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MANY RESEARCHERS HAVE HYPOTHESIZED THAT 
THE POORLY CONSOLIDATED WAKE AND INAPPRO-
PRIATELY TIMED RAPID EYE MOVEMENT (REM) SLEEP 
of narcolepsy could be caused by disruption of the circadian 
rhythms of sleep and wakefulness.1-4 The suprachiasmatic nu-
cleus (SCN) is essential for the timing and consolidation of sleep 
and wakefulness;5 and squirrel monkeys with SCN lesions lose 
the circadian rhythms of sleep and wakefulness and are unable 
to produce long bouts of wakefulness.6 Similarly, people with 
narcolepsy have difficulty maintaining wakefulness, and their 
naps often include bouts of REM sleep, regardless of the time 
of day.1 Most likely, this is not caused by a primary defect in the 
generation of circadian rhythms because the daily rhythms of 
body temperature and cortisol are essentially normal.7 Instead, 
people with narcolepsy may have a specific defect in the circa-
dian control of sleep and wakefulness.

Considerable basic research supports this hypothesis. Narco-
lepsy with cataplexy is caused by a loss of the orexin/hypocre-
tin-producing neurons.8-10 Since the orexin neurons receive both 
direct and indirect signals from the SCN and send projections 
to many state-regulatory brain regions, they are anatomically 
well positioned to mediate the circadian timing of sleep and 
wakefulness.11-17 Extracellular levels of orexin vary in a circa-
dian pattern, with high levels during the waking period, and 
lesions of the SCN abolish this rhythm.18-20 Furthermore, non-
specific lesions of the orexin field or of the pathways between 
the SCN and the orexin neurons disrupt the timing of sleep/

wake behavior.12,13,21 We therefore hypothesized that the orexin 
neurons are an essential relay for the circadian signals that time 
and consolidate sleep and wake.

To determine whether the orexin neurons are necessary for 
the circadian control of sleep and wakefulness, we examined 
free-running circadian rhythms in 2 different strains of orexin 
deficient mice: orexin/ataxin-3 (Atx) mice with an acquired, se-
lective loss of the orexin/hypocretin neurons and orexin peptide 
knockout (KO) mice.22,23

MATERIALS AND METHODS

All animal experiments were carried out in accordance with 
the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals (National Institutes of Health Publica-
tion 8023, revised 1978). These studies were approved by the 
Institutional Animal Care and Use Committees of Beth Israel 
Deaconess Medical Center and Harvard Medical School.

Animals

We used 8 male, transgenic orexin/ataxin-3 mice (Atx), 6 
orexin peptide knockout (KO) mice, and corresponding wild-
type littermates (8 WTAtx and 8 WTKO). The orexin KO mice 
have a neomycin cassette inserted into the prepro-orexin gene 
and simply lack orexin-A and –B.22 In Atx mice, the human 
prepro-orexin promoter drives expression of ataxin-3, a toxic 
transgene that selectively kills the orexin neurons by around 
12 weeks of age.23 Thus, these Atx mice are an excellent mod-
el of the loss of the orexin-producing neurons that occurs in 
people with narcolepsy with cataplexy9,10 and allow one to test 
the roles of other neurotransmitters (e.g., dynorphin and gluta-
mate) produced in the orexin neurons.8,24 To maximize genetic 
homogeneity, we backcrossed the Atx and orexin KO lines with 
C57BL⁄6J mice for 6-8 generations.
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Mice were identified by genotyping and immunostaining. 
PCR was performed on genomic DNA from tail biopsies. Prim-
ers used were 5’-CAT GAA GGA AGA AGG TCC TGG and 
3’-CCT TGC ACC CAG GAA TCT GG against the orexin/
ataxin-3 transgene and 5’-GAC GAC GGC CTC AGA CTT 
CTT GGG and 3’-TCA CCC CCT TGG GAT AGC CCT TCC 
against the endogenous mouse prepro-orexin gene. We identi-
fied orexin KO mice using a neo primer 5’-TAG TTG CCA 
GCC ATC TGT TG and a genomic primer 3’-ACT CTC CAC 
CCA CAG ACA GG. After the polysomnographic recordings, 
mice were deeply anesthetized and perfused. Immunostaining 
for orexin-A (1:2500; Santa Cruz Biotechnology, CA, USA, 
Lot# A2604, catalogue# sc-8070) confirmed a > 95% loss of 
the hypothalamic orexin neurons in all Atx mice and no orexin 
immunoreactivity in all KO mice (see17,22,25 for detailed descrip-
tion of immunostaining methods).

Surgery and EEG/EMG recordings

At the time of surgery, mice were 16-19 weeks old and 
weighed 35 to 40 g. Under anesthesia with ketamine-xylazine 
(100 and 10 mg/kg ip), we implanted mice with EEG and 
electromyogram (EMG) electrodes, as described previously.26 
Briefly, stainless steel screw electrodes were implanted epidur-
ally over the left frontal cortex (1.5 mm lateral and 1 mm an-
terior to bregma) and left parietal cortex (1.5 mm lateral and 
1.0 mm anterior to lambda) for frontoparietal EEG recordings. 
EMG signals were acquired by a pair of multistranded stainless 
steel wires inserted into the neck extensor muscles. A telemetric 
body temperature (Tb) and locomotor activity (LMA) transmit-
ter (TA-F20, Data Sciences International, St. Paul, MN) was 
placed in the peritoneal cavity. Transmitters were factory-cali-
brated to an accuracy of 0.1°C.

One week after surgery, mice were transferred to recording 
cages in a sound-attenuated chamber with a 12:12 h light-dark 
(LD) cycle (30 lux daylight-type fluorescent tubes with lights on 
at 07:00), constant temperature (23 ± 1°C), and with food and 
water available ad libitum. The recording cable was attached to 
a low torque commutator, fixed above the cages that allowed 
free movement. Mice were habituated to the cables for 5 days 
before the experiments and remained connected throughout the 
study. After acclimating to the LD cycle for 10 days, baseline 
sleep/wake behavior was recorded (data not shown). Mice were 
then kept in constant darkness (DD) for 7 days. On days 6 and 7 
of DD, we recorded the polysomnogram (EEG/EMG, infrared 
video), Tb, and LMA for 48-h and then analyzed 24-h record-
ings after determining the subjective day onset for each indi-
vidual animal (see below).

The EEG/EMG signals were acquired using Grass Model 
12 amplifiers (West Warwick, RI) and digitized at 128 Hz. The 
signals were digitally filtered (EEG: 0.3-30 Hz, EMG: 5-30 Hz) 
and scored in 10-s epochs as Wake, non-REM (NREM) sleep, 
or REM sleep using SleepSign (Kissei Comtec, Matsumoto, Ja-
pan). S.K. then visually inspected all scoring and made correc-
tions when appropriate.

Behavior was scored as cataplexy using the new consensus 
definition of murine cataplexy.27 Specifically, an epoch was 
scored as cataplexy when: (1) the mouse had one or more ep-
ochs of EEG θ activity and muscle atonia immediately preceded 

and followed by active Wake; (2) at least 40 sec of Wake pre-
ceded cataplexy to exclude any REM sleep that might follow 
a brief awakening;28 and (3) the animal was immobile. When-
ever behavior met criterion 1, we examined integrated infrared 
video recordings (SleepSign) to determine if all criteria were 
fulfilled.27,29

Period, Phase, and Amplitude Analysis

Tb and LMA were recorded at 5-min intervals by an antenna 
(RPC-1, Data Sciences International) below the recording cage 
and digitally acquired (Dataquest, Data Sciences International). 
Analysis of the Tb rhythm over 7 days showed that mice in all 
groups had the same phase angle of entrainment in LD. To mea-
sure the period of the free-running rhythm, we performed a chi-
square periodogram analysis (Circadia, Behavioral Cybernetics, 
Cambridge, MA) on the Tb data of each mouse over the first week 
of constant darkness. A subset of mice (5 WTAtx, 4 Atx) contin-
ued in DD for a total of 27 days, and their free-running rhythms 
were very similar to that seen in the first week of DD (data not 
shown). The onset of subjective night was calculated for each 
animal based on the period of its free running Tb rhythm: subjec-
tive night onset = 19:00 + n*(period of Tb - 24 hr), where n is the 
number of days after onset of constant darkness.12,13

Sleep/wake rhythms in rodents are clearly not sinusoidal and 
have multiple peaks and abrupt changes near CT0 and CT12 
that hinder analysis using techniques such as cosinor analysis. 
Thus to measure the amplitudes of circadian rhythms of sleep/
wakefulness, we used the circadian index (CI) and the noctur-
nality ratio.30,31 The CIs of Wake, NREM sleep, REM sleep, 
LMA and Tb were calculated from the following formula: CI 
= (meannight - meanday)/mean24hr, where meanday is the average 
over the subjective day, meannight is the average over the subjec-
tive night, and mean24hr is the average over the entire day.12,13 
CIs are plotted as positive values in which low values indicate 
little circadian variation. Nocturnality ratios were defined as the 
percentage of total amount of a behavior (Wake, NREM sleep, 
REM sleep, LMA, or Tb) occurring during the subjective night. 
For the nocturnality analysis of Tb, the values above the daily 
mean were counted. Thus, high nocturnality ratios represent 
high incidence of the behavior during the night, while ratios 
close to 50% indicate behavior evenly distributed between sub-
jective day and night.

Analysis of REM Sleep Propensity

To measure the propensity for REM sleep, we analyzed REM 
sleep latency, REM sleep bout durations, and the probability of 
transitioning into REM sleep from NREM sleep. We defined 
the sleep cycle as beginning at the onset of NREM sleep and as 
ending at the offset of REM sleep, allowing for brief awaken-
ings no longer than 10 sec. Cycles were excluded from analysis 
if 1) they lacked REM sleep; 2) the REM sleep episode was 
only one epoch long (10 sec), followed by NREM sleep; or 3) 
the NREM sleep episode prior to REM sleep was shorter than 
30 sec.26 REM sleep latency was calculated for each sleep cycle 
and then averaged for the subjective day and night.

To analyze the probability of transitioning into REM sleep 
as a function of NREM sleep bout length, we first calculated 
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the absolute probability of transitioning from NREM into REM 
sleep for each 10 sec epoch of NREM sleep and calculated the 
weighted average probability for bins of increasing duration (< 
90, 90-180, 180-270, 270-360, and > 360 sec).

Statistical Analysis

We used ANOVA for repeated measures to analyze changes 
in each vigilance state as a function of strain (WTAtx, WTKO, 
Atx, and KO) and time. The same test was used with 2 main 
factors (strain and day-night cycle) to compare vigilance state 
parameters. CIs and nocturnality ratios of sleep/wake behavior 
were compared between strains using unpaired t-tests. To ana-
lyze the probability of NREM to REM sleep transitions and the 
distribution of REM sleep bout durations, we used ANOVA for 
repeated measures with strain as the between factor and bout 
length as the repeated measurement. The Bonferroni/Dunn test 
was used for post hoc comparisons. All results are expressed as 
means ± SE.

RESULTS

Impaired Circadian Control of REM Sleep in Atx Mice

In constant darkness, the amplitude of the circadian rhythm 
of REM sleep was much smaller in Atx mice than their WTAtx 
littermates (t = 3.19, P < 0.01; Figure 2A). Atx mice had nearly 
half (41%) of their total amount of REM sleep time during the 
subjective night; a considerably higher proportion than in WTAtx 
mice (26%) (t = 3.19, P < 0.01; Figure 2B). This reduction in 
circadian rhythmicity was due to a near doubling in the amount 
of REM sleep during the subjective night (F1,14 = 8.09, P < 0.05; 
Table 1). This increase was still apparent when REM sleep was 
viewed as a percentage of total sleep time (TST, F1,14 = 15.78, P 
< 0.01; Figure 3), demonstrating that the increase in REM sleep 

was not a consequence of more sleep in general. Atx mice had 
less REM sleep in the first 2 h of the subjective night, compared 
to the rest of the night, probably due to displacement of REM 
sleep by the increased amounts of Wake during this interval 
(Figure 1).

To determine whether the reduction in REM sleep rhythmic-
ity was caused by orexin deficiency, we performed the same 
analyses in orexin KO mice and their WTKO littermates. In con-
trast to the Atx mice, the amounts and timing of REM sleep in 
orexin KO mice were very similar to WTKO littermates (Table 
1). This was true for the absolute amounts of REM sleep as well 
as REM sleep as a percent of total sleep time (Figure 3).

In contrast, the circadian rhythms of Wake and NREM sleep 
were undisturbed in Atx and KO mice. The hourly amounts of 
Wake and NREM sleep were essentially normal, though the du-
ration of Wake and NREM sleep bouts was much shorter in both 
Atx and KO mice than in WTAtx and WTKO mice, as reported 
previously.23,32 Cataplexy showed robust circadian variation in 
both Atx and KO mice, with nearly all cataplexy occurring dur-
ing the subjective night. This was true for the absolute amounts 
of cataplexy as well as cataplexy as a percent of Wake time, in-
dicating that circadian timing of cataplexy is not directly linked 
to the distribution of Wake (Supplemental Figure 1).

Increased REM Sleep Propensity in Atx Mice During the 
Subjective Night

To identify factors that contribute to the increase in REM 
sleep during the dark period, we examined REM sleep archi-
tecture in detail. Both Atx and KO mice had REM sleep laten-
cies 30% to 40% shorter than their WTAtx and WTKO littermates 
(F1,14 = 29.07, P < 0.01 and F1,12 = 42.22, P < 0.01, respectively; 
Figure 3).

In addition, Atx mice were more likely to transition into 
REM sleep than WTAtx, WTKO, or orexin KO mice. In WTAtx 
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Table 1—Vigilance State Parameters Recorded from Orexin/Ataxin-3 Transgenic (Atx), Orexin Knockout (KO) and their Wild-Type Lit-
termate Control (WT) Mice

Variate	 Subjective Day	 Subjective Night
		  WTAtx	 Atx	 WTKO	 KO	 WTAtx	 Atx	 WTKO	 KO
Wake
	 Total time (min)	 242.4 ± 14.1	 262.5 ± 8.7	 302.1 ± 10.6	 261.0 ± 9.0	 438.7 ± 11.3	 433.1 ± 9.8	 421.4 ± 16.7	 417.2 ± 14.3
	 Mean duration (sec)	 109 ± 9	 98 ± 3	 152 ± 9	 93 ± 6**	 248 ± 16	 175 ± 10**	 252 ± 25	 143 ± 12**
	 Number of bouts	 134 ± 4	 160 ± 5**	 121 ± 5	 170 ± 6**	 108 ± 5	 150 ± 7**	 104 ± 6	 178 ± 10**
NREM sleep
	 Total time (min)	 429.0 ± 13.1	 404.7 ± 9.5	 372.7 ± 9.1	 401.4 ± 8.8*	 263.5 ± 10.1	 235.4 ± 7.6*	 275.9 ± 14.2	 245.5 ± 13.9
	 Mean duration (sec)	 183 ± 5	 149 ± 7**	 180 ± 7	 133 ± 5**	 144 ± 8	 100 ± 3**	 158 ± 8	 95 ± 3**
	 Number of bouts	 141 ± 4	 164 ± 5**	 125 ± 5	 181 ± 9**	 111 ± 6	 141 ± 7**	 106 ± 7	 157 ± 14**
REM sleep
	 Total time (min)	 48.6 ± 2.8	 48.2 ± 2.3	 45.2 ± 2.4	 49.7 ± 3.7	 17.8 ± 2.9	 33.8 ± 3.0**	 22.7 ± 2.7	 23.8 ± 3.7
	 Mean duration (sec)	 59 ± 3	 53 ± 2	 54 ± 4	 36 ± 2**	 40 ± 4	 49 ± 3	 56 ± 5	 43 ± 4
	 Number of bouts	 50 ± 3	 55 ± 4	 51 ± 4	 80 ± 4**	 26 ± 3	 42 ± 4**	 24 ± 3	 35 ± 7
Cataplexy
	 Total time (min)	 0	 4.6 ± 1.0	 0	 8.0 ± 2.3	 0	 17.7 ± 2.5	 0	 33.3 ± 5.0
	 Mean duration (sec)	 -	 68 ± 4	 -	 80 ± 14	 -	 67 ± 6	 -	 78 ± 5
	 Number of bouts	 0	 4 ± 1	 0	 7 ± 2	 0	 17 ± 3	 0	 26 ± 4
Tb (

oC)	 36.3 ± 0.3	 35.9 ± 0.1	 36.0 ± 0.0	 36.0 ± 0.0	 37.5 ± 0.2	 37.2 ± 0.0	 37.0 ± 0.1	 37.5 ± 0.0**

Total time spent in each state, mean duration, number of bouts and Tb over the subjective day (rest) and night (active) periods. Results shown 
as mean ± SEM. Significant differences (repeated measures ANOVA) between Atx or KO and their WT littermates are indicated with asterisks 
(*P < 0.05; **P < 0.01).
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and WTKO mice, the probability of entering REM sleep gradu-
ally rose across the duration of NREM sleep, but Atx mice had 
a much higher probability of entering REM sleep at any time 
during a NREM sleep episode (F1,14 = 8.30, P < 0.05; Figure 
4). Interestingly, orexin KO mice had generally normal prob-
abilities of entering REM sleep, suggesting that the frequent 
transitions into REM sleep in Atx mice are not simply due to 
orexin deficiency.

Atx mice also produced more bouts and longer bouts of 
REM sleep. During the subjective night, Atx mice had about 
twice as many long bouts (> 20-30 sec) of REM sleep as WTAtx 
littermates (F1,12 = 6.95, P < 0.05; Figure 4), and the mean du-
ration of REM sleep bouts was increased by about 20% (Table 
1). In contrast, the durations of REM sleep bouts appeared 
roughly normal in KO mice, with no increase in long REM 
sleep bouts and a slightly reduced mean duration of REM 
sleep bouts.

These findings demonstrate that two main factors contribute 
to the increased REM sleep of Atx mice: a higher probability 
of entering REM sleep, and better maintenance of REM sleep 
bouts than WTAtx mice.

Orexin Neurons Control REM Sleep—Kantor S

Figure 1—In constant darkness, the hourly amounts of Wake (A) 
and NREM sleep (B) are similar in Atx (n = 8) and WTAtx (n = 8) 
mice. However, Atx mice have more REM sleep (C) than their 
WTAtx littermates during the subjective night. Nearly all cataplexy 
(D) occurs during the subjective night in Atx mice. *P < 0.05 com-
pared to WTAtx

Figure 2—Atx mice have little circadian variation in REM sleep 
rhythm, indicated by low circadian index (A) and a nocturnality 
ratio (B) close to 50%. In contrast, the circadian rhythms of Wake, 
NREM sleep, Tb and LMA are preserved in Atx mice. The circa-
dian index is normalized to the mean circadian amplitude of WTAtx 
mice (100%). **P < 0.01 compared to WTAtx
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Preserved Fundamental Circadian Rhythmicity in DD

To determine whether this reduction in the circadian rhythm 
of REM sleep was caused by a general decrease in circadian 
rhythmicity, we analyzed the periods of the Tb rhythms. Both 
WTAtx and Atx mice had robust free-running circadian Tb 
rhythms in DD with periods significantly shorter than 24.0 h (t 
= 3.7, P < 0.01; t = 2.6, P < 0.05, respectively). The mean peri-
ods of the Tb rhythms (23.92 ± 0.02 vs. 23.88 ± 0.05; t = 0.67, 
P = 0.5), as well as the amplitudes of the circadian rhythms of 
Tb (t = 0.69, P = 0.5) and LMA (t = 0.35, P = 0.7) were very 
similar in WTAtx and Atx mice, suggesting that even in the ab-
sence of the orexin neurons, fundamental circadian rhythmicity 
is preserved.

In mice with mutations in clock regulatory genes, it can take 
several weeks for rhythms to fully disappear,33 so we maintained 
a subset of mice (5 WTAtx, 4 Atx) in DD for 27 days. Their sleep/
wake behavior and free-running rhythms were very similar to 
that seen after 6 days of DD (data not shown).

DISCUSSION

These results indicate that the orexin neurons are necessary 
for the circadian suppression of REM sleep during the active pe-
riod. Specifically, we found that in constant darkness, Atx mice 
lacking the orexin neurons had much less circadian variation in 
REM sleep than their WTAtx littermates whereas orexin ligand 
KO mice had a normal rhythm of REM sleep. The reduction 
in the REM sleep rhythm in Atx mice was due to a near dou-
bling in the amount of REM sleep during the subjective night 
related to a higher probability of transitioning into REM sleep 
and longer bouts of REM sleep. Since the circadian rhythms of 
Tb, LMA, and Wake were normal, it is likely that the circadian 
clock itself and the clock effector mechanisms responsible for 
timing wakefulness are intact in both Atx and KO mice.

Our results are in accord with and build upon prior studies 
of narcoleptic rodents and humans. The first studies of Atx and 
orexin KO mice as well as orexin deficient Atx rats described an 
increase in REM sleep during the dark (active) period,22,23,32,34,35 
but these studies were limited in that they did not distinguish 
between REM sleep and cataplexy. A recent, detailed analy-
sis that scored REM sleep and cataplexy separately revealed 
that Atx mice had twice the normal number of NREM to REM 
sleep transitions during the night and slightly longer REM sleep 
bouts.32 However, light/dark cycles can influence sleep patterns 
and mask any underlying defects in circadian regulation,36,37 
and no prior studies examined orexin neuron deficient animals 
under free running conditions. In a study of people with narco-
lepsy, Dantz and colleagues examined the circadian control of 
sleep using a forced desynchrony protocol in which subjects 
had an opportunity to sleep for 30 minutes every 90 minutes 
over a 3-day period.1 They found that narcoleptic subjects had 
much less circadian variation in REM sleep than controls, but 
with such a short sleep period, many control subjects had diffi-
culty obtaining enough REM sleep and had substantial rebound 
REM sleep on the subsequent recovery day. Despite these limi-
tations, these studies, along with our new observations suggest 
that the orexin neurons are necessary for the circadian control 
of REM sleep.

Orexin Neurons Control REM Sleep—Kantor S

Figure 3—During the subjective night, Atx mice have an in-
creased amount of REM sleep as a percentage of total sleep time 
(TST) (A) demonstrating that more REM sleep in these mice is not 
a consequence of more sleep in general. The average REM sleep 
latencies were shorter in both Atx and orexin KO mice than in WT 
littermates (C, D). **P < 0.01 compared to WTAtx or WTKO.
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REM sleep is clearly under strong circadian and homeostatic 
control, but the nature of this control is controversial.1,38-44 Spe-
cifically, it is unclear whether the circadian variation in REM 
sleep is due to active promotion of REM sleep during the rest 
period; inhibition of REM sleep during the active period; or pas-
sive gating of REM sleep by competing arousal states. Wurts and 
colleagues hypothesized that REM sleep is actively promoted by 
the SCN during the rest period because SCN-lesioned rats made 
fewer attempts to enter REM sleep after REM sleep deprivation 
than unlesioned controls.43 One might expect that less active pro-
motion would result in less REM sleep overall, but the SCN-
lesioned rats had normal amounts of REM sleep during baseline 
recordings.43 In our study, orexin neuron deficiency resulted in an 
increased amount of REM sleep during the active period with no 
change in REM sleep during the rest period. Therefore, we pro-
pose that circadian regulation of REM sleep is achieved, at least 
in part, by suppression of REM sleep during the active period by 
the orexin neurons. This hypothesis is supported by the anatomic 
observations that orexin neurons receive direct and indirect pro-
jections from the SCN and send projections to many state-regu-
latory nuclei of the brain including many regions that suppress 
REM sleep.11-16 Furthermore, the orexin neurons are most active 
during wakefulness and relatively silent during sleep45-48 and se-
lective stimulation of the orexin neurons is sufficient to trigger 
awakenings from NREM and REM sleep.49 These data together 
with our results suggest that the orexin neurons mediate the circa-
dian timing of REM sleep by suppressing REM sleep during the 
active period, though it remains possible that other mechanisms 
promote REM sleep during the rest period.

In contrast to Atx mice, we found that orexin KO mice had 
normal circadian rhythms of REM sleep, as reported previous-
ly.26 This difference suggests that the impaired circadian control 
of REM sleep in Atx mice is not simply due to orexin deficiency. 
The orexin neurons produce other signaling molecules includ-
ing glutamate and dynorphin,8,24,50 and even in the absence of 
orexin, these neurotransmitters may still relay circadian timing 
signals that suppress REM sleep during the active period. The 
synergistic effects of orexin and dynorphin have been demon-
strated in the wake-promoting neurons of the tuberomammil-
lary nucleus (TMN): orexin directly excites TMN neurons and 
dynorphin disinhibits TMN neurons by presynaptically inhib-
iting GABAergic inputs.50 Similarly, brain regions that inhibit 
REM sleep (including the ventrolateral periaqueductal grey, 
lateral pontine tegmentum, locus coeruleus and dorsal raphe) 
receive excitatory inputs from the orexin neurons and inhibi-
tory inputs from sleep-promoting neurons in the ventrolateral 
preoptic area.51-53 We speculate that orexins excite neurons that 
inhibit REM sleep, and dynorphin may enhance this effect by 
inhibiting GABAergic inputs from sleep-promoting brain sites. 
Together, the synergistic effects of these neuropeptides would 
strongly suppress REM sleep during the active period.

These mice provide novel perspectives on the circadian control 
of sleep and wakefulness, but some aspects of their behavior leave 
open other interpretations. First, KO mice lack orexin throughout 
development, and they may have more opportunity for develop-
mental compensation than Atx mice in which the orexin neurons 
are lost postnatally. These compensatory changes may contribute 
to the milder REM sleep phenotype in orexin KO mice. In addi-
tion, it is possible that both Atx and KO mice have poor circadian 
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Figure 4—In contrast to orexin KO mice (B, D), Atx mice have a 
generally higher probability of entering REM sleep (A) and have lon-
ger bouts of REM sleep (C) than their wild-type littermates during 
the subjective night (active period) suggesting that the orexin neurons 
may control the initiation and maintenance of REM sleep during the 
active period. *P < 0.05, **P < 0.01 compared to WTAtx or WTKO.
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Atx mice are more prone towards complete transitions into REM 
sleep. Last, disinhibition of REM sleep in Atx mice could mask 
the REM sleep rhythm. Though this could be caused by abnormal 
REM sleep homeostasis, this seems unlikely as Atx mice had nor-
mal amounts of REM sleep during the subjective day. Additional 
studies, perhaps using selective REM sleep deprivation in narco-
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In addition to promoting wakefulness and regulating REM 
sleep, the orexin neurons increase autonomic tone, boost me-
tabolism, and enhance feeding, reward-seeking and other moti-
vated behaviors.23,54-58 In fact, many researchers view the orexin 
neurons as playing a central role in coordinating these functions 
so that an animal is alert and energetic when engaged in the ac-
tive behaviors of wakefulness.59,60 Our finding that the orexin 
neurons are necessary for the circadian control of REM sleep 
fits well with this perspective. An animal would certainly be ex-
posed to attack or injury during the atonia and unconsciousness 
of REM sleep, and by suppressing REM sleep during the active 
period, the orexin neurons may help ensure that this vulnerable 
state does not intrude into wakefulness.
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