence (HTRF) immunoassay, and in vivo locomotor assays that record the locomotor activity of zebrafish larvae under physiological light conditions as well as under dark-light triggers. We demonstrate that the functional IP-One test is a good predictor of biological activity in vivo. Moreover, the behavioral data show that a high-throughput assay that records the locomotor activity of zebrafish throughout the evening, night and morning is able to distinguish between OXR agonists and antagonists active on the zebrafish OXR. Conversely, a locomotor assay with alternating 30 min dark-light transitions throughout the day is not able to distinguish between the two sets of compounds, indicating the importance of circadian rhythm to their pharmacological activity. Overall, the results show that a functional IP-one test in combination with a behavioral assay using zebrafish is well-suited as a discovery platform to find novel compounds that target OXRs for the treatment of sleep disorders.
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1 INTRODUCTION
Sleep is a complex process, regulated by circadian and homeostatic processes, and influenced by genetic and environmental factors (Ahmad et al., 2021). Sleep disorders, including apneas, insomnia, narcolepsy, parasomnias, and circadian rhythm disorders, are prevalent and can seriously affect patients’ quality of life (Ramar and Olson, 2013; Ahmad et al., 2021). Common treatment options for insomnia include hypnotics like benzodiazepines, while in the case of narcolepsy sedatives like sodium oxybate, that improve nighttime sleep or amphetamine-like psychostimulants that improve daytime wakefulness are typically used. However, these therapeutics are associated with major side effects and therefore new pharmacological avenues are being pursued to develop novel compounds that combine efficacy and safety (Nishimura et al., 2015).
A new approach to treat sleep disorders exploits the orexin receptors (Sun et al., 2021). Orexins (or hypocretins) are neuropeptides produced by orexin neurons in the lateral hypothalamus with excitatory effects on postsynaptic neurons via the orexin receptors (OXR) (Mahoney et al., 2019; Li and de Lecea, 2020). Orexin A (OXA) activates the orexin or hypocretin receptor type 1 (OX1R/HcrtR1) and type 2 (OX2R/HcrtR2) with roughly equal potency, whereas Orexin B (OXB) has about 10x higher potency for OX2R over OX1R (Barateau and Dauvilliers, 2019). Orexin neurons are distributed within the lateral hypothalamus and are also found throughout the brain and spinal cord (Mieda, 2017). The extensive range of their connections indicates that the orexin neurons act as integrators of a large variety of neuronal signals (Mahoney et al., 2019). Orexins are important in regulating sleep/wake states, likely by stimulating awake-active monoaminergic neurons. In addition, the orexin system also transmits to other brain functions, including energy homeostasis, reward processing, emotion and arousal (Mieda, 2017). Significantly, the loss of orexin-producing neurons has been associated with narcolepsy, a sleep disorder characterized by excessive daytime sleepiness and cataplexy. For example, narcolepsy phenotypes were observed in prepro-orexin knockout (KO) mice, in dogs with mutations in the gene encoding OX2R, and low levels of orexins were detected in the cerebrospinal fluid (CSF) of narcolepsy patients (Chemelli et al., 1999; Lin et al., 1999; Nishino et al., 2000; Adamantidis et al., 2020). It has been suggested that autoimmunity underlies the pathogenesis of this disease (Dye et al., 2018).
To date, there are three FDA-approved dual orexin receptor antagonists (DORAs) for the treatment of insomnia, i.e. suvorexant (Merck), lemborexant (Eisai) and daridorexant (Idorsia) (Bennett et al., 2014; Mezeiova et al., 2020; Kaushik et al., 2021). Conversely, agonizing the orexin receptors could be a treatment option for addressing the orexin deficiency in narcolepsy (Barker et al., 2020) and several small molecule oral OX2R agonists are currently in the pipeline (Bassetti et al., 2019; Zeitzer, 2021). Most notably TAK-925 (danavorexton) has shown promise in both preclinical and clinical studies (Sun et al., 2021).
Rodents are currently the model of choice to develop new hypnotics and psychostimulants. However, screening large numbers of compounds using mammalian models has several drawbacks, including high costs, low-throughput testing, and ethical considerations (Bruni et al., 2014; Nishimura et al., 2015). In addition, when preclinical models are used to study sleep disorders, typical animal-related sleep duration and patterns are of concern (Levitas-Djerbi and Appelbaum, 2017). Rodents are nocturnal, meaning that their sleep pattern is polyphasic and their main sleep phase is during the day, while in humans, the circadian distribution of sleep tends to be consolidated and monophasic, with the main sleep phase occurring at night (Zhdanova, 2006; Toth and Bhargava, 2013; Tisdale et al., 2021). In addition, humans go through 4-6 cycles of non-rapid eye movement (NREM) and REM sleep at night, while in rodents, NREM and REM sleep cycles are much shorter and occur periodically throughout the day. Besides, sleep in rodents is highly fragmented, even under normal conditions (Toth and Bhargava, 2013).
Given these limitations, the use of zebrafish larvae offers an interesting alternative (Nishimura et al., 2015; Elbaz et al., 2017). Zebrafish are small vertebrates that can be used for high-throughput screenings in the context of drug discovery and development, thereby reducing costs and the need for mammals (Nishimura et al., 2015; Miyawaki, 2020). They possess similar brain structures as other vertebrates including the neurochemical pathways necessary for generating and maintaining sleep (Zhdanova, 2006; Leung et al., 2019). For instance, the sleep behavior of zebrafish, which is characterized primarily by periods of reversible immobility with an increased arousal threshold, has been studied in several behavioral assays to assess differences in sleep-wake states after pharmacological or genetic interventions, and to study the mechanisms of sleep (Bruni et al., 2014; Nishimura et al., 2015; Leung et al., 2019). In addition, zebrafish, like humans, are diurnal and show peak daytime activity and rest at night (Elbaz et al., 2013; Nishimura et al., 2015). Finally, adult and larval zebrafish show sleep recovery in response to sleep deprivation and respond to different types of hypnotics (Zhdanova, 2006; Leung et al., 2019). As a result, zebrafish are gaining popularity as a non-mammalian vertebrate model to study sleep-related processes and sleep disorders (Zhdanova, 2006; Levitas-Djerbi and Appelbaum, 2017).
The orexin neuronal network has been studied in zebrafish, mainly because of its association with narcolepsy (Elbaz et al., 2013). The zebrafish orexin network contains only 16–60 neurons (about 100-times less compared to mammals), which are located in the hypothalamus, and extensively innervate the brain and spinal cord (Prober et al., 2006; Elbaz et al., 2017). As with mammals, zebrafish’s orexin network is involved in the regulation of several fundamental behaviors, such as feeding, sleep and wakefulness (Prober et al., 2006; Elbaz et al., 2017). For example, in the study by Prober and others, overexpression of orexin in zebrafish larvae increased arousal and decreased the ability to initiate and maintain a sleep-like state, similar to insomnia in humans (Prober et al., 2006). Similar to mammals, the zebrafish orexin gene consists of two exons, encoding two orexin neuropeptides (OXA/B) (Prober et al., 2006; Elbaz et al., 2017). Only one orexin receptor has been identified in zebrafish, which is more closely related to the mammalian OX2R (70%) than OX1R (60%). Interestingly, the binding pocket is highly conserved, with only three semiconserved mutations between the zebrafish and mammalian OX2R (Figure 8) (Prober et al., 2006; Isberg et al., 2015; Elbaz et al., 2017). Overall, the simplicity of the zebrafish orexin system makes this vertebrate an interesting model to investigate the different functions of the orexins’ neuronal network (Elbaz et al., 2017).
The present study aimed to evaluate functionality of small molecule OX2R agonists and antagonists on human and zebrafish OXRs and probe their effect on the behavior of zebrafish larvae. To this end, we have developed an in vitro IP-One HTRF (Homogeneous Time Resolved Fluorescence) immunoassay, and an in vivo locomotor activity assay that records the locomotor activity of zebrafish larvae during the evening, night and morning.
2 MATERIALS AND METHODS
2.1 Compounds
Suvorexant (Bio-Connect, Netherlands), TCS-1102 (Tocris Bioscience, United Kingdom), EMPA (Tocris Bioscience, United Kingdom), SB-674042 (Sigma-Aldrich, Germany), TAK-925 (Enamine Ltd, Ukraine), C15454 (WO 2019/027058, example 484, DSK InnoSciences, India), and C19069 (DSK InnoSciences, India) were obtained as dry powder and dissolved in 100% dimethyl sulfoxide (DMSO, spectroscopy grade, Acros Organics, Belgium) as 100-fold concentrated stocks (stored at −20°C). For zebrafish experiments, the compound stock solutions were diluted in embryo medium to a final concentration of 1% DMSO. Control groups were treated with vehicle (VHC, 1% DMSO in embryo medium).
2.2 Cell culture and transfection
CHO cells stably overexpressing full length human wild type-OX2R (Uniprot ID O43614) carrying an N-terminal Flag tag were maintained in DMEM/F12 with 5% heat inactivated fetal bovine serum, 0.8 mM l-glutamine and 0.5 mg/ml Geneticin. F293 suspension cells were transiently transfected with a full-length zebrafish OX2R (Uniprot ID A7KBS6) construct carrying an N-terminal Flag tag in pCDNA3.1(+) or a full length human OX2R construct carrying an N-terminal Flag tag and mutations T111S, I130L and V353I in pCDNA3.1 (+).
F293 suspension cells were maintained in Freestyle medium. Cells were seeded 24 h before transfection at a density of 0.6 million cells/ml. The day of the transfection, 1 µg DNA per million cells was transfected using X-tremeGene HP (Roche, Switzerland) according to the manufacturer’s instructions. Cells were harvested after 24 h (at 37°C, relative humidity of 95% and 5% CO2), frozen (10 million cells/ml) and stored at −80°C.
2.3 IP-one HTRF assay
IP-One assays were conducted by using a homogeneous time-resolved fluorescence resonance energy transfer (TR-FRET) immunoassay (Perkin Elmer, IP-One Gq kit, cat #62IPAPEC) according to the manufacturer’s instructions. The kit is based on a competitive format involving a specific antibody labeled with cryptate (donor) and IP1 coupled to d2 (acceptor).
The assay was performed in 24 µl final volume. Frozen cells were thawed and washed in HBSS (W/O Mg and Ca; Cat# 14175095, Gibco) with 20 mM HEPES (Cat# 15630056, Gibco) at pH 7.4. After a centrifugation (5 min at 200 g, RT), cells were resuspended in the assay buffer (Stimulation buffer 1x from the kit) containing LiCl (causing IP1 accumulation upon receptor activation). Cells were seeded in 96 well half area white plates (Cat# 675075, Greiner), between 20 000–25 000 cells/well (depending on the expression level). Plates were covered and stabilized for 45 min at 37°C. In agonist mode, 6 µl of assay buffer was added, the plates were covered and incubated for 30 min at 37°C. Then 6 µl of compound 4x concentrated in stimulation buffer 1X was added, the plates were covered and incubated for 60 min at 37°C. In antagonist mode, 6 µl of compound 4x concentrated in stimulation buffer 1X was added, the plates were covered and incubated for 30 min at 37°C. Then, 6 µl of reference agonist C14917 (WO 2016/199906, example 133) 4x concentrated in stimulation buffer 1X was added, the plates were covered and incubated for 120 min at 37°C.
The d2-conjugate and anti-IP-One cryptate conjugate diluted in lysis buffer (Perkin Elmer, IP-One Gq kit) were added sequentially into each well according to the manufacturer’s instructions. After 60 min incubation at room temperature in the dark, time-resolved FRET signals were measured at 620 nm and 650 nm by an EnVision 2104 Multilabel Plate Reader (Perkin Elmer). Data were analyzed using GraphPad Prism 9 (San Diego, CA, United States). Antagonist inhibition constants (Ki) were calculated from the corresponding IC50 values using the Cheng-Prusoff equation (Lazareno and Birdsall, 1993):
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Where IC50 is the molar concentration of antagonist that corresponds to 50% inhibition of the maximal signal, [S] is the concentration of agonist used in the assay and EC50 is the molar concentration of reference agonist that corresponds the 50% of the maximal signal (as determined in the same assay).
2.4 Zebrafish husbandry
Wild-type (WT) zebrafish (Danio rerio) of the AB strain were maintained at 28°C on a 14/10 h light/dark cycle under standard aquaculture conditions in a UV-sterilized rack recirculating system equipped with a mechanical and biological filtration unit. Embryos were collected via natural spawning and immediately transferred to a Petri dish containing Danieau’s medium (0.3x Danieau’s medium), which consists of a 1.5 mM HEPES buffer at pH 7.2, 17.4 mM NaCl, 0.21 mM KCl, 0.18 mM Ca(NO3)2, 0.12 mM MgSO4, and 0.6 mM methylene blue. Embryos and larvae were kept at 28.5°C on a 14/10 h light/dark cycle. All zebrafish experiments were performed in accordance with the guidelines of and approval by the Ethical Committee of the KU Leuven (P027/2019) and by the Belgian Federal Department of Public Health, Food Safety and Environment (LA1210261).
2.5 Toxicity evaluation
The maximum tolerated concentration (MTC) of compounds was determined as described previously (Copmans et al., 2018; Copmans et al., 2019) and used as the highest possible test concentration for the behavioral assays (i.e., night assay and dark-light assay). In brief, 12 larvae of 6 dpf were individually exposed to a certain concentration of test compound within a concentration range (2-fold dilution series, ranging between 500—3 µM) in a 100 µl volume in a 96-well plate at 28°C in the dark. After 24 h, overall morphology, heartbeat, and touch response were investigated by visual evaluation of zebrafish larvae under a light microscope. The MTC was defined as the highest concentration at which no larvae died nor showed signs of toxicity or locomotor impairment in comparison to VHC-treated control larvae. In case no MTC was reached, the highest soluble concentration was used as the highest test concentration.
2.6 Behavioral assays
A night assay and a dark-light assay were used to examine the locomotor behavior of 6 dpf zebrafish larvae (Figure 1). Locomotor activity was expressed in actinteg units per min for the dark-light assay, and per 10 min for the night assay, respectively, which represents the sum of pixel changes during the defined time interval. Data of three independent experiments were pooled together and expressed as mean actinteg (±SD) per light/dark phase, as specified below, and over specific time intervals (mean only) during the entire recording period. Data were analyzed using GraphPad Prism 9 (San Diego, CA, United States).
[image: Figure 1]FIGURE 1 | Behavioral analysis of zebrafish larvae. Zebrafish larvae were placed separately in a 96-well plate and incubated with compound or vehicle (VHC, 1% DMSO in embryo medium). After incubation, the 96-well plate was placed in an automated tracking device and larval behavior was recorded for varying times by the Zebralab software. The night assay consisted of a 2 h incubation and habituation period, followed by a 12 h recording period with a 1 h light phase from 8 p.m to 9 p.m., a 10 h dark phase from 9 p.m to 7 a.m., and again a 1 h light phase from 7 a.m to 8 a.m. The dark-light assay consisted of a 2 h 30 min incubation and habituation period, followed by a 2 h recording period with alternating 30 min dark-light triggers during the day. Figure created with BioRender.com.
2.6.1 Night assay
Zebrafish larvae were individually placed in single wells of a 96-well plate, and compound or VHC (1% DMSO in embryo medium) was added. To prevent evaporation of the embryo medium during this long-term assay, the wells were completely filled and covered by a glass plate. The 96-well plates were placed in an automated tracking device (Zebrabox, Viewpoint, France) without prior incubation. Larval behavior was recorded by Zebralab software (Viewpoint, France) for a 14 h period with a light phase from 5–6 p.m to 9 p.m., a dark phase from 9 p.m to 7 a.m., and again a light phase from 7 a.m to 8 a.m. The first 2–3 h of this assay were considered as a habituation period and were excluded from the behavioral data analysis. Hence, the last hour of light from 8 p.m. on, the first 20 min and the following 9 h 40 min in dark conditions, and the final 1 h light between 7 a.m and 8 a.m. were used and referred to as “Evening”, “Night 1”, “Night 2” and “Morning”, respectively (Figure 1).
2.6.2 Dark-light assay
In the dark-light assay, zebrafish larvae were individually placed in single wells of a 96-well plate and incubated in the light for 2 h with compound or VHC (1% DMSO in embryo medium) in a 100 µl volume. This assay was carried out during the day, between 9 a.m and 6 p.m. After incubation, 96-well plates were placed in an automated tracking device (Zebrabox, Viewpoint, France), and larval behavior was recorded by Zebralab software (Viewpoint, France) for 2 h 30 min with alternating dark-light periods of 30 min. The first 30 min in the dark were considered as habituation and were excluded from the behavioral data analysis. Conversely, the next light phase of 30 min, followed by the first and last 15 min of the dark phase were used and referred to as “Light”, “Dark 1” and “Dark 2”, respectively (Figure 1).
2.6.3 Statistical analysis
Statistical analyses of behavioral data were performed using two-way ANOVA (more than two groups and two variables) with Dunnett’s multiple comparison test in GraphPad Prism 9 (San Diego, CA, United States). Data are expressed as mean ± SD. Animals were randomly allocated to experimental groups.
3 RESULTS
3.1 Functionality of orexin (ant)agonists on zebrafish OX2R
DORA’s Suvorexant and TCS 1102, selective hOX2R antagonist (SORA-2) EMPA and selective hOX1R antagonist (SORA-1) SB 674042 were selected to evaluate their functionality on zebrafish OXR. Their ability to block agonist-induced inositol monophosphate (IP1) accumulation was determined in the IP-One Gq assay on zebrafish OX2R, human OX2R and human OX2R bearing the three semi-conserved binding site mutations between the human and zebrafish receptor ((T111S, I130L, V353I)). A representative experiment is shown in Figure 2. The resulting IC50 values were converted to Ki values to obtain agonist independent data. Results of all experiments are summarized in Table 1.
[image: Figure 2]FIGURE 2 | Representative IP-One dose response curves for antagonists EMPA, Suvorexant, SB 674042 and TCS 1102 on human OX2R (purple), zebrafish OX2R (blue) and hOX2R (T111S, I130L, V353I) (green). Antagonists were incubated for 30 min at 37°C and subsequently the cells were stimulated with 1 µM of reference agonist C14917. Cells were incubated for 2 more hours and subsequently readout was performed. Dose responses were performed as technical duplicates, data were normalized to 10 µM of reference agonist C14917.
TABLE 1 | Evaluation of antagonists and agonists on human OX2R, zebrafish OX2R and human OX2R bearing zebrafish pocket mutations in an IP-One functional assay. Antagonist potency is represented as the negative log of the molar antagonist concentration for which 50% of receptors will be occupied (pKi), agonist potency as the negative log of the molar agonist concentration for which 50% of the maximum stimulation is observed (pEC50). Data are averages of at least 3 independent repeats with the exception of EMPA and C19069.
[image: Table 1]While a decrease in pKi was observed for the hOX2R selective antagonist TCS 1102, the potency was maintained for dual antagonist suvorexant and hOX1R selective antagonist SB 674042. A dramatic drop in potency was observed for SORA-2 EMPA and this compound was excluded from further experiments (Table 1). All these changes are largely recapitulated by the pKi data on the human receptor harboring the zebrafish pocket mutations, indicating that the differences observed stem from altered orthosteric binding.
To evaluate agonist pharmacology of the different receptors, TAK-925 (danavorexton) was selected as it is a potent OX2R selective agonist with demonstrated efficacy in vivo in both human and mice (Yukitake et al., 2019). However, a decrease in potency of nearly two logs on zebrafish OX2R relative to the human receptor was observed in IP-One functional test (Figure 3; Table 1). This decrease was maintained when testing the same compound on the human receptor containing the three zebrafish pocket mutations, indicating that the reduction is related to the pocket differences between human and zebrafish and not to any other aspect of the zebrafish receptor (Table 1). Conversely, C15454 as a potent, structurally distinct analogue of TAK-925, and the related compound C19069 both retained their potency on the zebrafish receptor (Table 1).
[image: Figure 3]FIGURE 3 | Representative IP-One dose response curves for agonists TAK-925, C15454 and C19069 on human OX2R (purple), zebrafish OX2R (blue) and hOX2R (T111S, I130L, V353I) (green). Cells were incubated for 1 h with agonist and subsequently readout was performed. Dose responses were performed as technical duplicates, data were normalized to 10 µM of reference agonist C14917.
3.2 Influence of orexin receptor (ant)agonists on locomotor behavior of zebrafish larvae in the night assay
The effects of OXR (ant)agonists on the behavior of zebrafish larvae was investigated by locomotor activity analysis during a night assay, recorded between 6 p.m. and 8 a.m. (Figures 4, 5). Prior to behavioral assessment, the MTC of OXR antagonists and agonists was determined (Supplementary Table S1).
[image: Figure 4]FIGURE 4 | Behavioral analysis of 6 dpf zebrafish larvae treated with orexin receptor antagonists in the night assay. Locomotor profiles of animals are expressed as mean actinteg units per 10 min treated with suvorexant (A), TCS-1102 (C) and SB-674042 (E) are plotted as function of time. Different phases are shown, i.e. the light phase from 8 p.m. to 9 p.m. (i.e., Evening), the first dark phase from 9 p.m. to 9:20 p.m. (i.e., Dark 1), the second dark phase from 9:20 p.m. to 7 a.m. (i.e., Dark 2), and the light phase from 7 a.m. to 8 a.m. (i.e., Morning). For the sake of clarity, standard deviations are not shown. Total locomotor activity was averaged (±SD) per respective light or dark phase (B–F) For each compound, data were pooled from three independent experiments with 9–10 replicate wells per test condition (n = 27–30, except for 15 µM TCS-1102 (n = 20)). Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison test. Significance levels: *p ≤ 0.05, **p ≤ 0.01.
[image: Figure 5]FIGURE 5 | Behavioral analysis of 6 dpf zebrafish larvae treated with orexin 2 receptor agonists in the night assay. Locomotor profiles of animals are expressed as mean actinteg units per 10 min treated with C15454 (A), C19069 (C) and TAK-925 (E) are plotted as function of time. Different phases are shown, i.e. the light phase from 8 p.m. to 9 p.m. (i.e., Evening), the first dark phase from 9 p.m. to 9:20 p.m. (i.e., Dark 1), the second dark phase from 9:20 p.m. to 7 a.m. (i.e., Dark 2), and the light phase from 7 a.m. to 8 a.m. (i.e., Morning). For the sake of clarity, standard deviations are not shown. Total locomotor activity was averaged (±SD) per respective light or dark phase (B–F). For each compound, data were pooled from three or four independent experiments with 7–10 replicate wells per test condition (n = 23–30, except for 75 µM C15454 (n = 20) and 25 µM C15454 (n = 10)). Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison test. Significance levels: **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
Larvae treated with OX2R antagonists suvorexant at 3 µM (p ≤ 0.05), TCS-1102 at 15 µM (p ≤ 0.05) and 10 µM (p ≤ 0.01), and SB-674042 at 12.5 µM (p ≤ 0.05) showed a significant reduction in locomotor activity during Night 1 phase in comparison to VHC-treated larvae (Figures 4B–F). In addition, SB-674042 at 12.5 µM significantly lowered the activity of zebrafish larvae compared to VHC-treated larvae during Night 2 phase (p ≤ 0.05) (Figure 4F), and larvae treated with suvorexant at 3 µM and SB-674042 at 12.5 µM showed a significantly lower activity in the Morning phase (p ≤ 0.01) (Figures 4B,F).
Larvae treated with OX2R agonist C19069, significantly (p ≤ 0.001) increased locomotor activity of zebrafish larvae at 50 µM during the Evening phase, compared to VHC-treated larvae (Figure 5D). During the first 20 min of the night (Night 1), agonists C15454 at 100 µM and C19069 at 50 µM significantly increased locomotor activity of zebrafish larvae compared to VHC-treated larvae (p ≤ 0.001, and p ≤ 0.01, respectively) (Figures 5B,D). During the Night 2 phase, C15454 at 100 µM and 75 μM, and C19069 at 50 µM significantly increased locomotor activity of zebrafish larvae compared to VHC-treated larvae (p ≤ 0.0001, and p ≤ 0.001, respectively) (Figures 5B,D). Interestingly, C19069 at 50 µM also significantly (p ≤ 0.0001) lowered the locomotor activity of zebrafish larvae in the Morning phase (Figure 5D). For TAK-925, no significant differences in zebrafish locomotor activity in comparison to VHC-treated larvae were observed during the entire night assay (Figure 5F).
3.3 Influence of orexin receptor (ant)agonists on locomotor behavior of zebrafish larvae in the dark-light assay
To investigate whether the effects observed in the night test were critically depending on the circadian rhythm and behavior of zebrafish larvae, OX2R (ant)agonists were tested in a dark-light test that consisted of a 2 h period with 30 min alternating dark-light phases performed throughout the day (Figures 6, 7).
[image: Figure 6]FIGURE 6 | Behavioral analysis of 6 dpf zebrafish larvae treated with orexin receptor antagonists in the dark-light assay. Locomotor profiles of animals are expressed as mean actinteg units per 1 min treated with suvorexant (A), TCS-1102 (C) and SB-674042 (E) are plotted as function of time. For the sake of clarity, standard deviations are not shown. Different phases are shown, i.e., 30 min light phase (Light), the first 15 min of the dark phase (Dark 1) and the last 15 min of the dark phase (Dark 2). Total locomotor activity was averaged (±SD) per respective light or dark phase (B–F). For each compound, data were pooled from three or nine independent experiments with 9–20 replicate wells per test condition (n = 29–40, except for VHC (C,D) n = 110) and 30 µM TCS-1102 (n = 50)). Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison test. Significance levels: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
[image: Figure 7]FIGURE 7 | Behavioral analysis of 6-dpf zebrafish larvae treated with orexin 2 receptor agonists in the dark-light assay. Locomotor profiles of animals are expressed as mean actinteg units per 1 min treated with C15454 (A), C19069 (C) and TAK-925 (E) are plotted as function of time. For the sake of clarity, standard deviations are not shown. Different phases are shown, i.e. 30 min light phase (Light), the first 15 min of the dark phase (Dark 1) and the last 15 min of the dark phase (Dark 2). Total locomotor activity was averaged (±SD) per respective light or dark phase (B–F). For each compound, data were pooled from three or four independent experiments with 9–20 replicate wells per test condition (n = 29–30, except for VHC (A,B) n = 50) and 6.25—12.5 µM C19069 (n = 20)). Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison test. Significance levels: **p ≤ 0.01, ****p ≤ 0.0001.
In the dark-light assay, the antagonist suvorexant significantly lowered the behavioral response of zebrafish larvae during the Dark 1 phase at 5, 4, and 3 µM (p ≤ 0.0001, p ≤ 0.0001, and p ≤ 0.001, respectively) in comparison to VHC-treated larvae (Figure 6B). A clear concentration-dependent relationship was observed. TCS-1102 also significantly reduced the behavioral response after the light to dark transition at 30 and 25 µM (p ≤ 0.0001 and p ≤ 0.01, respectively) and SB-674042 at 25 µM (p ≤ 0.0001) (Figures 6D–F). During the last 15 min of the dark phases (i.e., Dark 2), TCS-1102 at 30 µM and SB-674042 at 25 µM significantly lowered the locomotor activity in comparison to VHC-treated larvae (p ≤ 0.05 and p ≤ 0.01, respectively) (Figures 6D–F). SB-674042 also significantly lowered the locomotor activity of zebrafish larvae during the light phases at 25 μM and 12.5 µM (p ≤ 0.001 and p ≤ 0.05, respectively) (Figure 6F).
Surprisingly, the OX2R agonists C15454 at 150 µM and C19069 at 100 µM significantly lowered the behavioral response of zebrafish larvae during the first 15 min of the dark phase (i.e., Dark 1) in comparison to VHC-treated larvae (p ≤ 0.01, and p ≤ 0.0001, respectively) (Figures 7B–D). For TAK-925, again no significant differences in locomotor activity of zebrafish were observed compared to the treated VHC larvae (Figure 7F).
4 DISCUSSION
Since targeting of the orexin system is promising for the discovery and development of new and improved sleep and wake promoting agents, this study focused on comparing the functionality of small molecule OX2R agonists and antagonists on zebrafish OXRs in vitro and to investigate their effects in vivo on the behavior of zebrafish larvae.
Recently, both agonists and antagonists of OX2R have been shown to bind to the same orthosteric binding site at the structural level (Hong et al., 2021). At the binding site, there are three semi-conserved mutations between the human and zebrafish receptor: T/S2.61x60, I/L3.28x28 and V/I7.42x41 (Figure 8) with superscript numbers referring to the generic GPCRdb residue numbering scheme (Isberg et al., 2015). Because these mutations could affect ligand affinity, the different OXR antagonists and agonists were tested in an IP-One assay to assess their functionality in Gq mediated IP1 release through the zebrafish OXR.
[image: Figure 8]FIGURE 8 | Location of the three semi-conserved binding site mutations mapped on human OX2R. Figure generated using GPCRdb (https://gpcrdb.org/).
Of the antagonist panel tested, suvorexant (Cox et al., 2010) was the most potent with a fully conserved functionality on the human and zebrafish OX2R. For SORA-1 SB 674042 a slight increase in pKi was observed while a larger drop in functionality was observed for DORA TCS 102 when comparing the human and zebrafish receptor.
While multiple orexin antagonists are reported and commercially available, identification of small molecule agonists for the orexin receptors remains challenging, limiting the choice of appropriate tool compounds. For instance, the endogenous peptides orexin A and B cannot be used, as they cannot cross the blood brain barrier, and the tool compounds are to be administered by water immersion to utilize the high-throughput capacity of zebrafish larvae. Similarly, compounds like YNT-185 and Nag-26, the first reported non-peptide OX2R agonists are not suitable given their low passive permeability and limited solubility (Irukayama-Tomobe et al., 2017). Therefore, TAK-925 (Danavorexton) was selected as it is not only a potent and selective OX2R agonist, it also has demonstrated in vivo efficacy in both preclinical species and human in clinical studies (Yukitake et al., 2019). However, when testing TAK-925 in the Gq signaling assay (IP-one) on zebrafish OXR, a decrease in the potency of nearly two logs was found when comparing to the results obtained with testing on the human receptor. This could be explained at least in part by the presence of three zebrafish pocket mutations, as testing in the human receptor with the three zebrafish pocket mutations also showed a strong decrease in potency. C15454, a structurally distinct analogue of TAK-925 with reported in vivo activity in preclinical species, was then selected as a potent agonist of both human and zebrafish OXR. In table 1, C15454 and close analogue C19069 have indeed been shown to retain their potency on the zebrafish receptor.
For both antagonist and agonists, the differences observed between the human and zebrafish receptors were recapitulated when testing on the human receptor bearing the zebrafish pocket mutations (Table 1). This result indicates that the reduction in potency is related to the pocket differences between human and zebrafish and not to any other aspect of the zebrafish receptor.
The affinity hikes observed for the different ligands between the human and zebrafish receptor underscore the importance of validating the functionality of ligands on the receptor of interest prior to setting up an animal model.
The selected OXR antagonists and agonists were then assessed in high-throughput behavioral experiments using zebrafish larvae, since sleep in zebrafish is characterized primarily by behavioral criteria. Two behavioral assays were developed: a night assay, since the main sleep phase of zebrafish larvae is during the night, and a dark-light assay, since lower responsiveness to external stimuli (i.e., dark-light transitions) is associated with sleep behavior in zebrafish larvae.
Overall, the data show that a high-throughput assay that records the locomotor activity of the animals during 14 h throughout the evening, night and morning was able to distinguish between OXR agonists and OXR antagonists active on the zebrafish OX2R (Figures 4, 5). All three antagonists reduced zebrafish locomotor activity during the Night 1 period, and two out of three reduced their activity in the Morning phase. Two out of three agonists increased zebrafish locomotor activity, especially during the Night 2 period. The apparent inactivity of TAK-925 in zebrafish can be explained by the reduced potency relative to the human receptor, related to receptor pocket differences, as demonstrated in the IP-One functional test. These differences must be kept in mind when using zebrafish OXR or zebrafish behavioral assays in screening for OXR (ant)agonists as novel hypnotics and psychostimulants for humans. Moreover, the difference in vivo activity between C15454 and C19069, in spite of their comparable in vitro potency, indicates that in vitro potency is not a sufficient condition to observe activity in a zebrafish animal model, and that parameters such as MTC, solubility and passive permeability should be taken into account as well. Interestingly, metabolic instability should not be an issue as the compounds are administered via immersion, thus enabling the evaluation of in vivo activity of compounds that are labile in rodent animal models.
Surprisingly, a locomotor assay with alternating 30 min dark-light transitions throughout the day was unable to distinguish between OXR agonists and antagonists active on the zebrafish OX2R (Figures 6, 7). Both antagonists and agonists, except TAK-925, lowered the behavioral response of zebrafish larvae after a light to dark transition, especially in the Dark 1 phase. This lower responsiveness to external stimuli (i.e., light to dark transitions) has been associated with sleep behavior in zebrafish, and thus would be also expected for OXR antagonists, which promote sleep in humans (Levitas-Djerbi and Appelbaum, 2017).
In case of OXR agonists, the unexpected inhibitory effect can be explained by competition for OXR binding of OXR agonists with endogenous orexins, the natural ligands of OXR, which is most likely to be present at higher levels during the day. The difference between the observed inhibitory effect during the day compared to the excitatory effect on zebrafish behavior of OX2R agonists during the evening and the night therefore implies that the circadian rhythm influences the effects of OX2R agonists on zebrafish behavior. This is possibly due to differences in synaptic rearrangement or orexin expression and release during night and day (Azeez et al., 2018; Ventzke et al., 2019).
5 CONCLUSION
We demonstrated that the functional IP-One test is a good predictor of biological activity in vivo through a test of small molecule OXR agonists and antagonists on human and zebrafish OX2Rs, and behavioral assays using zebrafish larvae. The behavioral data show that a high-throughput assay that records the locomotor activity of zebrafish during 24 h, throughout the evening, night and morning, is able to distinguish between OXR agonists and OXR antagonists active on the zebrafish OXR. Conversely, a locomotor assay with alternating 30 min dark-light transitions throughout the day is not able to distinguish these compounds, implying the importance of the circadian rhythm.
Overall, the results demonstrate that a functional IP-one test in combination with a behavioral assay using zebrafish is well-suited as a discovery platform to find novel compounds that target OXRs for the treatment of sleep disorders, including insomnia and narcolepsy.
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