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Abstract

BACKGROUND—Narcolepsy, a disorder of Rapid Eye Movement (REM) sleep, is characterized 

by excessive daytime sleepiness and cataplexy, a loss of muscle tone triggered by emotional 

stimulation. Current narcolepsy pharmacotherapeutics include controlled substances with abuse 

potential or drugs with undesirable side effects. Since partial agonists at trace amine-associated 

receptor 1 (TAAR1) promote wakefulness in mice and rats, we evaluated whether TAAR1 

agonism had beneficial effects in two mouse models of narcolepsy.

METHODS—In the first experiment, male homozygous B6-Taar1tm1(NLSLacZ)Blt (Taar1 KO) and 

wildtype mice were surgically implanted to record EEG, EMG, locomotor activity (LMA) and 

body temperature (Tb) and the efficacy of the TAAR1 agonist, RO5256390, on sleep/wake and 

physiological parameters was determined. In the second experiment, the effects of the TAAR1 full 

agonist RO5256390 and partial agonist RO5263397 on sleep/wake, LMA, Tb and cataplexy were 

assessed in two mouse narcolepsy models.

RESULTS—RO5256390 profoundly reduced REM sleep in wildtype mice; these effects were 

eliminated in Taar1 KO mice. The TAAR1 partial agonist RO5263397 also promoted wakefulness 

and suppressed NREM sleep. Both compounds reduced Tb in the two narcolepsy models at the 

highest doses tested. Both TAAR1 compounds also mitigated cataplexy, the pathognomonic 

symptom of this disorder, in the mouse narcolepsy models. The therapeutic benefit was mediated 

through a reduction in the number of cataplexy episodes and time spent in cataplexy.
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CONCLUSIONS—These results suggest TAAR1 agonism as a new therapeutic pathway for the 

treatment of this orphan disease. The common underlying mechanism may be the suppression of 

REM sleep.
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INTRODUCTION

The sleep disorder narcolepsy afflicts 1 in 2000 individuals in the U.S. and is characterized 

by excessive daytime sleepiness (EDS), abnormalities of rapid-eye-movement (REM) sleep, 

and cataplexy, the sudden loss of muscle tone triggered by emotional stimulation (1). 

Specific degeneration of neurons that contain hypocretin (Hcrt, also known as orexin) is the 

likely cause of narcolepsy (2, 3). Cerebrospinal fluid Hcrt1 levels are reduced in narcoleptic 

patients relative to controls (4-6), presumably from the loss of Hcrt neurons (2, 3). A number 

of animal models of narcolepsy exist that are characterized by cataplexy, sleep/wake 

fragmentation and increased REM sleep propensity (7-10); some models exhibit both 

construct and face validity (11, 12)

Current treatments for narcolepsy involve symptomatic management of EDS and cataplexy. 

Amphetamines and other stimulants with abuse potential treat EDS through presynaptic 

stimulation of dopaminergic (DA) transmission (1, 13). Modafinil has become the first-line 

treatment for sleepiness because it has fewer side effects than amphetamine-like stimulants 

(14). The wake-promoting mechanism of action of modafinil may be through inhibition of 

the DA transporter (15), but could also be through enhancement of trace amine activity (16). 

Antidepressants, both tricyclic and selective monoaminergic reuptake inhibitors, alleviate 

cataplexy to the extent that they, or their metabolites, inhibit NA uptake (17, 18). The only 

approved drug that treats both cataplexy and EDS is γ-hydroxybutyrate (GHB) (19, 20).

Trace amine-associated receptor 1 (TAAR1) (21, 22) is a negative modulator of 

monoaminergic neurotransmission (23, 24) and may present a novel therapeutic pathway for 

the treatment of narcolepsy. Whereas Taar1 KO mice appear similar to wildtype (WT) 

littermates in most neurological and behavioral analyses (23, 24), when challenged with d-
amphetamine, Taar1 KO mice show enhanced hyperlocomotion and exaggerated striatal 

release of DA, NA and 5-HT (23, 24). Conversely, TAAR1-overexpressing mice show little 

response to amphetamine (25). The spontaneous firing rate of dopaminergic ventral 

tegmental area (VTA) and serotonergic neurons in the dorsal raphe nuclei (DRN) is greatly 

increased in the absence of TAAR1 (23); TAAR1 tonically activates GIRK channels to 

reduce basal firing activity of these neurons (26, 27). TAAR1 may also regulate 

glutamatergic activity in the cerebral cortex (27, 28). The endogenous ligands for TAAR1 

are trace amines (TAs) such as β-phenylethylamine (PEA), p-tyramine (pTyr), octopamine 

and tryptamine, molecules that are closely related to the classical biogenic amines (29, 30), 

and the thyronamines thyronamine (T0AM) and 3-iodothyronamine (T1AM) (31), which are 

structurally related to thyroid hormones triiodothyronine and thyroxine. Although thyroid 

hormones have been hypothesized to be regulated by Hcrt, circulating levels are associated 
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with changes in sleep/wake in both narcoleptic patients and controls (32). Abnormal levels 

of TAs have been associated with neuropathological disorders (29, 30, 33-35).

Several small molecule TAAR1 ligands have been described. The TAAR1 selective 

antagonist EPPTB (26) increased the firing frequency of DA neurons in vitro, suggesting 

that TAAR1 either exhibits constitutive activity or is tonically activated by endogenous 

agonist(s). Conversely, the full agonist RO5166017 inhibited the firing of dopaminergic 

VTA and serotonergic DRN neurons but did not affect locus coeruleus neurons, an area 

devoid of Taar1 expression (27). We recently described the effects of partial TAAR1 

agonists in rodent and primate neurobehavioral paradigms (36-38) that suggested therapeutic 

potential for TAAR1 agonism in psychosis, mood disorders and substance abuse. These 

studies also revealed dose-dependent wake-promoting and REM sleep-inhibiting properties 

of TAAR1 partial agonists. Unlike psychostimulants, however, the wakefulness produced by 

TAAR1 partial agonists was not accompanied by hyperlocomotion and increased body 

temperature (36, 37). Consequently, we hypothesized that TAAR1 agonism might be a novel 

therapeutic pathway for treatment of narcolepsy and report here the efficacy of TAAR1 

agonists to promote wakefulness and alleviate cataplexy in two models of murine 

narcolepsy.

METHODS AND MATERIALS

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at SRI International and were conducted in accordance with the principles set 

forth in the Guide for Care and Use of Laboratory Animals. Detailed methods are given in 

Supplement 1.

Protocol 1: Efficacy of TAAR1 full and partial agonists in WT and Taar1 KO mice

Animals—To evaluate wake-promoting efficacy of RO5256390, adult male homozygous 

B6-Taar1tm1(NLSLacZ)Blt mice (Taar1 KO) (23) (n=11) and their WT littermates (n=13) were 

used. As a comparison to RO5256390, data are presented from a second cohort of Taar1 KO 

(n=8) and a pooled group of 5 WT littermates and 7 WT B6-Tg(Taar1)27 (TAAR1-

overexpressing) mice (25) treated with RO5363397, as described previously (38). Both 

strains were maintained on a C57BL/6 background. Mice were obtained from F. Hoffmann-

LaRoche, Basel, Switzerland or were bred at SRI International using founders obtained from 

Roche.

Surgical Procedures and Data Recording—Mice were instrumented for tethered 

recording of electroencephalogram (EEG) and electromyogram (EMG) and telemetered 

monitoring of locomotor activity (LMA) and core body temperature (Tb) as described 

(38-40). EEG/EMG data were continuously recorded using iox2 (v2.8.0.11; EMKA 

Technologies, France) and analyzed as described (38-40).

Drugs—RO5256390 and RO5263397 (synthesized at Roche) and caffeine (Sigma) were 

prepared fresh as solutions or suspensions with 1 h sonication and serial dilutions using 

0.3% Tween-80 in water as the vehicle (Veh). Doses (37) were delivered at 10 mL/kg final 

volume and were administered p.o.

Black et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental design—One group of mice (n=11 Taar1 KO and 13 WT littermates) 

received p.o. RO5256390 (1, 3, and 10 mg/kg, T½=3.7 h (37), Caf (10 mg/kg, positive 

control) or Veh. As described previously (38), the other group (n=8 Taar1 KO and 12 WT) 

received p.o. RO5263397 (0.1, 0.3, and 1 mg/kg, T½=6 h), Caf (10 mg/kg, positive control) 

or Veh. All mice were dosed at ZT6 (ZT0=08:00) in balanced order with at least 3 d between 

treatments.

Data analysis and statistics—EEG and EMG data were visually scored offline in 10 s 

epochs as wakefulness, NREM, and REM using ecgAUTO (EMKA Technologies) by expert 

scorers blind to drug treatment and genotype. Time spent in each state and LMA and Tb 

were assessed for 3 h postdosing. Drug efficacy was evaluated using 2-way mixed ANOVA 

comparing genotype and drug treatment followed by Bonferroni t-tests, where appropriate.

Protocol 2: TAAR1 full and partial agonists in mouse narcolepsy models

Animals—Male, hemizygous transgenic C57BL/6-Tg(orexin/ataxin-3)/Sakurai mice 

(Atax) mice (11) and transgenic C57BL/6-Tg(orexin/tTA; TetO diphtheria toxin A 
fragment)/Yamanaka (DTA) mice (12) bred at SRI International were used. DTA mice were 

studied after dietary doxycycline withdrawal (Dox(−)) for 28 d, which produces 

degeneration of Hcrt cells and severe cataplexy (12).

Surgical Procedures and Data Recording—Mice were surgically implanted with 

transmitters for EEG, EMG, Tb and locomotor activity recording as described (41, 42). 

Physiological and video-recorded behavioral data were simultaneously acquired with 

DataQuest Art 4.2 (Data Sciences Inc., St. Paul, MN).

Drugs—Almorexant (Alm, (2R)-2-[(1S)-6,7-Dimethoxy-1-[2-(4-trifluoromethyl-phenyl)-

ethyl]-3,4-dihydro-1H-isoquinolin-2-yl]-N-methyl-2-phenyl-acetamide) (43) was 

synthesized at SRI International (>99% purity as determined by NMR, mass spectrometry 

and HPLC) according to procedures described in the patent literature (44). RO5263397 and 

RO5256390 were synthesized at Roche. Desipramine (Des, 10-11-Dihydro-N-methyl-5H-

dibenz(Z)[b,f]azepine-5-propanamine hydrochloride) was purchased from R&D Systems 

(Minneapolis, MN) and modafinil (Mod, 2-[(Diphenylmethyl)sulfinyl]acetamide) was 

purchased from Waterstone Technology (Carmel, IN). Drugs were prepared as described 

above using 1.25% hydroxypropyl methyl cellulose/0.1% dioctyl sodium sulfosuccinate in 

water (w/w) as the Veh. Doses (37, 41, 45, 46) were delivered at 10 mL/kg final volume i.p. 

(Alm) or p.o. (RO5263397, RO5256390, Des, Mod or Veh).

Experimental design—To assess the potential of TAAR1 agonists to promote 

wakefulness and reduce cataplexy, RO5263397 and RO5256390 were tested in mice at the 

time of day corresponding to when these effects would be most needed in narcoleptic 

humans (i.e., first half of the active phase). Therefore, Atax and DTA mice were dosed at 

ZT12.5 (ZT0=3:00) in a counter-balanced crossover design with RO5263397 (0.3, 1, 3 mg/

kg), RO5256390 (1, 3, 10 mg/kg), Des (5 mg/kg), Mod (100 mg/kg), or Veh. Desipramine 

was used as a positive control for cataplexy reduction (46) while Mod, an FDA-approved 

medication for EDS, served as a positive control for wake promotion (45). To increase the 
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occurence of cataplexy, Atax mice were pre-dosed on experimental days with a non-sedating 

dose of Alm (30 mg/kg) at ZT12 (41, 42). At least 3 d separated treatments. Physiological 

and video-recorded behavioral data were collected from ZT12-18 on each dosing day. 

Primary outcomes included time spent in wakefulness, NREM, REM, and cataplexy. Gross 

motor activity and Tb were also assessed.

Data analysis and statistics—Data were classified in 10-s epochs as wakefulness, 

NREM, REM, or cataplexy. Criteria for cataplexy were ≥ 10 s of EMG atonia, theta-

dominated EEG, and video-confirmed behavioral immobility preceded by ≥ 40 s of 

wakefulness (47). Data were analyzed as time spent in classification per 30 min bin. 

Cumulative time spent in cataplexy and cataplexy density (number of cataplexy bouts/min of 

wakefulness) was calculated for 5.5 h post-dosing.

Wakefulness, NREM and REM sleep were compared between drug conditions using twoway 

repeated measures (RM) ANOVA on factors “drug condition” and “30 min bin”. Cataplexy 

time was evaluated between drug conditions using one-way ANOVA. When appropriate, 

post hoc Bonferroni t tests (α=0.05) were performed after ANOVA. Data that did not meet 

the assumptions of normality and equal variance as required for ANOVA were subjected to 

analysis using Friedman RM-ANOVA on Ranks with post hoc tests using Dunnett's Method 

(α=0.05). Cataplexy density data were pooled between mouse models and linear regressions 

were performed to determine the relationship between cataplexy density after Veh vs. the 

therapeutic response (cataplexy density change from Veh). Significant relationships were 

detected with Pearson product-moment correlation.

RESULTS

Protocol 1: Efficacy of full and partial TAAR1 agonists in Taar1 KO and WT mice

We previously showed that the TAAR1 partial agonist RO5263397 promoted wakefulness 

and inhibited REM sleep in mice and that these effects were TAAR1-dependent (38). To 

determine the generality of this response, we evaluated the efficacy of another TAAR1 

agonist, RO5256390, on sleep/wake when administered to WT and Taar1 KO mice in the 

mid-light phase when mice normally spend a majority of time asleep. Although we have 

previously characterized RO5256390 as a full agonist in rat and monkey, its intrinsic activity 

(IA) in mice (79%) is considerably lower than that found in rat, monkey or human (~100%), 

although still higher than the 59% value for the partial agonist RO5263397 determined in 

mice (37). Although the IA values suggest that RO5256390 may be a partial agonist in mice, 

to be consistent with the existing literature, we will refer to RO5263397 as a partial TAAR1 

agonist and RO5256390 as a full TAAR1 agonist.

RO5256390 did not significantly affect the amount of Wake or NREM sleep in WT (Figure 
1A,B) or Taar1 KO (Figure 1D,E) mice. By contrast, RO5256390 significantly decreased 

REM sleep at all three doses in WT (Figure 1C); this effect was absent in Taar1 KO mice 

(Figure 1F; interaction: F4,88=8.296, P<0.001). Caf significantly increased wake time 

(Figure 1A,D; main effect of drug: F4,88=42.671, P<0.001) and decreased NREM time 

(Figure 1B,E; main effect of drug: F4,88=50.275, P<0.001) and REM time in both genotypes 

(Figure 1C,F). While there was a significant main effect of genotype on Wake time (Figure 
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1A,D; main effect of genotype: F1,22=4.394, P=0.048), a t-test comparing Wake time 

between WT and KO mice was negative for the Veh treatment. Thus, the observed genotype 

effect likely reflects small increases in wake time corresponding to the REM suppression 

following RO5256390 (Figure 1C,F). Supplementary Figure S1 provides the hourly 

amounts for the effects of RO5256390 on all 3 states in both genotypes.

As a comparison to RO5256390, Figures 1G-L present the effects of the partial agonist 

RO5263397 on sleep/wake in WT and Taar1 KO mice (38). In contrast to the full agonist 

RO5256390, RO5263397 (0.3 and 1.0 mg/kg) significantly increased wake time (Figure 1G; 

interaction effect: F4,72=4.882, P=0.002) and decreased NREM time compared to Veh 

(Figure 1H; interaction effect: F4,72=4.470, P=0.003) and also powerfully suppressed REM 

sleep at all doses in WT mice (Figure 1I; interaction effect: F4,72=5.373, P<0.001). These 

effects were absent in Taar1 KO mice (Figure 1J-L). By contrast, Caf significantly 

enhanced wake (Figure 1G,J) while suppressing NREM sleep (Figure 1H,K) in both WT 

and Taar1 KO mice. Caf also suppressed REM sleep in WT mice but, surprisingly, not in KO 

mice (Figure 1I,L). Thus, both RO5263397 and RO5256390 suppressed REM sleep in WT 

mice but RO5263397 also promoted wakefulness and reduced NREM sleep. None of these 

effects were observed in Taar1 KO mice, demonstrating that both REM-suppressing and 

wake-promoting effects are mediated via TAAR1.

Since RO5263397 reduced Tb without affecting LMA (38), we assessed the effects of 

RO5256390 on these parameters. Similar to RO5263397, RO5256390 had no effect on LMA 

in either WT (Figure 2A) or Taar1 KO (Figure 2C) mice, unlike Caf which increased LMA 

in both strains. Whereas RO5263397 had a hypothermic effect in WT mice, RO5256390 had 

no such effect in either WT or Taar1 KO mice (Figure 2B,D). Thus, RO5256390 and 

RO5263397 have similar effects on REM sleep but have different effects on wakefulness, 

NREM and Tb.

Protocol 2: Efficacy of full and partial TAAR1 agonists in mouse narcolepsy models

To assess the potential of TAAR1 agonists to promote wakefulness and ameliorate cataplexy, 

arousal states were assessed in Atax and DTA mice during the first half of the active phase 

(ZT12-18). In Atax mice that were pretreated with a non-sedating dose of Alm (30 mg/kg) 

(41, 42), only the positive control Mod increased wakefulness (Figure 3A; F44,308=1.46, 

P<0.04) and decreased NREM sleep (Figure 3B; F44,308=1.5, P<0.03). However, in DTA 

Dox(−) mice, both the TAAR1 agonist RO5256390 (10 mg/kg) and Mod increased 

wakefulness (Figure 3D; F44,308=1.48, P<0.03). In contrast to WT mice treated at ZT6 

(Figure 1C), REM sleep was not significantly affected by RO5256390 in either mouse 

narcolepsy model when treated at ZT12 (Figure 3C,F), a time of day when REM sleep is 

very low.

In Atax mice, Mod also increased wakefulness (F44,308=1.52, P<0.03) and decreased NREM 

sleep (F44,308=1.59, P<0.02) in the RO5263397 dataset (Figure 3G-H). By contrast, 

RO5263397 did not significantly increase wakefulness nor reduce NREM sleep when Atax 

mice were treated at ZT12 (Figure 3G-H). Similarly, Mod increased wakefulness 

(F4,308=3.58, P<0.02) and showed a trend towards decreased NREM sleep (F4,308=2.69, 
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P=0.052) in DTA Dox(−) mice, whereas RO5263397 did not affect wakefulness or NREM 

sleep at any dose tested at this time of day (Figure 3J-K). REM sleep was significantly 

suppressed by both Mod and RO5263397 in Alm-pretreated Atax mice (Figure 3I; 

F4,308=10.94, P<0.001), and trended towards a decrease in DTA Dox(−) mice (Figure 3L; 

F44,308=1.36, P=0.07). Cumulative REM sleep for 5.5 h post-dosing in Alm-pretreated Atax 

mice was suppressed by Mod and by RO5263397 at 1 and 3 mg/kg (F4,28=10.9, P<0.001). 

REM sleep returned to, or exceeded, baseline levels by 3-5.5 h post dosing in both models.

Consistent with our observations in WT mice (Figure 2 and (38)), there were no significant 

effects of RO5256390, RO5263397 or Mod on gross motor activity in either narcoleptic 

model (Figure 4A,C,E,G). Since RO5263397 reduced Tb in WT mice (38), we assessed the 

effects of both compounds on Tb in the mouse narcolepsy models. RO5256390 reduced Tb 

at the highest dose tested in both Atax (Figure 4B; F44,308=2.43, P<0.001) and DTA (Figure 
4D; F44,308=1.98, P<0.001) mice. Similarly, RO5263397 reduced Tb in both Atax (Figure 
4F; F44,308=2.53, P<0.001) and DTA (Figure 4H; F44,308=2.34, P<0.001) mice. Mod 

slightly decreased Tb in Atax, but not DTA mice.

Cataplexy was assessed over the 5.5 h post-dosing at ZT12.5 with the TAAR1 agonists 

RO5256390 (1-10 mg/kg) and RO5263397 (0.3-3 mg/kg) vs. the known anticataplectic Des 

(5 mg/kg). Compared to Alm-pretreated Atax mice, DTA Dox(−) mice exhibited a 4-fold 

increase in the amount of time spent in cataplexy during the vehicle condition (Figure 5A,B 
vs. C,D). In Atax mice that were pretreated with a non-sedating dose of Alm (30 mg/kg), 

both RO5256390 and RO5263397 decreased time spent in cataplexy (Figure 5A-B; 

Friedman RM-ANOVA on Ranks:χ2(4)=12.0, P<0.02; one-way RM-ANOVA: F4,28=3.97, 

P<0.02, respectively). Similarly, both RO5256390 and RO5263397 decreased cataplexy in 

DTA Dox(−) mice (Figure 5C-D; one-way RMANOVA: F4,28=5.95, P<0.001 and 

F4,28=3.33, P<0.03, respectively).

Because cataplexy occurrence varies widely between narcolepsy models (e.g., Veh groups in 

Figure 5A-D) as well as among mice of the same genotype (46), data from Alm-pretreated 

Atax mice and DTA Dox(−) mice were pooled to assess correlations between cataplexy 

density (number of cataplexy bouts per minutes awake) after Veh vs. the therapeutic change 

from Veh post-dosing with RO5263397 (0.3-3 mg/kg), RO5256390 (1-10 mg/kg) and Des (5 

mg/kg) (Figure 5E-F). Pearson product-moment correlations revealed that, as basal 

cataplexy levels increased (measured as cataplexy density after Veh treatment), cataplexy 

density after drug treatment decreased for RO5263397 (0.3, 1, 3 mg/kg) (r(14)=−0.89, 

−0.62, −0.77, respectively, all P<0.01), RO5256390 (1, 3, 10 mg/kg) (r(14)=−0.97, −0.74, 

−0.82, respectively, all P<0.01) and Des (5 mg/kg) (r(14)=−0.92, P<0.01).

DISCUSSION

Narcolepsy is a disorder of REM sleep and cataplexy is its pathognomonic symptom. In the 

present study, two TAAR1 agonists showed a therapeutic benefit in reduction of cataplexy in 

two different mouse models of narcolepsy. The TAAR1 partial agonist RO5263397 reduced 

cataplexy in both mouse narcolepsy models (Figure 5B,D,F) and suppressed REM sleep in 

the Atax narcolepsy model (Figure 3I,L) as well as in WT mice (Figure 1I). By contrast, 
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RO5256390 had a therapeutic benefit on cataplexy (Figure 5A,C,E) and reduced REM sleep 

in WT mice (Figure 1C) but its suppression of REM sleep did not reach statistical 

significance in either of the narcolepsy models (Figure 3C,F) when tested at a time of day 

when REM sleep levels were low. Whereas the studies in WT mice in Protocol 1 were 

conducted mid-rest phase to assess a potential wake-promoting effect of these compounds, 

the narcolepsy studies in Protocol 2 were conducted at the start of the active phase when 

cataplexy levels are high. It is possible that more consistent results on REM sleep would be 

obtained if the 3 strains of mice were tested at the same time of day.

Partial vs. Full Agonism at TAAR1 and Effects on Sleep/Wake

Our previous studies in rat showed that the TAAR1 partial agonists RO5203648 and 

RO5263397 dose-dependently increased wakefulness and reduced both NREM and REM 

sleep whereas RO5256390, a TAAR1 full agonist in the rat, had no effect (36, 37). Neither 

the partial nor full agonists affected LMA or Tb in the rat (36, 37). The full agonist 

RO5256390 reduced the firing of VTA DA neurons in vitro whereas the partial agonists 

RO5263397 and RO5203648 increased the discharge rate of these cells; these effects were 

absent in Taar1 KO mice (36, 37). Since the full agonist RO5166017 also inhibited the firing 

of these neurons (27) as did RO5256390 whereas the TAAR1 selective antagonist EPPTB 

(26) increased the firing frequency of these cells as did RO5263397 and RO5203648, we 

proposed that the partial agonists had some antagonistic activity that blocked constitutive 

TAAR1 tone. In rat, monkey and human, RO5256390 is clearly a full agonist but, in mice, 

the IA of RO5256390 in mice is considerably lower (79%), although still higher than the 

59% value for the partial agonist RO5263397 determined in mice (37). Thus, it is not 

surprising that RO5256390 had some physiological effects in mice that are consistent with 

partial agonist activity and that such effects were greater in mice treated with RO5263397. 

For example, although both compounds decreased REM sleep in WT mice (Figure 1C,I) 

and reduced cataplexy in both narcolepsy models (Figure 5), these effects were more robust 

in mice treated with RO5263397.

In addition, RO5263397 has some physiological effects that were not evident in mice treated 

with RO5256390. For example, RO5263397 increased wake and decreased both NREM 

sleep (Figure 1G,H) and Tb (38) in WT mice whereas RO5256390 did not and RO5263397 

also reduced REM sleep in Atax mice (Figure 3I,L) whereas RO5256390 was only weakly 

effective in this regard (Figure 3C,F). These differences could be due to the degree of 

TAAR1 partial agonism, or might be due to the >6-fold increased oral bioavailability and 

nearly twice the T½ of RO5263397 vs. RO5256390 (37).

Relationship Between Therapeutic Efficacy and Body Temperature

The ideal narcolepsy therapeutic would be effective in treating both EDS and cataplexy that 

are characteristic of this disorder. Curiously, although RO5263397 clearly increased 

wakefulness in WT mice, it was surprisingly ineffective in this regard at the doses tested in 

the two mouse narcolepsy models (Figure 3). As pointed out above, the assessments in WT 

mice vs. the narcolepsy models were conducted at different times of day. However, it should 

also be noted that RO5263397 had a significant hypothermic effect in WT mice and in both 

narcolepsy models that was not observed in rats. Thus, it is unclear whether the wake-
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promoting effect of RO5263397 was a secondary consequence of the decline in Tb, but the 

fact that RO5263397 was wake-promoting in rats in the absence of a change in Tb argues 

against this possibility. Similarly, although both RO5256390 and RO5263397 reduced 

cataplexy and decreased Tb in the mouse narcolepsy models, the doses were not always 

aligned. For example, only RO5256390 at 10 mg/kg reduced Tb in DTA mice (Figure 4D) 

but this dose did not significantly affect cataplexy (Figure 5C) whereas lower doses of 

RO5256390 reduced cataplexy without affecting Tb. Similarly, RO5263397 at 1 mg/kg 

reduced Tb in Atax mice but did not significantly affect cataplexy (Figure 5B).

Relationship Between Therapeutic Efficacy and Inhibition of REM Sleep

Suppression of REM sleep is a characteristic of many anticataplectic medications (46). 

Although both RO5263397 and RO5256390 were effective in reducing cataplexy, 

RO5263397 was more effective in reducing REM sleep in the Atax narcolepsy model 

(Figure 3I). It should be noted that basal REM sleep amounts in the DTA mice are very low 

at the time of day chosen for this experiment (Figure 3), possibly contributing to a floor 

effect for REM suppression in these mice. Both compounds reduced REM sleep in WT mice 

(Figure 1) but, again, RO5263397 had the stronger effect. Together, these results suggest 

that the stronger partial TAAR1 agonism, the more effective the therapeutic efficacy as an 

anticataplectic medication. Presumably, this increased efficacy reflects a greater TAAR1 

antagonism and blockade of endogenous TAAR1 tone, and suggests that blood brain barrier-

penetrable TAAR1 antagonists (currently unavailable) would be effective anticataplectic 

therapeutics. Since TAAR1 is thought to be a negative regulator of DA release (23), TAAR1 

antagonism should result in increased firing of VTA DA neurons (26) and greater DA 

release. In this regard, it is of interest that the beneficial effects of amphetamine and 

modafinil, two of the major therapeutics for the treatment of wakefulness in narcolepsy, are 

mediated by inhibition of DA reuptake and presynaptic activation of DA neurotransmission. 

However, unlike amphetamine or modafinil, TAAR1 partial agonism does not increase 

motor activity; indeed, both RO5263397 and RO5256390 were shown to decrease 

hyperactivity induced by psychostimulants (37). The anticataplectic mechanism of action of 

TAAR1 partial agonists may be related to blockade of endogenous TAAR1 tone in the DRN 

and the subsequent increase in serotonergic tone, as restoration of excitatory Hcrt signaling 

in this region has been shown to reduce cataplexy (48).

Conclusions

EDS and cataplexy are the most problematic symptoms for narcolepsy patients. Since 

narcolepsy is due to loss of the Hcrt neurons by a mechanism that is yet to be fully 

understood, hypocretin/orexin replacement would be the ideal therapy. A small molecule 

hypocretin/orexin agonist has recently been described (49) but its utility as a drug is unclear 

at the present time. Current narcolepsy therapeutics are thus symptomatic rather than 

disease-modifying and, with the exception of GHB, no drug is approved for treatment of 

both EDS and cataplexy. As a controlled substance, use of GHB is problematic for patients. 

Consequently, the data presented here demonstrating the wake-promoting activity of 

RO5263397 in WT mice and RO5256390 in DTA mice and that both compounds reduce 

cataplexy in mouse narcolepsy models suggest that TAAR1 partial agonism may be a 

promising therapeutic pathway for the treatment of this disorder of REM sleep.
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Figure 1. 
TAAR1 agonists suppress REM sleep in WT mice. Total time in wake (A, D), NREM (B, E) 

and REM sleep (C, F) was summed for 3 h following dosing with the full agonist 

RO5256390 (RO5256390, 1-10 mg/kg, warm colors), caffeine (Caf, 10 mg/kg, black) or 

vehicle (Veh, gray) at zeitgeber time (ZT) 6 in WT (A-C) and Taar1 KO mice (D-F). Data 

are presented as mean + s.e.m. n=13 WT and 11 Taar1 KO mice. The partial TAAR1 agonist 

RO5263397 increases wakefulness as well as suppresses REM sleep in WT mice (G-L). 

Total time in wake (G, J), NREM (H, K) and REM sleep (I, L) was summed for 3 h 

following dosing with RO5263397 (0.1-1.0 mg/kg, cool colors), caffeine (Caf, 10 mg/kg, 

black) or vehicle (Veh, gray) at zeitgeber time (ZT) 6 in WT (G-I) and Taar1 KO mice (J-
L). Data are presented as mean + s.e.m. n=12 WT and 8 Taar1 KO mice. Two-way mixed-

factor ANOVA and post hoc Bonferroni t tests: * P<0.05 vs Veh; + P<0.05 vs WT
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Figure 2. 
The TAAR1 agonist RO5256390 had no effects on locomotor activity (LMA; A, C) or core 

body temperature (Tb; B, D) in WT or Taar1 KO mice. Compound RO5256390 (1-10 mg/kg, 

warm colors), caffeine (Caf, 10 mg/kg, black) and vehicle (Veh, gray dots) were 

administered at zeitgeber time (ZT) 6. Two-way repeated-measures ANOVA and post hoc 
Bonferroni t tests: * P<0.05 vs. Veh. Data are mean±s.e.m.
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Figure 3. 
During the dark phase, the TAAR1 agonist RO5256390 at 10 mg/kg increased wakefulness 

in DTA mice (n=8; D) while RO5263397 (3397) suppressed REM sleep in orexin/ataxin-3 
(Atax, n=8; I) mice. Compounds RO5256390 (1-10 mg/kg; A-F, warm colors), 3397 (0.3-3 

mg/kg; G-L, cool colors), modafinil (Mod, 100 mg/kg, black) and vehicle (Veh, gray dots) 

were administered at zeitgeber time (ZT) 12.5 (dashed vertical line) in Atax mice (A-C, G-I) 

after pretreatment with almorexant (30 mg/kg, p.o.) at lights off (ZT12), and in DTA Dox(−) 

mice after Hcrt neuron degeneration (D-F, J-L). Modafinil also increased wakefulness in 

both narcoleptic models (A, D) and suppressed NREM sleep in Atax mice (B). Two-way 

repeated-measures ANOVA and post hoc Bonferroni t tests: * P<0.05 vs. Veh. Data are 

mean±s.e.m.
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Figure 4. 
TAAR1 agonists RO5256390 and RO5263397 (3397) decreased core body temperature 

without altering gross motor activity in orexin/ataxin-3 (Atax, n=8) and orexin/tTA; TetO 
diphtheria toxin (DTA, n=8) mice. Compounds RO5256390 (1-10 mg/kg, A-D), 3397 (0.3-3 

mg/kg, E-H), modafinil (Mod, 100 mg/kg, black) and vehicle (Veh, gray dots) were 

administered at zeitgeber time (ZT) 12.5 (dashed vertical line) in Atax mice (A, B, E, F), 

after p.o. pretreatment with almorexant (30 mg/kg, p.o.) at lights off (ZT12), and in DTA 

Dox(−) mice after Hcrt neuron degeneration (C, D, G, H). Two-way repeated-measures 

ANOVA and post hoc Bonferroni t tests: * P<0.05 vs. Veh. Data are mean±s.e.m.

Black et al. Page 16

Biol Psychiatry. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
TAAR1 agonists RO5256390 and RO5263397 decreased cataplexy in orexin/ataxin-3 (Atax, 

n=8) and orexin/tTA; TetO diphtheria toxin (DTA, n=8) mice. Compounds RO5256390 

(1-10 mg/kg; A, C, E), RO5263397 (0.3-3 mg/kg; B, D, F), desipramine (Des, 5 mg/kg; 

black) and vehicle (Veh; gray) were administered at zeitgeber time (ZT) 12.5 in Atax mice 

(A, B, E, F), after pretreatment with almorexant (30 mg/kg, p.o.) at lights off (ZT12), and in 

DTA Dox(−) mice after Hcrt neuron degeneration (C-F). Time in cataplexy was reduced 

after RO5256390 (10 mg/kg) and Des in Atax mice (A) and after RO5256390 (1, 3 mg/kg) 

in DTA mice (C). Time spent in cataplexy decreased during the 5.5 h following RO5263397 

(0.3 and 3 mg/kg) and Des in Atax mice (B) and after RO5263397 (3 mg/kg) in DTA mice 

(D). Data are mean±s.e.m., Friedman RMANOVA on Ranks and post hoc Dunnett's Method 

(Atax) and one-way repeated-measures ANOVA and post hoc Bonferroni t tests (DTA): * 

P<0.05 vs. Veh. Cataplexy density (number of cataplexy bouts per min awake) after Veh vs. 

following RO5256390 (E), RO5263397 (F), or Des (E, F), plotted as the change from Veh, 

indicated a dose-related therapeutic response to TAAR1 agonists (data pooled from both 

mouse models). Pearson product-moment correlation: + P<0.01.
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