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Abstract
Dysfunction of the orexin/hypocretin neurotransmitter system causes the sleep disorder
narcolepsy, characterized by intrusion of rapid-eye-movement (REM) sleep-like events into
normal wakefulness. The sites where orexins act to suppress REM sleep are incompletely
understood. Previous studies suggested that the lateral pontomesencephalic tegmentum (lPMT)
contains an important REM sleep inhibitory area, and proposed that orexins inhibit REM sleep via
orexin type 2 receptors (OxR2) in this region. However, this hypothesis has heretofore not been
tested. We thus performed bilateral injection of small interfering RNAs (siRNAs) targeting Ox2R
into the lPMT on two consecutive days. This led to a ~30 % increase of time spent in REM sleep
in both the dark and light periods for the first two days after injection, with a return to baseline
over the next two post-injection days. This increase was mainly due to more longer (>120 s) REM
episodes. Cataplexy-like episodes were not observed. The percentage of time spent in wakefulness
and NREM sleep, as well as the power spectral profile of NREM and REM sleep, were unaffected.
Control animals injected with scrambled siRNA had no sleep changes post-injection.
Quantification of the knockdown revealed that unilateral microinjection of siRNAs targeting
OxR2 into the lPMT induced a ~40% reduction of OxR2 mRNA two days following the injections
when compared to the contralateral side receiving control (scrambled) siRNA. Orexin type 1
receptor (OxR1) mRNA level was unaffected. Our results indicate that removal of OxR2
neurotransmission in the lPMT enhances REM sleep by increasing the duration of REM episodes.
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Introduction
Orexins (also known as hypocretins) are neuropeptides produced in the perifornical region
of the hypothalamus. Two isoforms of orexins (orexin-A and-B, or hypocretin-1 and
hypocretin-2) are derived from proteolytic cleavage of a precursor peptide (prepro-orexin, or
prepro-hypocretin) and exert their actions through two types of G-protein-coupled receptors
(OxR1 and OxR2, or Hctr1 and Hctr2) (De Lecea et al., 1998; Sakurai et al., 1998). Loss of
orexin neurons, orexin peptides, or the type II orexin receptor leads to narcolepsy, a disorder
characterized by loss of control of the timing of transitions between sleep-wake states and
intrusion of REM-sleep events into normal wakefulness (for review, see Chen et al., 2009;
Taheri et al., 2002). An understanding of the sites where orexins act to suppress REM sleep
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and the role of the two different orexin receptors in this process are critical for our
understanding of the control of the sleep-wake cycle (reviewed in Brown et al., 2012) and
for the treatment of narcolepsy.

One site where orexins may act to suppress REM sleep is the lateral pontomesencephalic
tegmentum (lPMT), which includes the lateral pontine tegmentum (LPT) (Lu et al., 2006)
and deep mesencephalic reticular nucleus (DpMe) (Luppi et al., 2011). Previous studies
showed that inhibition of this region by application of the GABAA receptor agonist
muscimol strongly enhanced the amount of REM sleep in cats (Crochet et al., 2006; Sastre
et al., 1996), rats (Sapin et al., 2009), and guinea pigs (Vanini et al., 2007). Similarly,
neurotoxic lesions of this area increased REM sleep in rats (Lu et al., 2006). The lPMT
receives a strong orexinergic innervation (Lu et al., 2006; Luppi et al., 2011), and has
relatively high levels of orexin type 2 receptors (OxR2) (Brischoux et al., 2008; Cluderay et
al., 2002). Thus, this region was suggested to be important for orexinergic suppression of
REM sleep (Lu et al., 2006; Luppi et al., 2011). However, direct evidence of OxR2
involvement in the lPMT to suppress REM sleep is lacking. One recent study identified
OxR2 expression on putative GABA neurons in the neighboring ventrolateral periaqueductal
gray (vlPAG) and showed that lesions of this region by a neurotoxin (Orexin-B-saporin)
targeted to neurons expressing orexin type 2-receptors produced an increase in REM sleep
(Kaur et al., 2009). However, such neuronal lesions may also destroy cells that do not
express OXR2 and thus do not reveal the normal role of orexin receptors in this region. In
addition, a neuronal lesion approach causes severe disruption of neuronal circuits and it is
not reversible. So far, no study has selectively targeted orexin receptors in the lPMT area.

RNA mediated interference (RNAi) is a mechanism for highly selective and reversible gene
suppression (Dillon et al., 2005). Previously, we successfully used short interfering RNAs
(siRNA) to induce RNAi knockdown of prepro-orexin mRNA in the perifornical
hypothalamus (Chen et al., 2006) and OxR1 in the locus coeruleus (Chen et al., 2010). Here,
we applied the same technique to assess the role of OxR2 in the lPMT on sleep and
wakefulness.

Materials & Methods
Animals

Adult Sprague Dawley male rats (300-350g; Charles River Laboratories, Wilmington, MA)
were housed under a 12:12 h light-dark cycle (lights on: 0700 hr; lights off: 1900 hr) at
22±1°C. All experiments were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals and approved by the Animal Research Committee of the Veterans
Administration Boston Healthcare System.

siRNA
A pool of 3 siRNAs (equal concentration) was used. All of them were designed individually
to target OxR2 (OxR2-siRNA). Their sequences were: #1 sense: 5′-
GCUUGCAGCACUGAGCCGAtt-3′; antisense 5′-AGGGAUAUGGCUCUAGCUCtg-3′;
#2 sense 5′-CCGGACCAGUCCGUGAUGUtt-3′; antisense 5′-
ACAUCACGGACUGGUCCGGtg-3′; #3 sense 5′-AUUGGAGGAUUCCCUCCCUtt-3′;
antisense 5′-AGGGAGGGAAUCCUCCAAUtt-3′. A corresponding control pool of 3
siRNAs with no homology to known rat genes (Ctrl-siRNA) was used. All siRNAs were
annealed and HPLC purified (Applied Biosystems, Foster City, CA).
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Assessment of sleep-wake effects of siRNA injection into the lPMT
Bilateral injections of OxR2-siRNA (N=9) or Ctrl-siRNA (N=7) were made into the lPMT
(Figure 1A) on two consecutive days and sleep-wakefulness monitored for 6 subsequent
days.

Surgery
Under sterile surgical conditions, EEG screws were implanted at 2.0 mm AP, 1.5 mm ML
and −5.0 mm AP, 4 mm ML. Bilateral EMG electrodes were placed in the nuchal muscles.
Bilateral guide cannulae (Plastics One, Roanoke, VA) were implanted 3 mm above lPMT
(AP-7.8, DV6.3, ML1.5) for later microinjections since the injection cannula extended 3 mm
beyond the tip of the guide cannula. Target coordinates were chosen based on previous
literature focusing on this region (Lu et al., 2006; Sapin et al., 2009).

Microinjections
Recording cables were connected one day post-surgery. After at least a week of recovery
and habituation to the recording cage, a 24-hour baseline sleep recording began at dark
onset. For the next two days, 4 hr before dark onset (15:00), the rats were removed from the
recording cage and gently swaddled in a towel during bilateral injection (approximately 2
min) with either OxR2-siRNA or Ctrl-siRNA (0.03 nmol in 0.3 μl water per side).

Histology
For identification of injection sites, rats were deeply anaesthetized with sodium
pentobarbital and transcardially perfused with saline followed by 10% formalin (Sigma-
Aldrich, St. Louis, MO). The brain was isolated and placed overnight in 10% formalin,
transferred to 20% sucrose for cryoprotection, and coronal sections were cut at 30 μm on a
freezing microtome. Cresyl violet staining was performed on one series of sections,
encompassing the rostro-caudal extent of the lPMT, following standard procedures (Paxinos
and Watson, 1998). Two rats that received OxR2-siRNA had injection tips which extended
beyond the lPMT and ended in the ventrolateral tegmental nucleus (3 mm more ventral).
These two cases were excluded from subsequent analysis (one rat had an increase in REM
sleep during first post injection dark period; another rat had a slight increase of REM sleep
during light period but decrease during dark period).

Sleep recordings and Analysis
Twenty-four hour sleep recordings were made using GAMMA software (Grass
Technologies, West Warwick, RI, USA). Sleep data were recorded in 12 hour blocks (light
and dark periods) and visually scored offline in 10 sec epochs of Wakefulness, NREM and
REM using standard criteria (Chen et al, 2006). Scorers were blind to the specific treatment.
The amount of time spent in each state was calculated along with number of episodes, as
well as average duration of each behavioral state for each 12 hour block. Additionally, we
calculated average REM sleep latency (time from onset of REM sleep to the preceding
wakefulness) and average REM sleep to REM sleep cycle duration (R-R cycle, time
between the start of two consecutive REM sleep episodes).

Assessment of the spread of injection using fluorescence conjugated siRNA
To assess the spread of our siRNA injection, we unilaterally administrated Cy3-labeled
control siRNA (AM4621, Applied Biosystems, Foster City, CA) into the lPMT in 5 rats and
perfused them 4 hr later. Coronal brain sections containing the injection site were cut,
mounted, dried, and counterstained with a fluorescent Nissl stain (NeuroTrace; Molecular
Probes).
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Assessment of OxR2-knockdown: real time PCR
The extent and specificity of knockdown (KD) was assessed quantitatively by performing
real time PCR to examine OxR2 and OxR1 mRNA levels.

Surgery and siRNA injections
A group of 10 rats were implanted with bilateral guide cannulae with tips 3 mm above the
lPMT for later microinjections. After a one week recovery period, OxR2-siRNAs were
unilaterally injected (0.03 nmol in 0.3 μl water) into one side of the lPMT. Ctrl-siRNA was
injected on the contralateral side. The same procedure was repeated 24 hr later. 48 hours
after treatment the animals were sacrificed by decapitation using a guillotine. The brain area
containing the lPMT was punched out with a gauge 11 (2.4 mm internal diameter)
micropunch, placed on dry ice, and subsequently stored at −80° C until processed for RNA
extraction and real-time PCR as described previously (Chen et al., 2010).

Real time PCR
Each sample was run in duplicate in the Applied Biosystems real time PCR machine (Model
7300, Applied Biosystems, Foster City, CA). The primer/probe sets from the TaqMan Gene
Expression Assays with efficiency of 100% for rat OxR2, OxR1 and endogenous control
18S RNA were used (OxR2: Rn00565155_m1; OxR1: Rn00565032_m1; Eukaryotic 18S
rRNA Endogenous Control: 4333760T). The PCR reaction mixture contained 2X TaqMan®
Universal PCR Master Mix (25 μl) 20X TaqMan® Gene Expression Assay (2.5μl), cDNA
(4 or 8 μl) and water with a total volume of 50 μl. The amplification was run by 40 cycles of
denaturation at 95°C followed by annealing/extending at 60°. We employed the comparative
Ct method (ΔΔCt method) to calculate relative changes in mRNA levels (Livak and
Schmittgen, 2001). The ΔCt values were determined by subtracting the reference 18S RNA
values from the target gene Ct values. Our own experience and other’s work have shown
that 18S rRNA is the most stable house-keeping gene among reference genes used in
quantitative PCR (Port, 2007). The fold-change between the mRNA expression levels of the
OxR2-siRNA treated and the Ctrl-siRNA treated samples was calculated using the formula
2-(ΔΔCt), where ΔΔCt equals the difference in ΔCt between the control and the
experimental sample. The expression levels of OxR2 or OxR1 in Ctrl-siRNA treated
samples were normalized to 100% and their respective levels in OxR2 treated samples were
expressed as percentage of control.

Statistics
SigmaStat version 1.0 (Jandel Corporation, Sanfael, CA, USA) was used for statistical
calculation. Sleep data were analyzed by one-way repeated measures analysis of variance
(ANOVA) followed by multiple comparisons to the control group using Dunnett’s method.
PCR data were analyzed by paired t-tests comparing OxR2 and OxR1 receptor values and
differences between Ctrl-siRNA and OxR2-siRNA treated sides. Values were considered
significant if p<0.05.

Results
siRNA injection successfully targeted the lPMT region

As described in methods, to assess the spread of our siRNA injection, we unilaterally
administrated Cy3-labeled control siRNA into the lPMT in 5 rats and perfused them 4 hr
later. Analysis of these animals revealed that cases the injection was centered in the lPMT
(Figure 1). In one of the injections Cy3 fluorescence encroached on the vlPAG and in
another there was a small overlap with the Cuneiform nucleus. The area that was 100~300
μm from the injection tip showed a strong Cy3 fluorescence that was not seen in areas
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further away from the injection tip (Figure 1), confirming that the correct site was targeted
and giving an estimate for the volume of tissue affected by our injection. We found timing
of perfusion to be critical, since 2 rats injected with Cy3-labeled siRNA into the lPMT and
perfused 24 hr later showed a level of fluorescence that was indistinguishable from the
background.

Sleep changes after siRNA-Ox2R injection into the lPMT
In the days following the last injection, the OxR2-siRNA treated animals (N=7) showed a
significant increase (F4, 24=11.7, P=0.00002; Figure 2; Table 1) in the amount of time spent
in REM sleep for the first 2 post-injection days (an increase of 32.8 and 29.4%, respectively)
compared to the pre-injection day baseline. NREM sleep was not significantly changed. In
contrast to OxR2-siRNA injected rats (N=7), the Ctrl-siRNA treated rats (N=7) did not have
significant sleep changes after injection (Table 1).

One-way ANOVA analysis showed that REM sleep amount increased both during the light
period (F4, 24=4.2, P=0.01) and during the dark (active) period (F4, 24=4.3, P=0.009). Post-
hoc Dunnett’s test showed that the first two post-injection dark periods had significantly
more REM sleep than the baseline dark period, but no post-injection light periods showed
such significant changes (Table 1). Moreover, a histogram comparison of the REM bout
durations on the baseline day and days with an increase in REM sleep revealed a significant
increase in the number of REM bouts longer than 2 min during both dark (F2, 12=7.1,
P=0.009, Figure 3A) and light periods (F2, 12=4.5, P=0.04, Figure 3B). This increase in long
bouts led to an increase in the average REM episode duration during the dark periods after
OxR2 siRNA injection (F2, 12=4.8, P=0.03, Table 2). A similar trend was noted during the
light periods although this did not reach significance (F2, 12=3.2, P=0.08, Table 2). During
the two days following the last OxR2 siRNA injection (four 12h time blocks), the long REM
bouts contributed to 89% (first light period), 88% (first dark period), 100% (second light
period), and 56% (second night period) of the total REM increase, respectively. There was
also a trend towards an increased frequency of REM episodes during dark periods
(F2, 12=3.7, P=0.05, Table 2) but not during the light periods (F2,12=1.0, P=0.40, Table 2).
REM sleep to REM sleep cycle duration (time between REM sleep episodes) was not
appreciably altered. There was also no significant change in latency to REM sleep (time
between previous waking to REM sleep) (Table 2). In addition, we compared the EEG
power spectrum for the baseline dark period and the first 24 hour post-injection period
(when the largest REM sleep change was observed) and found that the characteristics of the
EEG power distribution was unaltered for both NREM and REM sleep in the range of 0-20
Hz (Figure 4). At the initial stage of our study, we conducted 24h video recordings along
with sleep recordings after siRNA injections in 3 rats. However, since neither behavioral nor
polysomnographic signs of cataplectic attacks or sleep onset REM episodes were identified,
we discontinued this practice.

Verification of selective KD of Ox2R mRNA in the lPMT
Following unilateral injection of OxR2-siRNA into the lPMT area on two consecutive days,
a significant reduction of OxR2 mRNA (39.1%, P=0.02) was detected 48 hrs later when
compared to the contralateral side injected with Ctrl-siRNA (ΔCt value 16.2±0.3 vs.
16.9±0.2 on OxR2-siRNA treated side). Thus, OxR2 mRNA was decreased at the same time
point when there was a significant REM sleep increase. In contrast, there was no significant
change in the non-targeted OxR1 mRNA levels between the OxR2-siRNA treated group and
the Ctrl-siRNA treated group (ΔCt value 18.3±0.3 vs.18.5±0.3 on OxR2-siRNA treated
side). An additional finding was that the lPMT concentration of OxR1 mRNA was about
four times lower than that of OxR2 mRNA, based on the ΔCt value (2.1 cycles difference in
control samples).
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Discussion
Our results show that a relatively modest knockdown of OxR2 in the lPMT (39.1 %
reduction of mRNA) increased REM sleep for 2 consecutive days, whereas other behavioral
stages were unaffected. REM sleep was increased in both the light period and, more
prominently, in the dark period. The increase in REM sleep resulted from an increased
average REM sleep episode length, due to an increased number of very long REM sleep
episodes. In contrast, the power spectral characteristics of NREM and REM sleep were
unaffected by the siRNA injections.

Methodological issues
In our study we chose to use siRNAs against the OxR2 to inactivate the orexinergic input. In
contrast to traditional gene KO techniques, the KD using this method is reversible. On the
other hand, its effects last longer than pharmacological experiments, allowing study of the
effect of the targeted gene on sleep wakefulness for at least one complete light-dark cycle. In
this study the effect lasted for 2 days and all sleep parameters returned to baseline on the 3rd

and 4th day post siRNA injection, similar to our previous studies using this technique (Chen
et al., 2006; Chen et al., 2010). Most other studies, including our own, using naked siRNA
microinjection in rat brain found that that the effective window of KD is around 24-48 hr
after injection (Johnson et al., 2010; Liao et al., 2010; Manrique et al., 2009). Previously, we
tested OxR1 mRNA levels in the locus coeruleus on post-injection day 1, 2, and 4 following
OxR1 siRNA injection and found that significant KD occurred on post-injection day 1 and 2
but no reduction on post-injection day 4 (Chen et al., 2010). Although we did not test OxR2
mRNA KD on post-injection day 1 and post-injection day 4, the time course of the KD
should be similar given the same approach was used to KD either OxR1 or OxR2. Injections
of OxR2-siRNA on two consecutive days into the lPMT induced a KD of Ox2R mRNA of
39.1%, as measured by real-time PCR. In our previous studies (Chen et al., 2006; Chen et
al., 2010), we observed a 59% reduction in prepro-orexin mRNA and 45.5% reduction of
OxR1 mRNA. Our current KD level is thus comparable to previous results using the same
technique. OxR1 mRNA levels in the same tissue samples collected from the lPMT were not
affected, demonstrating the specificity of our approach.

Following injection of Cy3 conjugated siRNA into the lPMT area, strong Cy3 fluorescence
that was distinguishable from background was restricted to an area 100~300 μm from the
injection tip when assessed 4 hr following injection. siRNA uptake by cells is likely to be
maximal during the first hours following injection since we failed to detect Cy3 fluorescence
above background 24 hr after injection. Although it is possible that there is spread of siRNA
at lower concentrations to neighbouring sleep-wake control regions, the most parsimonious
explanation is that the behavioral effects observed were due to action of the siRNA on the
lPMT. It is also possible to examine the spatial extent of OxR2 KD using in situ
hybridization. However, the signal to noise ratio for OxR2 in brain stem detected by in situ
hybridization is not very high (Greco and Shiromani, 2001; Marcus et al., 2001; Trivedi et
al., 1998) and it is doubtful that this approach would be sensitive enough to detect the
modest change induced by OxR2 siRNA KD. We chose not to perform OxR2
immunohistochemical staining in the lPMT or the Western Blot following OxR2-siRNA
injections as the specificity of current commercially available antibodies has not been
validated in OxR2 KO mice.

lPMT is a REM inhibiting area
Our experimental results are congruent with previous nonspecific lesion (Lu et al., 2006) or
pharmacological inhibition (Crochet et al., 2006; Sapin et al., 2009; Sastre et al., 1996;
Vanini et al., 2007) studies of vlPAG/lPMT which resulted in increased REM sleep.
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Orexinergic neurons project to vlPAG/lPMT (Greco and Shiromani, 2001; Lu et al., 2006;
Peyron et al., 1998) and almost all studies to date have shown that orexins exert excitatory
effects on their target neurons (Brown, 2003). Thus, our results that withdrawal of a
(presumptively) excitatory orexinergic input leads to an increase in REM sleep is consistent
with these previous studies.

Cataplexy, a sudden loss of muscle tone resembling the muscle atonia seen during REM
sleep, is a prominent feature in many cases of narcolepsy associated with loss of orexins.
Furthermore, OxR2 mutation causes narcolepsy with cataplexy in dogs (Lin et al., 1999).
However, OxR2 knockout mice have much less frequent cataplexy-like attacks than orexin
knockout mice (Willie et al., 2003). In our study cataplectic attacks were not observed.
Similarly, lesion of the adjacent vlPAG with orexin conjugated saporin did not induce
cataplexy (Kaur et al., 2009). However, cataplexy-like states were reported following a
complete lesion of the lPMT in rats (Lu et al., 2006). Based on our results it seems that
cataplexy requires one or more additional factors: (i) a more complete knockdown, in extent
or amount; (ii) a more prolonged knockdown; or (iii) loss of orexin receptors in additional
areas.

KD of OxR2 in the lPMT increases the duration of REM sleep episodes
Nonspecific chemical lesions of the lPMT or application of the GABA agonist muscimol
increased both the number and the duration of REM bouts (Crochet et al., 2006; Lu et al.,
2006; Vanini et al., 2007). Although there was a trend towards an increased number of REM
episodes, our findings indicate that KD of OxR2 in the lPMT mainly enhances and stabilizes
REM sleep by extending the length of REM bouts. Indeed, the bulk of REM sleep increase
we found after OxR2 siRNA administration in the lPMT can be attributed to the increased
number of long (>2min) REM sleep bouts. It is worth noting that orexin KO mice had
increased REM sleep in the dark period (Chemelli et al., 1999). Similarly, in rats, prepro-
orexin KD in the perifornical hypothalamus and OxR1 KD in the locus coeruleus increased
REM sleep in dark period (Chen et al., 2006; Chen et al., 2010). Thus, it appears the primary
role of orexin system is to diurnally gate REM sleep, probably via OxR1 receptors. On the
other hand, our results suggest that orexinergic signaling via OxR2 in the lPMT is normally
important in limiting the duration of REM episodes. Although OxR2 KO mice exhibited
more modest REM sleep increases, which were restricted to the dark period, our approach
may more accurately reflect the physiological role of OxR2 in the lPMT since
developmental compensation may occur in KO mice (Willie et al., 2003). Alternatively, loss
of OxR2 in other brain regions may limit REM sleep increases produced by the loss of
OxR2 in the lPMT.

Neuronal subtypes mediating the effect of orexins in the lPMT/vlPAG
Although our study did not target the OxR2 KD to a specific cell-type in the lPMT, it is of
interest to speculate as to the neurotransmitter phenotype involved in REM sleep inhibition.
Previous studies hypothesized that orexins excite REM-off GABAergic neurons in the
vlPAG/lPMT area (Lu et al., 2006; Luppi et al., 2011). Thus, reducing their activity by KD
of OxR2 should increase REM sleep, as we found. Indeed, using c-Fos immunolabeling as a
marker or neuronal activation, it was found that 72 hour REM sleep deprivation in rats
activated more GABAergic neurons in the lPMT area than those in non-sleep deprived rats
or in rats allowed 3 hour recovery sleep after deprivation (Sapin et al., 2009). However,
contrary to the hypothesis of a REM-off profile of vlPAG/lPMT neurons, most
electrophysiology studies found that lPMT/vlPAG neurons are Wake-REM-on or REM-on
(Crochet et al., 2006; Datta and Maclean, 2007; Thakkar et al., 2002; Thankachan et al.,
2009) with the possible caveat that small GABAergic neurons may have been missed in
these electrophysiological recordings. Furthermore, with respect to the hypothesis of OxR2
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receptor activation in GABA neurons, while it has been shown that GABAergic neurons in
the vlPAG and other sleep related nuclei such as the laterodorsal tegmental nucleus (LDT)
in the brain stem express OxR2 (Kaur et al., 2009; Mieda et al., 2011), the majority of OxR2
bearing neurons are probably non-GABAergic (Brischoux et al., 2008). Additional evidence
against the lPMT GABA hypothesis was provided by a recent report indicating that
disruption of GABAergic neurotransmission in the vlPAG and the lPMT by deleting
vesicular GABA-glycine transporter in transgenic mice did not affect REM sleep (Krenzer
et al., 2011). An alternative hypothesis is that OxR2 may be expressed on glutamatergic
neurons, which target GABAergic interneurons in the pontine sublaterodorsal tegmental
nucleus (SLD) or elsewhere in the brainstem (Boissard et al., 2003), which then inhibit
glutamatergic REM-on neurons (Luppi et al., 2011).

Conclusions
Our experiments demonstrate that knockdown of OxR2 in the lPMT enhances REM sleep.
Unlike our KD of OxR1 in the locus coeruleus (Chen et al., 2010), the increase of REM
sleep produced by KD of OxR2 is not mainly due to increased REM sleep occurrence, but to
enhanced REM sleep episode duration. In addition, the REM sleep increase was not limited
to the dark (active) period. It is likely that orexin system regulates REM sleep via at least
two routes. It relays circadian clock signals from the suprachiasmatic nucleus to the locus
coeruleus via OxR1, and this mechanism may control the diurnal distribution of REM sleep
(Chen et al., 2010). The orexinergic system may also control the stability and termination of
REM sleep via OxR2 in the lPMT, as demonstrated here. Thus, our results suggest
differential roles of orexin receptors in REM sleep regulation.
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Abbreviations

LDT laterodorsal tegmental nucleus

lPMT pontomesencephalic tegmentum

LPT lateral pontine tegmentum

KD knockdown

KO knockout

NREM non-rapid eye movement

OxR1 orexin type 1 receptor

OxR2 orexin type 2 receptor

REM rapid eye movement

R-R cycle REM sleep to REM sleep cycle duration

RNAi RNA interference

siRNA small interfering RNAs

SLD sublaterodorsal tegmental nucleus
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vlPAG ventrolateral periaqueductal gray
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Figure 1.
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Figure 2.
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Figure 3.
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