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1 Abstract

2 Histamine, a neurotransmitter, plays a predominant role in maintaining wakefulness. Further, 

3 our previous studies showed that histamine N-methyltransferase (HNMT), a histamine-

4 metabolising enzyme, is important for regulating brain histamine concentration. However, the 

5 effects of pharmacological HNMT inhibition on mouse behaviour, including the sleep-wake 

6 cycle and cataplexy, in a mouse model of narcolepsy have not yet been investigated. In the 

7 present study, we investigated the effects of metoprine, an HNMT inhibitor with high blood-

8 brain barrier permeability, in wild-type (WT) and orexin-deficient (OxKO) narcoleptic mice. 

9 Metoprine increased brain histamine concentration in a time- and dose-dependent manner 

10 without affecting peripheral histamine concentrations. Behavioural tests showed that metoprine 

11 increased locomotor activity in both novel and familiar environments, but did not alter anxiety-

12 like behaviour. Sleep analysis showed that metoprine increased wakefulness and decreased 

13 non-rapid eye movement (NREM) sleep through the activation of the histamine H1 receptor 

14 (H1R) in WT mice. In contrast, the reduction of rapid eye movement (REM) sleep by metoprine 

15 occurred independent of H1R. In OxKO mice, metoprine was found to prolong wakefulness 

16 and robustly suppress cataplexy. In addition, metoprine has a greater therapeutic effect on 

17 cataplexy than pitolisant, which induces histamine release in the brain, and has been approved 

18 for patients with narcolepsy. These data demonstrate that HNMT inhibition has a strong effect 

19 on wakefulness, demonstrating therapeutic potential against cataplexy in narcolepsy.
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3

4 Statement of Significance

5 Narcolepsy patients suffer from severe daytime sleepiness and cataplexy. However, approved 

6 psychostimulants for narcolepsy have side effects including drug dependence. Histamine is a 

7 neurotransmitter that promotes wakefulness and inhibits drug dependence. In the present study, 

8 we found that metoprine, an inhibitor of the histamine-metabolizing enzyme (HNMT), 

9 increased histamine levels in the brain without affecting levels of other monoamines.  

10 Metoprine dramatically prolonged wakefulness and eliminated cataplexy in a mouse model of 

11 narcolepsy. In addition, the effects of metoprine were greater than those of an approved drug, 

12 pitolisant. Taken together, these data suggest that pharmacological inhibition of HNMT could 

13 be an effective therapeutic strategy for the treatment of narcolepsy.
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1 Introduction

2 Histamine is a neurotransmitter synthesized from histidine by histidine decarboxylase (HDC) 

3 and inactivated to 1-methylhistamine by histamine N-methyltransferase (HNMT) 1. 

4 Histaminergic neurons exist exclusively in the tuberomammillary nucleus of the posterior 

5 hypothalamus, while their axons extend throughout the brain 2,3. Previous studies have provided 

6 consistent evidence that histamine plays an important role in promoting wakefulness. For 

7 example, chemogenetic activation of histaminergic neurons increases wakefulness and 

8 decreases non-rapid eye movement (NREM) sleep, but not rapid eye movement (REM) sleep 

9 4,5. A recent study using genetically encoded sensors to measure histamine release demonstrated 

10 that extracellular concentration of histamine was high during wakefulness, and weak or silent 

11 during NREM and REM sleep 6. Pharmacological assays using histamine receptor antagonists 

12 have shown that histaminergic signals via the histamine H1 receptor (H1R) expressed on the 

13 postsynaptic membrane strongly increases wakefulness and decreases NREM sleep 7. Clinical 

14 studies have further shown the importance of the histamine H3 receptor (H3R) as a therapeutic 

15 target for hypersomnolence. Because H3R is an inhibitory auto-receptor on histaminergic 

16 neurons, which is mainly expressed on synaptic terminals and negatively regulates histamine 

17 release and synthesis, many pharmaceutical companies have developed H3R inverse agonists 

18 to enhance histamine release and maintain wakefulness in patients with excessive daytime 

19 sleepiness. Indeed, pitolisant, an H3R inverse agonist, has been approved in the EU and US as 
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1 a medication for excessive daytime sleepiness and cataplexy in narcolepsy 8,9 and for improving 

2 sleepiness in obstructive sleep apnoea syndrome (OSAS) in the EU 10. These lines of evidence 

3 demonstrate the importance of the histaminergic system in sleep-wake regulation and drug 

4 development targeting sleep disorders.

5 Our previous studies have demonstrated that genetic HNMT disruption substantially increases 

6 brain histamine concentrations 11, indicating a beneficial impact of histamine elevation by 

7 HNMT inhibitors on hypersomnia. Several studies have examined the effects of HNMT 

8 inhibitors on increasing brain histamine concentrations 12,13. Therefore, in the present study, we 

9 examined the pharmacological effects of metoprine, an HNMT inhibitor with high blood-brain 

10 barrier permeability 12, on histamine concentration, locomotor activity, and sleep-wake 

11 regulation in mice. We further investigated the therapeutic potential of HNMT inhibitors in a 

12 mouse model of narcolepsy by comparing the efficacies of metoprine and pitolisant on 

13 cataplexy.
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1 Methods

2 Animals

3 We used closed colony of male ICR mice (Japan SLC, Hamamatsu, Japan) for all experiments, 

4 except for the cataplexy analysis, for which we used male orexin knockout (OxKO) mice as the 

5 narcolepsy model 14. There are sex differences in the sleep-wake architecture and female 

6 gonadal hormone influence sleep-wake behaviours 15. Therefore, we used only male mice of 

7 both mouse lines in this study. OxKO mice present with symptoms similar to human narcolepsy, 

8 such as cataplexy during the active phase and excessive daytime sleepiness. All mice were 

9 maintained on a 12h/12h light-dark cycle under humid and temperature-controlled conditions. 

10 All animal experiments were approved by the Animal Committees of Tohoku University 

11 (2022MdA-051), Hokkaido University (23-0130) and Tohoku Medical and Pharmaceutical 

12 University (23043-cn). All gene modification experiments using OxKO mice were approved 

13 by the Centres for Gene Research of Hokkaido University (2023-095) and Tohoku Medical and 

14 Pharmaceutical University (2023-24).

15

16 Brain homogenization

17 Two hours after intraperitoneal (i.p.) injection of vehicle (10 % lactic acid with phosphate 

18 buffered saline, 1:9 v/v) or metoprine (TargetMol, Boston, MA) in ICR mice, we harvested 

19 either the whole brain or the brain dissected into the cortex, diencephalon, brainstem and 
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1 cerebellum. Brain samples were then homogenized in a 10-time volume of 0.4 M perchloric 

2 acid (Wako, Osaka, Japan) containing 100 μM 3-methylhistamine as an internal control. After 

3 centrifugation 3 times at 4°C, supernatants were applied to high performance liquid 

4 chromatography (HPLC) system (EICOM, Kyoto, Japan) to measure histamine, 1-

5 methylhistamine and 3-methylhistamine concentrations. Whole-brain samples were analysed 

6 using another HPLC system (EICOM) to measure monoamines and their metabolites.

7

8 Microdialysis

9 ICR mice were anesthetized with 0.3 mg/kg medetomidine (Nippon Zenyaku Kogyo, Tokyo, 

10 Japan), 4.0 mg/kg midazolam (Teva Takeda Pharma, Nagoya, Japan), and 5.0 mg/kg 

11 butorphanol (Meiji Seika Pharma, Tokyo, Japan), after which guide cannulas (AG-4, EICOM) 

12 and dummy probes were stereotactically implanted in the prefrontal cortex (AP = 1.8 mm, RL 

13 = 0.8 mm, DV = -2.2 mm from bregma) 7. At least 1 week after surgery, the dummy probe was 

14 replaced with a microdialysis probe (AI-4-2, membrane length of 2 mm, EICOM). The probe 

15 was perfused with artificial cerebrospinal fluid (147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 

16 0.85 mM MgCl2) at a flow rate of 2 μL/min using a glass gas-tight syringe (1002, Hamilton, 

17 Reno, NV) and micro syringe pump (ESP-36, EICOM). The dialysate samples were 

18 automatically collected and mixed with equal volumes of 0.1 M phosphate buffer (pH3.5) every 

19 20 min in the vial using the fraction collector (EFC-82, EICOM) at 4°C. Dialysate samples 
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1 were collected from freely moving mice for 2 hours to determine baseline histamine 

2 concentrations. Two hours after fraction collection, metoprine (10 mg/kg) or vehicle was 

3 injected intraperitoneally, and further 4-h dialysate samples were collected. The collected 

4 samples were analysed using an HPLC system (EICOM) to measure the histamine 

5 concentration.

6

7 HPLC measurement of brain histamine and 1-methylhistamine, or extracellular 

8 histamine concentration 

9 Histamine and 1-methylhistamine measurement in homogenate samples

10 Samples were separated by SC-5ODS (3.0 mm, i.d. × 150 mm, EICOM) with 0.1 M sodium 

11 acetate buffer (pH 4.6)-methanol (91:9, v/v) containing 220 mg/L sodium 1-octanesulfonate 

12 (flow rate: 500 μL/min) at 40℃. After mixing with 80 mg/L o-phthalaldehyde solution-ethanol 

13 (499:1, v/v) containing 40 μL/L 2-mercaptoethanol (flow rate: 100 μL/min) and 0.5 M 

14 potassium carbonate solution (flow rate: 100 μL/min), fluorescence from histamine, 1-

15 methylhistamine, and 3-methylhistamine was excited at 335 nm and measured at 450 nm using 

16 a fluorescence detector (L-2485, Hitachi, Tokyo, Japan). 

17

18 Histamine measurement in microdialysis samples
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1 Samples were separated by SC-5ODS (3.0 mm, i.d. × 150 mm, EICOM) with 0.1 M sodium 

2 dihydrogen phosphate buffer-methanol (9:1, v/v) containing 170 mg/L sodium 1-

3 octanesulfonate (flow rate: 500 μL/min). After mixing with 80 mg/L o-phthalaldehyde solution-

4 methanol (40:1, v/v) (flow rate: 100 μL/min) and 0.5 M potassium carbonate solution (flow 

5 rate: 100 μL/min), fluorescence from histamine was excited at 340 nm and measured at 450 nm 

6 by fluorescence detector (L-2485, Hitachi).

7

8 Behavioural analysis

9 Open field test

10 The open-field test was performed in the light period (zeitgeber time (ZT) 2-6) as previously 

11 described 16. In brief, mice freely explored an open field arena (50 × 50 cm box, BTA-1®, 

12 Muromachi, Tokyo, Japan) for 30 min 2 h after the i.p. injection of vehicle or metoprine (10 

13 mg/kg). We measured the total movement distance, total movement time, average speed, and 

14 time spent in the central area using the photo beam sensor controller and software (BSC-001W®, 

15 Muromachi).

16

17 Elevated zero maze test

18 The elevated zero maze test was performed in the light period (ZT2-6) as previously described 

19 17. In brief, 2 h after i.p. injection of vehicle or metoprine (10 mg/kg), mice were allowed to
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1 move freely in an elevated zero maze for 10 min, and the time spent in the open arm was 

2 recorded using an overhead camera and tracking system (SMART®, Panlab, Barcelona, Spain).

3

4 Home-cage locomotor test

5 Home-cage locomotor tests were performed as previously described 18. In brief, mice were 

6 transferred to individual home cages and habituated for at least 5 days prior to recording. 

7 Vehicle or metoprine (10 mg/kg) was injected at the ZT0 or ZT12. The locomotor activity of 

8 each mouse was then measured for 24 hours using an activity monitoring system equipped with 

9 an infrared-beam apparatus (SUPERMEX, Muromachi). Data were collected and analysed 

10 using CompACT AMS® software (Muromachi). 

11

12 Sleep analysis

13 Sleep analysis was performed as previously described 16. Male ICR mice (8 weeks old) were 

14 anesthetized with 0.3 mg/kg medetomidine, 4 mg/kg midazolam and 5 mg/kg butorphanol, after 

15 which they were implanted with electrodes to allow electroencephalogram (EEG) and 

16 electromyogram (EMG) recording. At least 1 week after the surgery, the mice were connected 

17 to the recording cable and habituated for at least 5 days. Sleep-wake recordings were then 

18 initiated. We injected the vehicle, metoprine (10 mg/kg), metoprine+pyrilamine (an H1R 

19 antagonist) (Sigma-Aldrich, St. Louis, MO, USA) (10 mg/kg each), or metoprine+zolantidine 
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1 (an H2R antagonist) (Tocris, Bristol, UK) (10 mg/kg each) by i.p. injection at ZT3 and collected 

2 the EEG and EMG data for 6 h. The order of injections was randomized and there were at least 

3 5 days between two injections in the same mouse. The doses of histamine receptor antagonists 

4 were determined based on previous studies to sufficiently reduce the function of each receptor 

5 7,11. The collected EEG and EMG signals were amplified and digitised using the SIRENIA® 

6 data acquisition system and software (Pinnacle technology, Oregon, KS). The digitised EEG 

7 and EMG data was divided into 12 s epochs and scored manually for one of the three sleep-

8 wake episodes (wake, NREM sleep, or REM sleep) using SleepSign® 3 Software (Kissei 

9 Comtec, Nagano, Japan). The obtained data were normalised as a percentage of the total power 

10 at 0-20 Hz, and the theta (6-9 Hz)/delta (1-4 Hz) ratio was calculated.

11

12 Cataplexy analysis

13 Cataplexy analysis was performed using the OxKO mice. As described above (see Sleep 

14 analysis), male OxKO mice (8 weeks old) were implanted with electrodes, and EEG and EMG 

15 recordings were initiated after recovery from surgery. OxKO mice were injected 

16 intraperitoneally with vehicle, metoprine (10 mg/kg), metoprine+pyrilamine (10 mg/kg each), 

17 metoprine+zolantidine (10 mg/kg each), or pitolisant (an H3R inverse agonist) (Sigma-Aldrich, 

18 20 mg/kg) at ZT12. Additionally, cataplexy was induced in OxKO mice by chocolate intake 19. 

19 A single Hershey’s kiss chocolate sample was placed in the cage immediately after drug 
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1 injection. The order of injections was randomized and there were at least 5 days between two 

2 injections in the same mouse. Digitised EEG and EMG data were recorded 6 h after the drug 

3 injection. Twelve-second epochs were scored manually for one of four sleep-wake episodes: 

4 wake, NREM sleep, REM sleep, or cataplexy. Power spectrum analysis during wakefulness 

5 was conducted by fast Fourier transform (FFT) using SleepSign® 3 Software. The obtained data 

6 were normalised as a percentage of the total power at 0-20 Hz, and the theta (6-9 Hz)/delta (1-

7 4 Hz) ratio was calculated.

8

9 Statistical analysis

10 All data were analysed using Prism 10.0.3 software (GraphPad, La Jolla, CA). Significant 

11 differences were assessed using unpaired t-test, one-way ANOVA followed by Tukey’s or 

12 Dunnett’s multiple comparisons test, or two-way repeated measurement (RM) ANOVA 

13 followed by Sidak’s or Tukey’s multiple comparison. P-values < 0.05 indicated statistically 

14 significant. All data are presented as the mean ± SEM. The normality of data distribution was 

15 examined by using Shapiro-Wilk test.
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1 Results

2 HNMT inhibition by metoprine increased brain histamine levels, with no effect on levels 

3 of other monoamine 

4 To investigate the impact of metoprine on brain histamine concentration, we intraperitoneally 

5 injected ICR mice with metoprine (5, 10, or 20 mg/kg) or vehicle. Two hours after injection, 

6 we harvested brain samples and measured histamine concentrations in homogenates of the 

7 cortex, diencephalon, brainstem, and cerebellum using an HPLC system. Metoprine 

8 significantly increased histamine concentrations (figure 1A), and decreased 1-methylhistamine 

9 concentrations in all brain regions (figure 1B). In contrast, metoprine did not change the levels 

10 of norepinephrine, dopamine, or serotonin in these brain regions (figure S1). We also confirmed 

11 that metoprine did not alter the level of monoamine concentrations in more selective brain 

12 regions such as prefrontal cortex, striatum, and midbrain (figure S2). We further confirmed that 

13 metoprine did not change the histamine and 1-methylhistamine levels in the skin and stomach 

14 (Table S1). Next, we investigated the time-dependent effect of 10 mg/kg metoprine, finding 

15 that metoprine-induced histamine elevation was confirmed 1 h after injection and lasted for at 

16 least 8 h in whole brain homogenates (figure 1C). Previous studies have demonstrated the 

17 cytosolic localisation of HNMT 1,20. To clarify the effect of metoprine on extracellular 

18 histamine concentration, we investigated it using microdialysis methods. Microdialysis further 

19 revealed that the extracellular histamine concentration in the prefrontal cortex 7 was 
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1 significantly increased by metoprine treatment (figure 1D). These data demonstrate that HNMT 

2 inhibition by metoprine has a strong effect on the elevation of brain histamine concentration. 

3

4 Metoprine increased locomotor activity in novel and familiar environments, without 

5 affecting anxiety-like behaviours

6 Next, we investigated whether the increase in brain histamine levels induced by metoprine 

7 affected locomotor activity. In the open field test, travel time, distance, and average speed were 

8 found to be significantly increased by metoprine (figure 2A-C), although the time spent in the 

9 central area did not change (figure 2D). In the elevated zero mase test, performed to confirm 

10 the effect of metoprine on the anxiety-like behaviour, the time spent in the open arms was not 

11 changed by metoprine (figure 2E), confirming that metoprine did not affect anxiety-like 

12 behaviour. We subsequently investigated the effects of metoprine on locomotor activity in the 

13 home cage. Results of this analysis showed that metoprine injection during the light period 

14 (resting period in mice) significantly increased locomotor activity (figure 2F); however, no 

15 significant difference in locomotor activity was observed following metoprine injection during 

16 the dark period (active period in mice) (Figure 2G). These behavioural data demonstrate that 

17 metoprine increased locomotor activity in both novel and familiar environments, but did not 

18 affect anxiety-like behaviours. 

19
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1 The increase in brain histamine by metoprine induced prolonged wakefulness and 

2 reduced NREM sleep through H1R activation

3 Numerous studies have shown that histamine acts as a wake-promoting amine, leading us to 

4 hypothesise that prolonged wakefulness caused by HNMT inhibition would result in increased 

5 locomotor activity (figure 2). Therefore, we conducted sleep analysis using EEG and EMG 

6 recordings. Because metoprine significantly increased locomotor activity during the light 

7 period (figure 2F), we injected mice with metoprine during the light period (ZT3) to evaluate 

8 its arousal effect. Overall, our results showed that HNMT inhibition by metoprine robustly 

9 increased the total amount of wakefulness due to the prolonged bout duration over 6h (figure 

10 3A-C and S4). Because of the powerful action of metoprine on wakefulness, NREM and REM 

11 sleep were absent in the first 3-h and were strongly reduced in the 4-6 hours after injections 

12 (figure 3D-I). Pyrilamine, an H1R antagonist, significantly decreased the prolonged 

13 wakefulness induced by metoprine (figure 3A), as well as the mean duration of wakefulness 

14 (figure 3C). Pyrilamine partially restored NREM sleep, which was reduced by metoprine 

15 (figure 3D-F), while REM sleep reduction by metoprine was not reversed by pyrilamine (figure 

16 3G-I). Zolantidine, an H2R antagonist, did not influence the metoprine-dependent alteration of 

17 sleep-wake behaviour (figure 3A-I). In addition, metoprine markedly prolonged latency to first 

18 NREM sleep dependent on H1R and extended the latency to initial REM sleep independent of 

19 H1R and H2R (figure 3J). These data indicate that metoprine-induced activation of H1R, but 
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1 not H2R, resulted in prolonged wakefulness and shortened NREM sleep. However, the 

2 metoprine-induced reduction in REM sleep occurred independent of H1R and H2R. We further 

3 calculated the power spectral density (PSD) during wakefulness for 3 h after drug 

4 administration. Power spectrum analysis revealed that metoprine significantly increased the 

5 theta (6-9 Hz)/delta (1-4 Hz) ratio, which correlates with high arousal 21, compared to the 

6 vehicle control, implying that metoprine increased the level of wakefulness (figure S6).

7

8 Metoprine robustly reduced cataplexy in narcolepsy-model mice 

9 As several clinical studies have indicated that cerebrospinal fluid (CSF) histamine levels are 

10 lower in patients with narcolepsy than in healthy controls 22,23, we examined the effect of 

11 chronic orexin deficiency on brain histamine concentrations. We confirmed that brain histamine 

12 levels in Ox-KO mice was significantly lower than littermate C57BL6 mice (Table S2). On the 

13 other hand, other monoamines were not significantly lower (Table S2). We also investigated 

14 the effect of metoprine on the brain histamine concentration of Ox-KO mice and confirmed that 

15 metoprine significantly increased brain histamine concentration in the absence of orexin (figure 

16 S3). We further examined the significance of HNMT inhibition during cataplexy treatment in 

17 OxKO mice. These drugs were administered during the active period, as this is when cataplexy 

18 occurs. Overall, the results showed that metoprine induced sustained wakefulness with reduced 

19 NREM and REM sleep in OxKO mice (figure 4A-I and S5), and completely eliminated the 
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1 total duration of cataplexy episodes, which accounted for approximately 5 % of the total time 

2 in the control OxKO mice (figure 4J-L). In addition, the latency to first NREM sleep and 

3 cataplexy significantly prolonged by metoprine (figure 4M). Pyrilamine also significantly 

4 reduced the impact of metoprine on wakefulness and NREM sleep, confirming the importance 

5 of H1R in wakefulness and NREM sleep in OxKO mice. Pyrilamine and zolantidine had no 

6 effect on metoprine-induced reductions in REM sleep and cataplexy (figure 4G-L), suggesting 

7 that histaminergic signals via H1R and H2R did not contribute to the reduction of REM sleep 

8 and cataplexy mediated by metoprine. Overall, these data show that brain histamine 

9 concentration was decreased in Ox-KO mice and the increase in histamine concentrations 

10 induced by HNMT inhibition might have therapeutic effects in narcolepsy.

11

12 Metoprine had a greater therapeutic effect on suppressing cataplexy than pitolisant 

13 Finally, we compared the effect of metoprine on cataplexy in OxKO mice (same dataset as in 

14 Figure 4) with that of pitolisant, which has been shown to increase the release of histamine in 

15 the rat brain 24 and reduce cataplexy in narcolepsy patients 25. Although pitolisant significantly 

16 increased wakefulness and reduced cataplexy with decreasing bout numbers (figure 5A-I and 

17 S5), the therapeutic effect of metoprine was stronger than that of pitolisant (figure 5J-M). Power 

18 spectrum analysis to calculate PSD during wakefulness for 3 h after drug administration 

19 revealed that metoprine, but not pitolisant, increased the theta/delta ratio compared to the 
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1 vehicle control (figure 5N and 5O). Therefore, these data indicate that the therapeutic potential 

2 of HNMT inhibitors for cataplexy and daytime sleepiness in narcolepsy may be greater than 

3 that of H3R inverse agonists.
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1 Discussion

2 The present study revealed that the HNMT inhibitor, metoprine, increased brain histamine 

3 levels without altering the levels of monoamine neurotransmitters in the brain and increased 

4 wakefulness and locomotor activity in normal mice. We also found that metoprine increased 

5 wakefulness and suppressed cataplexy in an animal model of narcolepsy and these effects were 

6 greater compared to the H3R inverse agonist, pitolisant, currently approved for the treatment 

7 of narcolepsy. Our data strongly suggest that HNMT inhibitors may serve as a novel treatment 

8 option for narcolepsy.

9 Several HNMT inhibitors have so far been developed as pharmacological tools to examine the 

10 importance of HNMT in the regulation of histamine concentrations. For example, metoprine, a 

11 derivative of 2,4-diaminopyrimidine, has frequently been used to examine the impact of HNMT 

12 on brain function, as it can cross the blood-brain barrier (BBB) 26. However, it cannot be ruled 

13 out that low specificity of metoprine affected the results because metorprine inhibits 

14 dihydrofolate reductase 27,28. Another HNMT inhibitor, SKF91488, specifically inhibits 

15 enzymatic activity without histamine receptor agonist activity. However, owing to the poor 

16 BBB permeability of SKF91488, its clinical application in brain disorders is unfortunately quite 

17 difficult 29,30. Therefore, it is important to identify specific HNMT inhibitors with sufficient 

18 BBB permeability to develop novel drugs for patients with hypersomnia.
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1 HNMT is widely distributed across various brain regions 31. This study confirmed that 

2 pharmacological HNMT inhibition was sufficient to increase the histamine concentration in 

3 each brain area. Our previous study revealed that HNMT deficiency did not affect the histamine 

4 content in the skin and stomach, or the monoamine concentration in the brain 11. Overall, these 

5 data indicate that HNMT mainly contributes to histamine clearance in the brain, and that 

6 systemic HNMT inhibition could dominantly affect the activity of the brain histaminergic 

7 system. Further studies are required to elucidate the brain regions responsible for the therapeutic 

8 effects of metoprine. Recent studies have revealed the crucial roles of specific brain regions, 

9 such as the basolateral amygdala or ventrolateral periaqueductal (vlPAG), in cataplexy 32,33. 

10 Our previous studies reported that histaminergic neurons highly project to the amygdala and 

11 vlPAG 4 and that HNMT is expressed in these brain areas 31, suggesting that these brain regions 

12 may be important for narcolepsy treatment by HNMT inhibition.

13 In the present study, metoprine was shown to increase locomotor activity and wakefulness, but 

14 had no effect on anxiety-like behaviours (figure 2). Our power spectrum analysis revealed that 

15 metoprine increased theta/delta ratio of EEG during light period in ICR mice (figure S6). The 

16 hippocampal local field potential exhibited a higher theta/delta ratio during the active wake 

17 state than during the quiet wake state 34. The cortical EEG and hippocampal local field potentials 

18 have also been shown to be highly congruent during wakefulness 35 Thus, these data suggested 

19 that metoprine induced the high arousal state, which resulted in high locomotor activity in the 
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1 open field test. Previous studies have also shown that acute histaminergic activation by 

2 chemoactivation or H3R inverse agonism also leads to increased locomotor activity without 

3 affecting anxiety-like behaviours 4,36. These data supported our results. On the other hand, some 

4 psychostimulants, such as methamphetamine and methylphenidate, have been approved for 

5 narcolepsy treatment because of their strong wake-promoting effects. However, previous 

6 reports have shown that these drugs also affect anxiety-like behaviours 37,38. As normal 

7 responses to anxious conditions are important for preventing dangerous situations, HNMT 

8 inhibitors could be used to treat narcolepsy more safely than psychostimulants. Additionally, 

9 metoprine did not change dopamine concentration, whereas psychostimulants induced 

10 dopamine release and promoted drug dependence. Moreover, metoprine inhibited 

11 methamphetamine-induced drug dependence in mice by increasing brain histamine levels 39,40. 

12 These results suggest that HNMT inhibitors could be used for narcolepsy treatment with a low 

13 risk of drug dependence, without changing anxiety-like behaviours.

14 Higher wakefulness with concomitant reductions in NREM sleep after metoprine was 

15 attenuated by pyrilamine but not zolantidine, suggesting that the H1R but not H2R activation 

16 mediated these effects 5,41,42. While metoprine also decreased REM sleep, neither antagonist 

17 restored their levels, suggesting that REM suppressing effects are independent of these 

18 receptors. Measurement of extracellular histamine using a G-protein coupled receptor 

19 activation-based strategy in a previous study that the histamine concentration during REM sleep 
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1 is lower than that during wakefulness and NREM sleep 6. The present study further showed that 

2 acute metoprine-induced histamine elevation robustly reduced the duration of REM sleep 

3 (figure 3G). Several pharmacological assays have previously reported that H1R antagonists do 

4 not affect REM sleep in humans 43 or mice 44. This evidence supports the suppressive role of 

5 histamine in REM sleep, which probably acts independently of H1R. Histamine also exerts its 

6 effects by activating H3R, an autoreceptor expressed on histaminergic neurons, and a 

7 presynaptic heteroreceptor expressed on non-histaminergic neuronal terminals. Previous 

8 studies have shown that histamine inhibits the action of melanin-concentrating hormone 

9 (MCH)-positive neurons 45, which are involved in promoting REM sleep 46,47. In addition to 

10 MCH neurons, several neural systems such as glutamatergic neurons in mPFC 48 and 

11 cholinergic neurons in the pedunculopontine tegmental nucleus 49 promote REM sleep. 

12 Previous reports demonstrated that H3R as a heteroreceptor inhibited the release of 

13 acetylcholine and glutamate 50. Thus, metoprine may suppress REM sleep by inhibiting REM-

14 promoting neurons such as MCH neurons, glutamatergic neurons and/or cholinergic neurons 

15 via H3R activation. However, further studies are required to clarify the detailed mechanisms 

16 underlying REM sleep regulation by the histaminergic system.

17 In the present study, we demonstrated the therapeutic potential of HNMT inhibition in the 

18 treatment of cataplexy of OxKO mice. Orexinergic projections to TMN histaminergic neurons 

19 plays a dominant role in orexin-dependent arousal effects 12,51,52. Therefore, loss of orexin 
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1 signalling in patients with narcolepsy may lead to lower histaminergic activity, resulting in 

2 exacerbation of their symptoms. Indeed, several clinical studies have reported that the histamine 

3 concentration in the CSF of narcolepsy patients is lower than that in healthy controls 22,23. A 

4 recent metabolome analysis of the CSF from patients with narcolepsy type-1 (NT1) also 

5 confirmed an increase in histidine and a decrease in histamine in the CSF of NT1 patients 53. In 

6 this study, we revealed that brain histamine concentrations were significantly decreased in 

7 OxKO mice (figure S1). These lines of evidence emphasise that reduced orexin signalling 

8 induces lower histamine concentrations in the brain. However, there are some previous reports 

9 showing that the number of HDC-immunoreactive cells increased in patients with narcolepsy 

10 54 and narcolepsy model mice 55,56. The precise interaction between orexin and histamine 

11 systems should be determined in the future study.

12 Modafinil, a drug used for narcolepsy, increases histamine release 57 and induces wakefulness 

13 in orexin-null mice 58. The therapeutic effect of pitolisant, which increases brain histamine level, 

14 on cataplexy with narcolepsy is widely recognized, although the exact mechanism of action of 

15 pitolisant on cataplexy is not well understood. This study clearly demonstrated that histamine 

16 elevation by HNMT inhibition reduced cataplexy. These lines of evidence support the 

17 importance of histamine elevation in the treatment of narcolepsy. However, further studies are 

18 necessary to determine the neural mechanisms underlying the cataplexy-suppressing effects of 

19 HNMT inhibition. Pyrilamine and zolantidine could not cancel the cataplexy suppression by 
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1 metoprine (Figure 4J-L), confirming that histamine signal via H1R and H2R was not involved. 

2 As well as REM sleep suppression, the elevated histamine by HNMT inhibition could suppress 

3 cataplexy via activation of H3R signalling. Since several neurotransmitters such as GABA and 

4 MCH, which are negatively regulated by H3R 59, increased cataplexy in a narcolepsy model 

5 mice 19,46, inhibition of non-histaminergic neurons through H3R activation might contribute to 

6 the therapeutic actions of metoprine. 

7 Previous studies indicated that a lower theta/delta ratio was observed during the quiet wake 

8 state34 and the PSD of theta waves in OxKO mice decreased during the dark period 60. In the 

9 present study revealed that metoprine decreased PSD in the delta frequency range, but increased 

10 PSD in the theta frequency range during wakefulness (figure 5N). The theta/delta ratio was 

11 significantly higher in the metoprine-treated group than in the vehicle-treated group of Ox-KO 

12 mice (figure 5N). Together, these results indicate that the increased theta/delta ratio by 

13 metoprine could induce a high arousal state in OxKO mice. Since patients with narcolepsy feel 

14 drowsy throughout the day, HNMT inhibitors may also relieve daytime somnolence symptoms.

15 Taken together, these data indicated that pharmacological inhibition of HNMT may be a safe 

16 and useful new therapeutic strategy for excessive daytime sleepiness and cataplexy in the 

17 narcolepsy.

18
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1 Figure legends

2 Figure 1. Metoprine increased brain histamine concentration

3 (A) The i.p. injection of metoprine significantly increased brain histamine concentration in the

4 cortex, diencephalon, brainstem and cerebellum in the dose dependent manner. *P < 0.05, **P 

5 < 0.01: One-way ANOVA followed by Tukey’s multiple comparisons test (n = 4; for cortex: F 

6 = 11.25, P = 0.0008, for diencephalon: F = 7.35, P = 0.005, for brainstem: F = 7.04, P = 0.006, 

7 for cerebellum: F = 12.40, P = 0.0005). (B) metoprine decreased 1-methylhistamine 

8 concentration. *P < 0.05, **P < 0.01: One-way ANOVA followed by Tukey’s multiple 

9 comparisons test (n = 4; for cortex: F = 5.31, P = 0.015, for diencephalon: F = 4.88, P = 0.019, 

10 for brainstem: F = 9.04, P = 0.0021, for cerebellum: F = 7.06, P = 0.0054). (C) Metoprine also 

11 increased and decreased extracellular histamine and 1-methylhistamine concentrations in the 

12 time-dependent manner, respectively. *P < 0.05, **P < 0.01: One-way ANOVA followed by 

13 Dunnett’s multiple comparisons test (0 h vs several time points) (n = 4; for histamine: F = 5.31, 

14 P = 0.0036, for 1-methyl histamine: F = 5.14, P = 0.0042). (D) Metoprine continually increased 

15 extracellular histamine concentration in the prefrontal cortex. (analysed 4 h data after vehicle 

16 or metoprine injection) †P<0.05; Two-way RM ANOVA for ‘time’ and ‘drug injection’ (n = 

17 4; interaction F (11,66) = 1.5, P = 0.14, time F(11,66) = 1.28, P = 0.25, drug F (1,6) = 8.28, P 

18 = 0.028). The Shapiro-Wilk test confirmed the normal distribution of the data.

19
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1

2 Figure 2. Metoprine increased locomotor activity without the effect on the anxiety-like 

3 behaviours

4 In the open field test, metoprine significantly increased travelled time (A), travelled distance 

5 (B) and average speed (C) without an effect of the time spent in the central area (D). ***P <

6 0.005; Two-way RM ANOVA followed by Sidak’s multiple comparisons test. (n = 10, Two-

7 way RM ANOVA for ‘time’ and ‘drug injection’, for (A): interaction F (5,90) = 9.44, P < 

8 0.0001, time F (3.35,60.4) = 9.76, P < 0.0001, drug F (1,18) = 87.83, P < 0.0001, for (B): 

9 interaction F (5,90) = 7.12, P < 0.0001, time F (5,90) = 9.33, P < 0.0001, drug F (1,18) = 112.3, 

10 P < 0.0001, for (C) : interaction F (5,90) = 4.44, P = 0.0012, time F (5,90) = 7.64, P < 0.0001, 

11 drug F (1,18) = 66.48, P < 0.0001, for (D): interaction F (5,90) = 1.78, P = 0.12, time F (5,90) 

12 = 7.87, P < 0.0001, drug F (1,18) = 2.03, P = 0.17). (E) In the elevated zero maze, metoprine 

13 did not affect the time spent in open area (n = 10, unpaired t test, P = 0.70). (F) Metoprine 

14 injection at ZT0 (starting time of light period) significantly increased locomotor activity in the 

15 home cage. (G) Metoprine injection at ZT12 (starting time of dark period) tended to increase 

16 the locomotor activity in the home cage.　†P < 0.05, ††P < 0.01; Two-way RM ANOVA for 

17 ‘time’ and ‘drug injection’ (n = 12; for (F), interaction F (7,154) = 2.05, P = 0.53, time F 

18 (3.31,72.85) = 22.87, P < 0.0001, drug F (1,22) = 6.07, P = 0.022, for (G), interaction F (7,154) 
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1 = 2.41, P = 0.023, time F (2.97,65.32) = 26.17, P < 0.0001, drug F (1,22) = 2.13, P = 0.16). 

2 There were no significant differences using Sidak’s multiple comparisons test. 

3

4 Figure 3. Metoprine significantly increased wakefulness and decreased NREM sleep via 

5 H1R activation.

6 The 3-hourly percentages, bout number and mean duration of each sleep-wake episodes after 

7 vehicle or drug(s) injection at ZT3. Pyrilamine and zolantidine are H1R antagonist and H2R 

8 antagonist, respectively. The percentage of wakefulness (A), NREM sleep (B) and REM sleep 

9 (C). The bout number of wakefulness (D), NREM sleep (E) and REM sleep (F). The mean 

10 duration of wakefulness (G). NREM sleep (H) and REM sleep (I). (J) The latency to first 

11 NREM sleep and REM sleep after drug administration. (A-I) *P < 0.05, **P < 0.01, ***P < 

12 0.001; Two-way RM ANOVA followed by Tukey’s multiple comparisons test (n = 7, Two-

13 way RM ANOVA for ‘time’ and ‘drug injection’, for (A): interaction F (3,20) = 2.93, P = 

14 0.059, time F (1,20) = 42.47, P < 0.0001, drug F (3,20) = 25.15, P < 0.0001, for (B): interaction 

15 F (3,20) = 3.24, P = 0.044, time F (1,20) = 43.63, P < 0.0001, drug F (3,20) = 21.27, P < 

16 0.0001, for (C) : interaction F (3,20) = 0.11, P = 0.96, time F (1,20) = 6.18, P = 0.017, drug F 

17 (3,20) = 36.42, P < 0.0001, for (D): interaction F (3,20) = 5.09, P = 0.0088, time F (1,20) = 

18 31.84, P < 0.0001, drug F (3,20) = 14.44, P < 0.0001, for (E): interaction F (3,20) = 4.86, P 

19 = 0.011, time F (1,20) = 33.22, P < 0.0001, drug F (3,20) = 14.51, P < 0.0001, for (F) : 
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1 interaction F (3,20) = 1.13, P = 0.36, time F (1,20) = 4.70, P = 0.043, drug F (3,20) = 17.44, P 

2 < 0.0001, for (G): interaction F (3,20) = 18.50, P < 0.0001, time F (1,20) = 51.40, P < 0.0001, 

3 drug F (3,20) = 18.41, P < 0.0001, for (H): interaction F (3,20) = 2.10, P = 0.13, time F (1,20) 

4 = 15.54, P = 0.0008, drug F (3,20) = 2.97, P = 0.057, for (I): interaction F (3,20) = 1.11, P = 

5 0.37, time F (1,20) = 7.46, P = 0.013, drug F (3,20) = 12.16, P < 0.0001). (J) ***P < 0.001; 

6 One-way ANOVA followed by Tukey’s multiple comparisons test (NREM) F (3, 20) = 32.92, 

7 P < 0.0001, (REM) F (3, 20) = 32.43, P < 0.0001. 

8

9 Figure 4. Metoprine significantly increased wakefulness and suppressed cataplexy in 

10 OxKO mice

11 The 3-hourly percentages, bout number and mean duration of each sleep-wake episodes or 

12 cataplexy after vehicle or drug(s) injection at ZT12. The percentage of wakefulness (A), NREM 

13 sleep (B), REM sleep (C) and cataplexy (D). The bout number of wakefulness (E), NREM sleep 

14 (F), REM sleep (G) and cataplexy (H). The mean duration of wakefulness (I). NREM sleep (J), 

15 REM sleep (K) and cataplexy (L). (M) The latency to first NREM sleep and REM sleep after 

16 drug administration. (A-L) *P < 0.05, **P < 0.01, ***P < 0.001; Two-way RM ANOVA 

17 followed by Tukey’s multiple comparisons test (n = 7, Two-way RM ANOVA for ‘time’ and 

18 ‘drug injection’, for (A): interaction F (3,24) = 2.34, P = 0.099, time F (1,24) = 17.86, P = 

19 0.0003, drug F (3,20) = 7.78, P = 0.0008, for (B): interaction F (3,24) = 2.46, P = 0.087, time 
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1 F (1,24) = 10.80, P = 0.0031, drug F (3,24) = 7.18, P = 0.0031, for (C) : interaction F (3,24) = 

2 4.84, P = 0.0090, time F (1,24) = 5.05, P = 0.034, drug F (3,24) = 5.12, P = 0.0070, for (D): 

3 interaction F (3,24) = 10.61, P = 0.0001, time 1,24) = 18.70, P = 0.0002, drug F (3,24) = 69.12, 

4 P < 0.0001, for (E): interaction F (3,24) = 1.85, P = 0.17, time F (1,24) = 17.26, P = 0.0004, 

5 drug F  (3,24) = 8.87, P = 0.0004, for (F) : interaction F (3,24) = 2.65, P = 0.072, time F (1,24) 

6 = 8.96, P = 0.0063, drug F (3,24) = 9.85, P = 0.0002, for (G): interaction F (3,24) = 5.00, P = 

7 0.0078, time F (1,24) = 4.91, P = 0.037, drug F (3,24) = 4.31, P = 0.014, for (H): interaction F 

8 (3,24) = 3.76, P = 0.024, time F (1,24) = 10.98, P = 0.0029, drug F (3,24) = 29.63, P < 0.0001, 

9 for (I) : interaction F (3,24) = 4.37, P = 0.014, time F (1,24) = 15.00, P = 0.0007, drug F (3,24) 

10 = 8.79, P = 0.0004, for (J): interaction F (3,24) = 2.19, P = 0.12, time F (1,24) = 4.28, P = 

11 0.049, drug F (3,24) = 4.20, P = 0.016, for (K): interaction F (3,24) = 1.91, P = 0.16, time F 

12 (1,24) = 1.88, P = 0.18, drug F (3,24) = 7.14, P = 0.0014, for (L) : interaction F (3,24) = 2.67, 

13 P = 0.070, time F (1,24) = 1.36, P = 0.25, drug F (3,24) = 92.86, P < 0.0001). (M) *P < 0.05, 

14 **P < 0.01, ***P < 0.001; One-way ANOVA followed by Tukey’s multiple comparisons test 

15 (NREM) F (3, 24) = 8.04, P = 0.0007, (REM) F (3, 20) = 2.88, P = 0.057, (cataplexy) F (3, 24)

16 = 112.6, P < 0.0001. 

17

18 Figure 5. Efficacy of metoprine on cataplexy suppression was stronger than that of 

19 pitolisant
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1 The 3-hourly percentages, bout number and mean duration of each sleep-wake episodes or 

2 cataplexy after vehicle or drug(s) injection at ZT12. The percentage of wakefulness (A), NREM 

3 sleep (B), REM sleep (C) and cataplexy (D). The bout number of wakefulness (E), NREM sleep 

4 (F), REM sleep (G) and cataplexy (H). The mean duration of wakefulness (I). NREM sleep (J), 

5 REM sleep (K) and cataplexy (L). (M) The latency to first NREM sleep and REM sleep after 

6 drug administration. (N) spectral distribution of EEG power densities during wakefulness. (O) 

7 The theta/delta ratio of EEG during wakefulness. (A-L) *P < 0.05, **P < 0.01, ***P < 0.001; 

8 Two-way RM ANOVA followed by Tukey’s multiple comparisons test (n = 7, Two-way RM 

9 ANOVA for ‘time’ and ‘drug injection’, for (A): interaction F (2,18) = 5.27, P = 0.016, time F 

10 (1,18) = 9.11, P = 0.0074, drug F (2,18) = 11.41, P = 0.0006, for (B): interaction F (2,18) = 

11 2.02, P = 0.16, time F (1,18) = 0.17, P = 0.68, drug F (2,18) = 3.21, P = 0.064, for (C) : 

12 interaction F (2,18) = 2.85, P = 0.084, time F (1,18) = 7.27, P = 0.015, drug F (2,18) = 4.00, P 

13 = 0.037, for (D): interaction F (2,18) = 11.16, P = 0.0007, time F (1,18) = 47.52, P < 0.0001, 

14 drug F (2,18) = 27.03, P < 0.0001, for (E): interaction F (2,18) = 3.77, P = 0.043, time F (1,18) 

15 = 10.04, P = 0.0053, drug F (2,18) = 9.66, P = 0.0014, for (F): interaction F (2,18) = 1.03, P = 

16 0.38, time F (1,18) = 0.39, P = 0.54, drug F (2,18) = 2.11, P = 0.15 for (G) : interaction F (2,18) 

17 = 2.51, P = 0.11, time F (1,18) = 8.76, P = 0.0084, drug F (2,18) = 3.62, P = 0.045, for (H): 

18 interaction F (2,18) = 3.70, P = 0.045, time F (1,18) = 31.91, P < 0.0001, drug F (2,18) = 12.96, 

19 P = 0.0003, for (I): interaction F (2,18) = 1.51, P = 0.24, time F (1,18) = 6.16, P = 0.023, drug 
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1 F (2,18) = 14.67, P = 0.0002, for (J): interaction F (2,18) = 1.10, P = 0.35, time F (1,18) = 

2 0.0070, P = 0.93, drug F (2,18) = 4.65, P = 0.024, for (K) : interaction F (2,18) = 1.14, P = 

3 0.34, time F (1,18) = 5.39, P = 0.032, drug F (2,18) = 3.24, P = 0.063, for (L): interaction F 

4 (2,18) = 1.76, P = 0.20, time F (1,18) = 1.07, P = 0.31, drug F (2,18) = 22.13, P < 0.0001). (M 

5 and O) *P < 0.05, *** P < 0.001; one-way ANOVA followed by Tukey’s multiple comparisons 

6 test (M, n = 7, for NREM, F (2,18) = 4.35, P = 0.029, for REM, F (2,18) = 2.89, P = 0.081, for 

7 cataplexy, F (2,18) = 104.5, P < 0.0001) (O, n = 7, F (2,18) = 4.05, P = 0.035).

8
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Supplementary methods 

Genotyping PCR 

To obtain homozygous OxKO mice, we crossed male heterozygous OxKO mice with 

female heterozygous OxKO mice. After extraction of genomic DNA from mice tail, we 

determined the genotypes by PCR with KOD One® PCR Master Mix (Toyobo, Osaka, 



Japan) and specific primers (Forward mutant: GTGGGCTCTATGGCTTCTGA, Forward 

wild type: TCCCCTGCAAGATGCTAATC, Reverse common: 

TACTAGCCCTTCCCTCCACA). PCR product sizes of the wild type and KO alleles are 

617 bp and 316 bp, respectively. 

Preparation of homogenate samples 

After 2h from intraperitoneal (i.p.) injection of vehicle (10 % lactic acid with phosphate 

buffered saline, 1:9 v/v) or metoprine (TargetMol, Boston, MA) to mice, we harvested 

part of the back skin and stomach from ICR mice and the whole brain from OxKO mice 

and littermate C57BL6 mice, then homogenized their samples in 10-time volume of 0.4 

M perchloric acid (Wako, Osaka, Japan) containing 100 μM 3-methylhistamine, an 

internal control. After 3 times centrifugation at 4 ºC, supernatants were applied to high 

performance liquid chromatography (HPLC) system (EICOM, Kyoto, Japan) to measure 

histamine, 1-methylhistamine and 3-methylhistamine concentrations. 

Measurement of monoamines and their metabolites in homogenate samples 

Monoamines and their metabolites in the brain homogenates were also measured in 

previous reports 1. Briefly, homogenate samples were separated by SC-5ODS (3.0 mm, 



i.d. × 150 mm, EICOM) with 0.1 M acetate-citrate buffer (pH3.5)-methanol (83:17, v/v)

containing 190 mg/L sodium 1-octanesulfonate and 5 mg/L EDTA/2Na (flow rate: 500 

μL/min) at 25ºC. Monoamine and/ or their metabolites are detected by the electrochemical 

detector (HTEC-500, EICOM). 

Power spectrum analysis of EEG 

Power spectrum analysis during wakefulness was conducted by fast Fourier transform 

(FFT) using SleepSign® 3 Software. The obtained data were normalised as a percentage 

of the total power at 0-20 Hz. 



Supplementary tables 

Table S1. histamine and 1-methylhistamine concentration after vehicle or metoprine 

injection. 

Histamine P value 1-methylhistamine P value 

μg/ g tissue vehicle metoprine vehicle metoprine 
Skin 55.5 ± 11.8 42.9 ± 5.2 0.37 n.d. n.d.
Stomach 7.5 ± 0.6 5.7 ± 0.9 0.16 0.12 ± 0.02 0.11 ± 0.04 0.77 

unpaired t-test (n=3-4). All data are means ± S.E. n.d.: not detected 

Table S2. monoamines and their metabolites concentrations in the whole brain of 

OxKO or littermate WT. 

Concentration (ng/ g tissue) WT OxKO P value 
Histamine 59.5 ± 2.9 43.6 ± 2.4** 0.003 
1-methylhistamine 292.8 ± 34.1 195.9 ± 8.1* 0.03 
Norepinephrine 533.8 ± 8.9 628.8 ± 6.5** <0.0001 
Normetanephrine 25.9 ± 1.6 29.1 ± 1.7 0.21 
Dopamine 1,316.4 ± 36.4 1,297.4 ± 23.1 0.67 
Dihydroxyphenylacetic acid 116.8 ± 8.8 112.2 ± 3.1 0.64 
3-methoxytyramine 78.0 ± 3.6 76.6 ± 3.2 0.78 
Homovanillic acid 229.7 ± 25.6 212.8 ± 9.7 0.55 
Serotonin 599.1 ± 10.4 639.0 ± 16.5 0.07 
5-hydroxyindoleacetic acid 271.3 ± 33.5 247.3 ± 11.9 0.52 

*P < 0.05, **P < 0.01, unpaired t-test (n = 5). All data are means ± S.E.



Supplementary figures 

figure S1. Metoprine did not change the concentration of norepinephrine, dopamine 

and serotonin. 

The effect of i.p. injection of metoprine on norepinephrine (A), dopamine (B) and 

serotonin (C) concentrations in the cortex, diencephalon, brainstem and cerebellum. Not 

significant from one-way ANOVA followed by Tukey’s multiple comparisons test (n = 4). 



figure S2. Metoprine did not change the concentration of monoamines in the specific 

brain regions. 

The effect of i.p. injection of metoprine on norepinephrine (A), dopamine (B) and 

serotonin (C) concentrations in the prefrontal cortex, striatum (including nucleus 

accumbens), hypothalamus, midbrain and posterior brainstem (pons and medulla). Not 

significant by multiple unpaired t-test (n = 5). 



figure S3. Metoprine significantly increased histamine concentration in Ox-KO. 

The effect of i.p. injection of metoprine on histamine concentration in the whole brain. 

Two-way ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05, **P < 0.01 

(n = 5, Two-way ANOVA for ‘gene knockout’ and ‘drug injection’, interaction F (1,16) = 

1.32, P = 0.27, gene knockout F (1,16) = 3.17, P = 0.094, drug injection F (1,16) = 78.6, 

P < 0.0001). 



figure S4. Representative hypnograms in ICR mice after drug injection in ZT3. 

The representative effect of i.p. injection of vehicle (A), metoprine (B), metoprine and 

pyrilamine (C) and metoprine and zolantidine (D) in sleep-wake states after 6 h. The 

hypnogram shows three sleep-wake states including wakefulness (W), NREM sleep (NR) 

and REM sleep (R). 



figure S5. Representative hypnograms in Ox-KO mice after drug injection in ZT12. 

The representative effect of i.p. injection of vehicle (A), metoprine (B), metoprine and 

pyrilamine (C), metoprine and zolantidine (D) and pitolisant (E) in sleep-wake states after 

6 h. The hypnogram shows four sleep-wake states including wakefulness (W), NREM 

sleep (NR), REM sleep (R) and cataplexy (C). 



figure S6. Spectral distribution of EEG power densities during wakefulness in ICR 

mice after drug injection. 

(A) spectral distribution of EEG power densities. (B) theta/delta ratio. *P < 0.05; unpaired t test (n =

7, P = 0.044) 
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