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The hypocretins (Hcrts) (also called orexins) are two neuropeptides expressed in the lateral hypothalamus that play a crucial role in the
stability of wakefulness. Previously, our laboratory demonstrated that in vivo photostimulation of Hcrt neurons genetically targeted with
ChR2, a light-activated cation channel, was sufficient to increase the probability of an awakening event during both slow-wave sleep and
rapid eye movement sleep. In the current study, we ask whether Hcrt-mediated sleep-to-wake transitions are affected by light/dark period
and sleep pressure. We found that stimulation of Hcrt neurons increased the probability of an awakening event throughout the entire
light/dark period but that this effect was diminished with sleep pressure induced by 2 or 4 h of sleep deprivation. Interestingly, photostimulation of Hcrt neurons was still sufficient to increase activity assessed by c-Fos expression in Hcrt neurons after sleep deprivation,
although this stimulation did not cause an increase in transitions to wakefulness. In addition, we found that photostimulation of Hcrt
neurons increases neural activity assessed by c-Fos expression in the downstream arousal-promoting locus ceruleus and tuberomammilary nucleus but not after 2 h of sleep deprivation. Finally, stimulation of Hcrt neurons was still sufficient to increase the probability of
an awakening event in histidine decarboxylase-deficient knock-out animals. Collectively, these results suggest that the Hcrt system
promotes wakefulness throughout the light/dark period by activating multiple downstream targets, which themselves are inhibited with
increased sleep pressure.

Introduction
The hypocretins (Hcrts) are two neuropeptides produced from a
common genetic precursor and expressed exclusively in the lateral hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998).
Hcrts excite their postsynaptic targets by binding to two G-coupled
protein receptors, hypocretin receptor-1 and -2 (Hcrt-r1 and
Hcrt-r2, respectively) (Sakurai et al., 1998). The expression pattern of these receptors match the afferent projections of Hcrt
neurons throughout the brain, with dense expression in arousalpromoting nuclei, including the locus ceruleus (LC), tuberomammillary nucleus (TMN), and dorsal raphe nuclei (DRN) (Peyron et
al., 1998; Trivedi et al., 1998; Marcus et al., 2001). The role of
Hcrts and Hcrt-expressing neurons in promoting wakefulness is
well known (Saper et al., 2005; Sakurai, 2007; Adamantidis and de
Lecea, 2008). Loss-of-function perturbation of the Hcrts or their
receptors causes a narcolepsy phenotype (Chemelli et al., 1999;
Lin et al., 1999; Nishino et al., 2000). When centrally adminisReceived March 12, 2009; revised April 21, 2009; accepted July 14, 2009.
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tered, the Hcrts cause an increase in the time spent awake and a
decrease in slow-wave sleep (SWS) and rapid eye movement
(REM) sleep (Hagan et al., 1999; Ida et al., 1999; Piper et al., 2000;
España et al., 2001, 2002). Electrophysiological recordings of
Hcrt neurons show that they are relatively silent during sleep
compared with wakefulness, with phasic bursts of activity preceding transitions to wakefulness (Lee et al., 2005; Mileykovskiy
et al., 2005).
Recently, our laboratory used optogenetic technology to
stimulate Hcrt neurons in vivo with high temporal resolution
(Adamantidis et al., 2007). Genetic targeting of channelrhodopsin-2
(ChR2), a light-activated cation channel, allows for chronic,
millisecond-timescale neuronal activation in precise spatial locations (Boyden et al., 2005; Zhang et al., 2007a). An Hcrt::ChR2–
mCherry lentiviral vector or Hcrt::mCherry control vector stably
expressed ChR2–mCherry or mCherry in ⬎95% of Hcrt neurons. Optogenetic stimulation of Hcrt neurons at frequencies ⬎5
Hz (but not 1 Hz) was sufficient to increase the probability of an
awakening event during SWS and REM sleep (Adamantidis et al.,
2007).
In the present study, we ask whether Hcrt-mediated sleepto-wake transitions are affected by the light/dark period and
an increase in sleep pressure. Sleep deprivation increases the propensity of an animal to sleep, increasing total sleep duration
and the amplitude of the cortical EEG in SWS (Pace-Schott and
Hobson, 2002). Therefore, we tested the hypothesis that sleep
deprivation moderates the effect of Hcrt stimulation to promote
wakefulness. Sleep deprivation also increases activity in nuclei
thought to serve as sleep-promotion centers, such as the ventro-
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lateral preoptic nucleus (VLPO), which
send inhibitory projections to Hcrt neurons and other downstream nuclei
(Sherin et al., 1996; Saper et al., 2005).
Therefore, we also asked whether stimulation of Hcrt neurons was sufficient to induce activity in these downstream nuclei
during various conditions of sleep deprivation. Finally, because Hcrt neurons
send dense projections to the TMN, the
brain’s source of the arousal-promoting neuromodulator histamine, we asked whether
Hcrt-mediated sleep-to-wake transitions
are diminished in animals with genetic ablation of the histaminergic system.

Materials and Methods
Animals. Male C57BL/6 mice, aged 8 –10 weeks
at the start of experimental procedures, were
housed in individual Plexiglas recording chambers. The temperature (22 ⫾ 1°C), humidity
(40 – 60%), and circadian cycle (12 h light/dark
cycle, starting at 9:00 A.M.) were set at a con- Figure 1. Experimental setup used to stimulate Hcrt neurons in vivo while recording polysomnographic activity. A, A 26 gauge
stant rate in custom-designed stainless steel cannula was implanted unilaterally on each mouse just above the lateral hypothalamus. The cannula was used for stereotaxic
cabinets. Food and water were available ad li- injection of lentivirus and delivery of 473 nm blue laser light for photostimulation. For sleep recordings, EEG/EMG electrodes were
bitum. All experiments were performed in ac- also implanted just posterior to the cannula. The length of the fiber optic cable and EEG/EMG cable allowed the mouse to freely
cordance with the guidelines described in the move about its cage. B, Drawing depicting stereotaxic placement of the cannula above the lateral hypothalamus (LH) according to
National Institutes of Health Guide for the Care the coordinates used by Paxinos and Franklin (2001). C, Representative colocalization of expression of mCherry (red) and anti-Hcrt
and Use of Laboratory Animals. All experiments antibody (green) from the brain of a ChR2–mCherry transduced mouse. Scale bar, 50 m.
were completed before the mice aged 18 weeks.
We defined wakefulness as desynchronized low-amplitude EEG and
Plasmid and virus preparation. We used an Hcrt::ChR2–mCherry
heightened tonic EMG activity with phasic bursts. We defined SWS as
lentiviral vector or Hcrt::mCherry control vector as described previously
synchronized, high-amplitude, low-frequency (0.25– 4 Hz) EEG and
(Adamantidis et al., 2007). High-titer lentiviruses were produced as dehighly reduced EMG activity compared with wakefulness with no phasic
scribed previously (Zhang et al., 2007b).
bursts. We defined REM sleep as having a pronounced theta rhythm (4 –9
Surgery. All animals received unilateral surgical implantation of a 26
Hz) and a flat EMG (muscle atonia). We calculated SWS and REM sleepgauge cannula (Plastics One) before the start of experimental procedures.
to-wake transition latencies as the time from the end of the light stimuAnimals were implanted under ketamine/xylazine anesthesia (80 and 16
lation (during SWS or REM sleep) to the first event of wakefulness. We
mg/kg, i.p., respectively) on a small animal stereotaxic frame (David
discarded awakenings that occurred during photostimulation from the
Kopf Instruments). The cannula was placed above the right lateral hypodata analysis. When measuring wake latencies during SWS, we discarded
thalamus [anteroposterior (AP), 1.6 mm; mediolateral (ML), 0.8 mm; dordata when no awakening event occurred and the animal transitioned into
soventral, 4.5 mm] and affixed to the skull with C&B Metabond (Parkell)
REM sleep.
and dental acrylic. Immediately after cannula implantation, recombinant
Photostimulation. All photostimulation experiments were conducted
Hcrt::ChR2–mCherry or control Hcrt::mCherry lentivirus was injected
unilaterally on the right Hcrt field. Fiber optic cables (ThorLabs) were
through the cannula at a rate of 0.1 l/min for 10 min (1 l total volume).
placed inside the implanted cannulas 2 h before experiments or the preAnimals used for sleep recordings were also implanted with a
vious day for experiments starting at 9:00 A.M. (Fig. 1 B). The length of
custom-made EEG/EMG implant placed on the rear of the skull,
the cable followed the same path as the EEG/EMG cable so that the
posterior to the cannula implantation (Fig. 1 A). EEG signals were
mice could freely move about their cages (Fig. 1 A). Light pulse trains
recorded from electrodes placed on the frontal (AP, ⫺2 mm; ML, ⫾1
(15 ms pulses at 1 or 20 Hz for 10 s) programmed using a waveform
mm) and temporal (AP, 3 mm; ML, 2.5 mm) cortices. EMG signals
generator (33220A Waveform Generator; Agilent Technologies) were
were recorded from two electrodes inserted in the neck musculature
delivered using a blue-light laser (473 nm; LaserGlo). Each stimulato record postural tone.
tion epoch was applied 15 s after the occurrence of a stable SWS or REM
After surgical procedures, animals were allowed to recover in individsleep event as detected by real-time online EEG/EMG analysis. Latencies
ual housing (circadian cycle 12 h light/dark, starting at 9:00 A.M.) for at
of photostimulation-induced sleep-to-wake transitions were measured
least 10 d. Animals used for sleep recordings were then acclimated to a
by offline scoring of the EEG/EMG recordings as described above.
flexible EEG/EMG connection cable for an additional 7 d within individFor chronic stimulation, we used a Master-8 pulse stimulator (A.M.P.I.)
ual recording chambers. Each cable was flexible so that mice could freely
to deliver an automated stimulation protocol (15 ms light pulses at 20 Hz
move about their cages.
for 10 s every minute during 1 h) to test the consequences of sustained
Polysomnographic recording. Sleep–wake cycle recording was perstimulation of the Hcrt system. After the experiment, sleep–wake cycle
formed as described previously (Adamantidis et al., 2007). In brief, EEG
parameters (wake, SWS, REM sleep duration, and the number of sleep–
and EMG signals derived from the surgically implanted electrodes were
wake transitions) were quantified by offline scoring of the entire hour of
amplified (Grass Instruments) and digitized at 256 Hz using sleep restimulation and the corresponding baseline for each animal.
cording software (VitalRecorder; Kissei Comtec America). The signals
For photostimulation followed by c-Fos experiments, we used an auwere digitally filtered and spectrally analyzed by fast Fourier transformatomated stimulation protocol (15 ms light pulses at 20 Hz for 10 s every
tion, and polysomnographic recordings were scored using sleep analysis
minute during 1 h) and then immediately perfused the animal.
software (SleepSign for Animal; Kissei Comtec America). All scoring was
Photostimulation of Hcrt neurons across the light/dark cycle. Mice were
performed manually based on the visual signature of the EEG and EMG
individually housed and acclimated to a fixed circadian time (12 h light/
waveforms, as well as the power spectra of 5 s epochs.
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dark starting at 9:00 A.M.; inactive period lasting from 9:00 A.M. to 9:00
P.M.). To compare different times across a 24 h cycle, we divided the
light/dark period into 4 h time intervals, with three intervals in the inactive period (9:00 A.M. to 1:00 P.M., 1:00 P.M. to 5:00 P.M., and 5:00 P.M.
to 9:00 P.M.) and three intervals in the active period (9:00 P.M. to 1:00
A.M., 1:00 A.M. to 5:00 A.M., and 5:00 A.M. to 9:00 A.M.). For each
experimental session, two to three individual mice were stimulated during each time interval. These two to three mice would not be subjected to
stimulation or sleep recordings again for at least 2 d so that the effect of
stimulation from one time interval would not confound results during
another time interval. Data used in this experiment represent the same
group of mice throughout the entire experiment: if an individual animal
became unusable before the completion of the experiment, data from the
mouse would be discarded so that another individual could be used
throughout the entire light/dark period.
Sleep deprivation. We sleep deprived animals for either 2 or 4 h using
gentle handling procedures. If an animal remained motionless for a few
seconds, we gently agitated the animal with a soft brush. Occasionally,
we noticed an animal entering SWS during online EEG/EMG analysis,
but these periods lasted ⬍1–3 s before we agitated the animal with the
brush. This method of sleep deprivation has been shown previously
not to increase plasma corticosterone or adrenocorticotropic hormone levels, demonstrating that this procedure does not increase
stress in mice (Palchykova et al., 2006).
Immunohistochemistry. After completion of the experiments, mice
were anesthetized with ketamine/xylazine anesthesia (80 and 16 mg/kg,
i.p., respectively) and perfused transcardially with 1⫻ PBS, pH 7.4, followed by 4% paraformaldehyde in PBS. The brains were extracted, allowed to postfix overnight in the same fixative at 4°C, and cryoprotected
in 30% sucrose dissolved in PBS for an additional 24 h at 4°C. Each brain
was sectioned at 30 m on a cryostat (Leica Microsystems) and collected
in cold PBS.
Sections were washed in PBS with 0.3% Triton X-100 (PBST) and
incubated in a 3% hydrogen peroxide solution for 30 min. After a brief
wash in PBST, sections were incubated in a blocking solution composed
of PBST with 4% bovine serum albumin and 2% normal horse serum.
Sections were incubated in rabbit anti c-Fos (1:5000; PC05; Calbiochem)
overnight at 4°C in block solution. At 12 h later, the sections were washed
three times in PBST and incubated in biotinylated IgG secondary antibody (1:500; Vector Laboratories) for 1 h at room temperature. Next, the
sections were washed three times in PBST and incubated in an avidin–
biotin ABC peroxidase solution (PK-6100; Vector Laboratories). Finally,
the sections were washed three times in PBS and stained using
3-3⬘diaminobenzidine-4 HCl (DAB) and nickel solution (SK-4100; Vector Laboratories).
After this initial round of staining for the presence of c-Fos, sections
were submitted to a second round of staining for cell-type-specific markers. After a brief wash in PBST, sections were incubated overnight at 4°C
in an additional primary antibody for either anti-orexin (Hcrt) (1:5000;
sc-8070; Santa Cruz Biotechnology), anti-tryptophan hydroxylase (TrH)
(1:1000; ab3907; Abcam), anti-tyrosine hydroxylase (TH) (1:2500; catalog #TH; Aves Labs), or a mixture of anti-adenosine deaminase (ADA)
(1:500; sc-7450 and sc-7451; Santa Cruz Biotechnology) antibodies.
Adenosine deaminase is a marker of histaminergic neurons (Senba et al.,
1985). These antibodies have been used in previous studies and labeled
neurons in a manner consistent with well known gene/protein expression patterns (Senba et al., 1985; Abumaria et al., 2007; Adamantidis et
al., 2007; Kohlmeier et al., 2008). At 16 h later, the sections were processed according to the same protocol above, but instead of using DAB
with nickel solution for the final staining step, we used DAB alone (Vector Laboratories) to create a brown staining product. The differentiation
between black staining products revealed by DAB with nickel solution
and brown staining products revealed by DAB alone has been effectively
used in other studies colabeling c-Fos with Hcrt, TrH, TH, or ADA
(Winsky-Sommerer et al., 2004; Harris et al., 2005; Deurveilher et al.,
2006; Adamantidis et al., 2007). In control experiments, we were able to
differentiate brown cytoplasmic staining from black nuclear staining
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material).
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For non-c-Fos behavioral experiments, mice were killed and examined
for the colabeling of mCherry fluorescence with immunostaining for
Hcrt (Fig. 1C). Data from animals in which no mCherry fluorescence was
detected were discarded.
Processed sections were mounted onto slides in PBS and coverslipped
with Permaslip (Alban Scientific). Slides were examined using a fluorescent microscope (Carl Zeiss), and digital images were minimally
processed using Adobe Photoshop CS3 (Adobe Systems) to enhance
brightness and contrast for optimal representation of the data. All digital
images were processed in the same way to avoid artificial manipulation
between different datasets. We used five complete sets of alternating
sections (⬃30 m apart) to analyze cells double labeled for c-Fos and
other cell-specific markers. We analyzed sections from the extreme rostral and caudal ends of specific nuclei to avoid any rostrocaudal bias in
the analysis [dorsal raphe nucleus: bregma ⫺4.16 to ⫺5.34, 18 sections;
lateral hypothalamus: bregma ⫺1.06 to ⫺2.14, 18 sections; locus ceruleus: bregma ⫺5.34 to ⫺5.8, 8 sections; tuberomammillary nucleus:
bregma ⫺1.82 to ⫺2.46, 10 sections (Paxinos and Franklin, 2001)]. Cells
positive for cell-specific markers were scored for the presence of c-Fos by
an investigator blind to the stimulation condition.
Statistical methods. All statistics were analyzed using Prism 5.0 (GraphPad Software). Latencies of sleep-to-wake transitions and c-Fos expression
data were analyzed using the Student’s t test. Probability distributions
were analyzed using the Kolmogorov–Smirnov (KS) test. Long-term
stimulation experiments were analyzed using two-way ANOVA.

Results
Photostimulation of Hcrt neurons across the
light/dark period
To test whether the efficacy of Hcrt-mediated sleep-to-wake
transitions were mediated by the light/dark period, we unilaterally stimulated Hcrt neurons at various time points throughout
the 12 h light/dark cycle. We first quantitatively measured the
latency of sleep-to-wake transitions from SWS or REM sleep after
single optical light pulse trains in Hcrt::ChR2–mCherry (n ⫽ 6) or
Hcrt::mCherry (n ⫽ 6) transduced animals during different time
points in the inactive period. Our previous studies demonstrated
that stimulation frequencies from 5 to 30 Hz, but not 1 Hz, were
sufficient to increase the number of transitions to wakefulness
(Adamantidis et al., 2007). Because previous studies indicated
that 20 Hz firing frequency was similar to endogenous bursts of
action potentials in Hcrt neurons (Lee et al., 2005; Mileykovskiy
et al., 2005), we stimulated mice at either 1 or 20 Hz using a
stimulation protocol of 15 ms light pulses for 10 s starting 15 s
after the onset of either SWS or REM sleep. We found that optical
stimulation of Hcrt neurons at 20 Hz, but not 1 Hz, significantly
reduced the latency to wakefulness from SWS and REM sleep
in Hcrt::ChR2–mCherry animals compared with Hcrt::mCherry
control animals (20 Hz, p ⬍ 0.0001; 1 Hz, p ⬎ 0.05 for all comparisons with control) (Fig. 2 A, B). These effects were consistent
across animals, because pooled wake latency values from either
SWS or REM sleep revealed significant differences between experimental and control animals (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). We did not observe any difference in the ability of photostimulation at 20 Hz to
decrease the latency of wakefulness between animals at different
time intervals for either SWS or REM sleep ( p ⬎ 0.05, two-way
ANOVA).
The effects of Hcrt-mediated sleep-to-wake transitions were
not fixed. Instead, stimulation shifted the distribution of sleepto-wake latencies to lower values (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material). The 20 Hz stimulation in ChR2–mCherry animals caused a greater number of
awakenings 1–30 s after stimulation compared with spontaneous
transitions in ChR2–mCherry and mCherry transduced animals
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Figure 2. Stimulation of Hcrt neurons is sufficient to increase sleep-to-wake transitions across the inactive period. A, B, Latencies of wake transitions after stimulation during SWS (A) or REM sleep
(B) of Hcrt::ChR2–mCherry transduced animals (n ⫽ 6) or Hcrt::mCherry control animals (n ⫽ 6). Photostimulation consisted of 15 ms light pulses at either 1 or 20 Hz for 10 s. Photostimulation
periods took place at 9:00 A.M. to 1:00 P.M., 1:00 P.M. to 5:00 P.M., or 5:00 P.M. to 9:00 P.M., with the 12 h light inactive period starting at 9:00 A.M. Data analysis is based on an average of 30 or 10
stimulations per frequency and per mouse during SWS and REM sleep, respectively. Latencies represent mean ⫾ SEM. Two-way ANOVA between stimulation parameter and time of day revealed no
significant difference between latencies in Hcrt::ChR2–mCherry animals across the inactive period ( p ⬎ 0.05). However, we found significant differences in the latencies between ChR2–mCherry
and mCherry control animals at 20 Hz stimulation at all times tested (*p ⬍ 0.05, ***p ⬍ 0001 using a two-tailed Student’s t test). C, D, Cumulative probability distribution of latencies from SWS (C)
or REM sleep (D) after light stimulation (ChR2–mCherry animals, blue curves; mCherry control animals, red curves). The 20 Hz stimulation resulted in a significant shift in the probability curve for both
SWS ( p ⬍ 0.001, KS test) and REM ( p ⬍ 0.001, KS test). E, Chronic stimulation of Hcrt neurons is sufficient to increase transitions from SWS to wakefulness across the circadian period. We used a
chronic stimulation protocol (15 ms light pulses for 10 s every minute for 1 h, 20 Hz stimulation) to stimulate Hcrt::ChR2–mCherry mice (n ⫽ 4) or Hcrt::mCherry control mice (n ⫽ 4) at 4 h intervals
throughout the entire circadian period. y-Axis represents the mean ⫾ SEM number of transitions from SWS to wakefulness divided by the baseline number of transitions during that time interval.
Analysis is based on duplicated stimulation sessions for each animal. *p ⬍ 0.05 using a two-tailed Student’s t test between transduced animals. F, Chronic stimulation of Hcrt neurons is insufficient
to increase transitions from REM to wakefulness throughout the circadian period. Same experimental conditions as E.

(1–120 s). This had the consequential effect of increasing the
probability of an awakening event from either SWS or REM sleep
after a single light pulse train at 20 Hz, but not at 1 Hz, in ChR2–
mCherry animals compared with mCherry control animals ( p ⬍
0.001, KS test) (Fig. 2C,D).
To test whether long-term stimulation of Hcrt neurons increased the number of sleep–wake transitions throughout the
entire light/dark period, we studied the effects of chronic stimulation (15 ms pulses at 20 Hz for 10 s every minute for 1 h) of Hcrt
neurons for all time intervals throughout the 12 h light/dark
cycle. This stimulation paradigm increased the number of SWS
sleep-to-wake transitions in Hcrt::ChR2–mCherry animals compared with control animals ( p ⬍ 0.05, two-way ANOVA between
transduction and stimulation paradigm, followed by Student’s t
test) but not total wake, SWS, and REM amounts ( p ⬎ 0.05,
two-way ANOVA) (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). To compare increases in
transitions among different time intervals, we compared the

number of sleep-to-wake transitions and divided this value by the
baseline number of transitions (Fig. 2 E). We found a significant
difference between the number of SWS-to-wake transitions in
Hcrt::ChR2–mCherry transduced animals between baseline
conditions ( p ⬍ 0.05, Student’s t test) but not in control
animals ( p ⬎ 0.05, Student’s t test). There were no significant
differences between the number of REM-to-wake transitions
in either experimental group, probably because not enough
REM events occurred during the sampling conditions (Fig.
2 F). Together, these data suggest that stimulation of Hcrt neurons is sufficient to increase the transitions to wakefulness and
probability of an awakening event over the entire light/dark
period.
Photostimulation of Hcrt neurons in conditions of
sleep pressure
We next examined whether the sufficiency of optical stimulation
of Hcrt neurons to increase the probability of an awakening event
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Figure 3. Sleep deprivation (2 or 4 h) moderates Hcrt-mediated sleep-to-wake transitions. A, B, We recorded the latencies of SWS-to-wake transitions in Hcrt::ChR2–mCherry transduced animals
(n ⫽ 6) or Hcrt::mCherry control animals (n ⫽ 6) that were sleep deprived starting at the beginning of the inactive period (A) or in the afternoon (B). Photostimulation consisted of 15 ms light pulses
at either 1 or 20 Hz for 10 s. Data analysis is based on an average of 30 stimulations per mouse during both conditions of sleep deprivation. Latencies represent mean ⫾ SEM. We found a significant
decrease in the latencies to wakening for both sleep deprivation conditions at 20 Hz between ChR2–mCherry and mCherry control animals that received no sleep deprivation ( **p ⬍ 0.001,
two-tailed Student’s t test). After 2 h of sleep deprivation in the morning, the significant difference between ChR2–mCherry and mCherry animals decreased to p ⬍ 0.05, and there was no significant
difference between animals sleep deprived in the afternoon. Four hours of sleep deprivation resulted in latencies that were not significantly different between animals ( *p ⬎ 0.05, two-tailed
Student’s t test). C, D, Cumulative probability distribution of latencies from SWS after light stimulation in animals sleep deprived at the beginning of the inactive period (C) or in the afternoon (D)
(ChR2–mCherry animals, blue curves; mCherry control animals, red curves). Probability curves from ChR2–mCherry animals that received no sleep deprivation were statistically different from the
other distributions, including ChR2–mCherry animals after 2 h sleep deprivation ( p ⬍ 0.001 for animals sleep deprived in the morning and afternoon, KS test). E, F, Correlograms comparing
slow-wave EEG activity with the mean probability of wakefulness for each individual in animals sleep deprived at the beginning of the inactive period (E) or afternoon (F ). Each dot represents one
individual during one experimental session (n ⫽ 6 individuals ⫻ 3 sessions each) after 0, 2, and 4 h sleep deprivation (ChR2–mCherry animals, blue curves; mCherry control animals, red curves).
Slow-wave activity is calculated as the percentage of delta power (0.5– 4.0 Hz) in the entire power spectrum of EEG activity. The mean probability of wakefulness is the SWS-to-wake latency value
occurring at a probabilistic value of 0.5. Linear regression analysis demonstrates a positive correlation ( p ⬍ 0.0001) between the latency-to-wakening and SWS sleep power in ChR2–mCherry
animals.

was under the control of sleep homeostatic signals. Sleep pressure
was experimentally induced by 2 or 4 h sleep deprivation caused
by gentle handling (Palchykova et al., 2006). To avoid potential
conflicts between the number of hours of sleep deprivation and
the time of day, we performed these experiments under two conditions. In the first condition, we sleep deprived mice for either 2
or 4 h starting at the beginning of the active period (9:00 A.M.)
and then stimulated Hcrt neurons for the subsequent 2 h
(11:00 A.M. or 1:00 P.M.). In the second condition, we sleep
deprived mice starting at 11:00 A.M. (for 4 h sleep deprivation) or 1:00 P.M. (for 2 h sleep deprivation) and then stimulated Hcrt neurons for the subsequent 2 h starting at 3:00 P.M.
Therefore, we could avoid any potential differences between
differing lengths of sleep deprivation and different circadian
times of photostimulation.
We first ensured that 2 or 4 h sleep deprivation was sufficient
to increase the drive to sleep in each virally transduced animal by
examining the sleep architecture of mice in baseline conditions
(without stimulation) in the 2 h of sleep rebound immediately

after sleep deprivation. We found a significant decrease of the
duration of time spent awake concomitant with a significant increase of the total duration of SWS and REM sleep ( p ⬍ 0.05,
Student’s t test between 2/4 and 0 h sleep deprivation) in both
ChR2–mCherry (n ⫽ 6) and mCherry (n ⫽ 6) animals (supplemental Fig. 5A, available at www.jneurosci.org as supplemental
material). We also examined the power spectrum of the cortical
EEG after 2 h sleep deprivation, because delta rhythm EEG
(0.25– 4 Hz) is thought to reflect SWS need and its underlying
homeostatically regulated recovery process (Franken et al., 2001).
We found a marked increase in the delta rhythm EEG over the 2 h
immediately after sleep deprivation with high-amplitude, lowfrequency waveforms ( p ⬍ 0.0001) (supplemental Fig. 5B, available at www.jneurosci.org as supplemental material).
Next, we measured the latency of SWS-to-wake transitions
after 1 or 20 Hz light pulse trains (15 ms light pulses for 10 s
starting 15 s after SWS onset) in Hcrt::ChR2–mCherry or
Hcrt::mCherry transduced animals after 0, 2, or 4 h sleep deprivation (n ⫽ 6 for each condition). We restricted our analysis to
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SWS events because REM sleep events
were relatively rare during this period.
Stimulation at 20 Hz significantly reduced
the latency to wakefulness of Hcrt::ChR2–
mCherry animals compared with control
animals after 0 h sleep deprivation ( p ⬍
0.001 for all comparisons with control) at
both 9:00 A.M. (Fig. 3A) and 3:00 P.M.
(Fig. 3B). After 2 h of sleep deprivation
starting at 9:00 A.M. (light onset), the significant difference between ChR2–mCherry
and mCherry animals decreased to p ⬍
0.05. There was no significant difference
between animals sleep deprived for 2 h
starting at 1:00 P.M. Finally, there was no
significant difference between transduced Figure 4. Stimulation of Hcrt neurons causes an increase in c-Fos expression in Hcrt neurons, with and without 2 h of sleep
animals stimulated at 20 Hz after 4 h sleep deprivation. We quantified the number of neurons expressing the immediate early gene c-Fos in Hcrt::mCherry animals (A, C) or
deprivation ( p ⬎ 0.05) (Fig. 3 A, B). Mean Hcrt::ChR2–mCherry animals (B, D) after 0 (A, B) or 2 h (C, D) sleep deprivation (n ⫽ 6 for each condition). A–D, Representative
sleep-to-wake latencies for ChR2–mCherry images from neurons double stained for c-Fos (black) and Hcrt (light brown). Arrows indicate Hcrt-positive neurons coexpressing
animals sleep deprived starting at 9:00 c-Fos. E, Quantification of data in A–D, depicting the percentage of Hcrt-positive neurons positive for c-Fos. **p ⬍ 0.001,
A.M. were 38.3 ⫾ 6.9, 43.6 ⫾ 4.2, and two-tailed Student’s t test. Scale bar, 50 m.
62.3 ⫾ 8.2 s after 0, 2, or 4 h sleep depriapplied the same chronic stimulation paradigm used previously
vation, respectively. Mean sleep-to-wake latencies for mCherry
(15 ms light pulses for 10 s each minute for 1 h, 20 Hz). After 1 h
animals sleep deprived before 3:00 P.M. were 35.4 ⫾ 5.8, 52.7 ⫾
of chronic stimulation, the animals were immediately perfused.
5.3, and 63.4 ⫾ 7.6 s after 0, 2, or 4 h sleep deprivation, respecTo examine neural activity in Hcrt neurons, we studied the extively. Light pulses at 1 Hz did not result in a significant decrease
pression of the immediate early gene c-Fos, a biomarker of active
in the latency to wakefulness in any of the conditions ( p ⬎ 0.05)
neurons. After immunohistochemical processing, we quantified
(Fig. 3 A, B).
the number of neurons positive for both Hcrt and c-Fos expresSimilar to our previous experiments, the distribution of latension (Fig. 4) (supplemental Table 1, available at www.jneurosci.
cies to awakening after 0 h sleep deprivation were not fixed but
org as supplemental material). We found that stimulation of Hcrt
instead shifted to lower values, revealing a significant increase in
neurons caused an increase in c-Fos expression in Hcrt neurons
the probability of SWS-to-wake transitions ( p ⬍ 0.001, KS test)
in Hcrt::ChR2–mCherry animals compared with control animals,
(Fig. 3C,D). Interestingly, 2 or 4 h sleep deprivation blocked this
after
both 0 and 2 h sleep deprivation ( p ⬍ 0.001, Student’s t test
distribution shift.
between transduced animals). There was no significant differImportantly, the ability of stimulation of Hcrt neurons to inence in the percentage of Hcrt neurons that expressed c-Fos
crease the probability of an awakening event inversely correlated
between Hcrt::ChR2–mCherry animals after 0 or 2 h sleep dewith the intensity of slow-wave activity during SWS (Fig. 3 E, F ).
privation ( p ⬎ 0.05, Student’s t test between conditions of
We found that Hcrt::ChR2–mCherry transduced animals with a
sleep deprivation).
relatively higher percentage of the delta rhythm EEG (0.25– 4
Because photostimulation at 20 Hz following 2 h sleep depriHz) in the power spectrum had a lower probability of a SWSvation was sufficient to increase c-Fos expression in Hcrt neurons
to-wake transition (r ⫽ 0.43, p ⬍ 0.0001 at light onset; r ⫽ 0.67,
but insufficient to decrease the sleep-to-wake latency, we decided
p ⬍ 0.0001 at 3:00 P.M., linear regression analysis) in the 2 h
to explore activity in downstream targets of Hcrt projections. We
immediately after sleep deprivation. We did not find a significant
focused on the noradrenergic LC, the histaminergic TMN, and
correlation between slow-wave activity and the probability of
the serotoninergic DRN because these brain regions promote
SWS-to-wake transitions in Hcrt::mCherry control animals or anarousal, receive dense projections from Hcrt neurons, and are
imals stimulated at 1 Hz ( p ⬍ 0.05, linear regression), because
thought to mediate the effects of Hcrt on arousal (Aston-Jones
these animals had a statistically consistent mean SWS-to-wake
and Bloom, 1981; Jacobs and Azmitia, 1992; Peyron et al., 1998;
probability no matter the percentage of delta rhythm EEG. HowBourgin et al., 2000; John et al., 2004; Saper et al., 2005). We
ever, although insignificant, there is a clear trend of increasing
studied the effect of optical stimulation of Hcrt neurons using a
sleep-to-wake latency with increasing SWS sleep power. This
chronic stimulation paradigm (15 ms light pulses for 10 s each
trend reflects the increase in SWS duration after 2 or 4 h sleep
minute for 1 h, 20 Hz) in Hcrt::ChR2–mCherry or Hcrt::mCherry
deprivation.
animals after 0 or 2 h sleep deprivation (n ⫽ 6 for each condiTogether, these results demonstrate that increased sleep prestion). After stimulation, animals were immediately perfused,
sure caused by sleep deprivation moderates Hcrt-mediated sleepbrains were extracted, and histology was performed to examine
to-wake transitions.
expression of c-Fos. We performed double-labeling experiments
with antibodies to TH, ADA, or TrH to label cells in the LC,
Effect of photostimulation of Hcrt neurons on neural activity
TMN, and DRN, respectively (Fig. 5). We quantified the perassessed by c-Fos expression
centage of cells labeled by each antibody that also showed
We wondered whether 2 or 4 h sleep deprivation blocked the effects
expression of c-Fos (supplemental Table 1, available at www.
of Hcrt-mediated sleep-to-wake transitions because photostimulajneurosci.org as supplemental material). Stimulation of
tion was insufficient to increase activity in those neurons. To answer
Hcrt::ChR2–mCherry animals significantly increased the perthis question, we sleep deprived Hcrt::ChR2–mCherry or control
mice for either 0 or 2 h (n ⫽ 5 for each condition) and then
centage of c-Fos-expressing cells in the LC and TMN com-
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cient to overcome endogenous inhibition of
these neurons during high sleep pressure
conditions.
Photostimulation of Hcrt neurons in
histidine decarboxylase knock-out mice
Because stimulation of Hcrt neurons increased activity in the TMN, the brain’s
source of the neuromodulator histamine
(Haas et al., 2008), we asked whether Hcrtmediated sleep-to-wake transitions would
be diminished in animals in which the histaminergic system was genetically ablated.
Therefore, we repeated stimulation experiments in mice lacking the gene encoding
histidine decarboxylase (HDC), the enzyme
that produces histamine [HDC knock-out
(KO) mice] (Ohtsu et al., 2001).
As before, we measured the latency of
sleep-to-wake transitions after 1 or 20 Hz
light pulse trains (15 ms light pulses for
10 s starting 15 s after sleep onset). We
found that stimulation at 20 Hz significantly reduced the latency to wakefulness
of animals transduced with Hcrt::ChR2–
mCherry compared with control animals
in both HDC KO and wild-type animals
( p ⬍ 0.0001 for all comparisons with control) after both SWS and REM sleep (Fig.
6 A, B). Light pulses at 1 Hz did not result
in a significant decrease in the latency to
wakefulness ( p ⬎ 0.05 for all comparisons
with control). As in wild-type animals,
photostimulation in HDC KO animals
shifted the distribution of sleep-to-wake
latencies to lower values, increasing the
probability of an awakening event from
either SWS or REM sleep (Fig. 6C,D). There
was no significant difference in sleep-towake latency values between HDC KO and
wild-type animals ( p ⬎ 0.05 for all comparisons between genetic background).
To determine whether long-term chronic
stimulation increased the number of SWSto-wake transitions in HDC KO animals,
Figure 5. Effect of stimulation of Hcrt neurons on c-Fos expression in downstream nuclei, with and without 2 h of sleep we subjected animals to a chronic stimuladeprivation. We quantified the number of neurons expressing the immediate early gene c-Fos in Hcrt::mCherry animals (A, C, F, H,
tion protocol (15 ms pulses for 10 s every
K, M ) or Hcrt::ChR2–mCherry animals (B, D, G, I, L, N ) after 0 h (A, B, F, G, K, L) or 2 h (C, D, H, I, M, N ) sleep deprivation (n ⫽ 6
min for 1 h) at frequencies of 1, 5, 10, 20,
for each condition). A–D, Representative images taken from the locus ceruleus, with neurons double stained for c-Fos (black) and
TH (light brown). F–I, Representative images taken from the tuberomammilary nucleus, with neurons double stained for c-Fos and 30 Hz. We found a significant in(black) and ADA (light brown). K–N, Representative images taken from the dorsal raphe nuclei, with neurons double stained for crease in the number of transitions in
c-Fos (black) and TrH (light brown). Arrows indicate neurons stained for either TH, ADA, or TrH that also express c-Fos. E, J, O, Hcrt::ChR2–mCherry animals compared
Quantification of data in A–D, F–I, and K–N, respectively, depicting the percentage of neurons stained for either TH, ADA, or TrH with control animals for all stimulation
also positive for c-Fos. *p ⬍ 0.05, **p ⬍ 0.001, two-tailed Student’s t test. Scale bar, 50 m.
frequencies ⬎5 Hz (Fig. 6 E) ( p ⬍ 0.05,
two-way ANOVA, followed by Student’s t
test between conditions). These results
pared with Hcrt::mCherry control animals (Fig. 5 E, J ) ( p ⬍
suggest that Hcrt-mediated sleep-to-wake transitions do not de0.001 and p ⬍ 0.05, respectively, Student’s t test) but not the
pend on the histaminergic system.
number of c-Fos cells in the DRN (Fig. 5O) ( p ⬎ 0.05, StuDiscussion
dent’s t test). There was no increase in c-Fos expression in
The present study demonstrates that optical stimulation of Hcrt
animals that received stimulation after 2 h sleep deprivation
neurons is sufficient to increase transitions from SWS and REM
(Fig. 5 E, J,O) ( p ⬎ 0.05, Student’s t test). These data suggest
sleep to wakefulness throughout the entire light/dark period but
that stimulation of Hcrt neurons is sufficient to increase acthat this stimulation is insufficient to increase transitions after 2
tivity in the LC and TMN but that this stimulation is insuffi-
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Figure 6. Stimulation of Hcrt neurons is sufficient to increase sleep-to-wake transitions in HDC KO mice. A, B, Latencies to wake transitions after stimulation during SWS (A) or REM sleep (B) in
wild-type animals or HDC KO animals transduced with either Hcrt::ChR2–mCherry or Hcrt::mCherry (n ⫽ 6 for each condition). Photostimulation consisted of 15 ms light pulses at either 1 or 20 Hz
for 10 s. All photostimulation experiments took place from 1:00 to 5:00 P.M. Data analysis is based on an average of 30 or 10 stimulations per frequency and per mouse during SWS and REM sleep,
respectively. Latencies represent mean ⫾ SEM. We found significant differences in the latencies between ChR2–mCherry and mCherry control animals at 20 Hz stimulation (but not 1 Hz stimulation)
in both wild-type and HDC KO animals (***p ⬍ 0.0001 using a two-tailed Student’s t test). C, D, Cumulative probability distribution of latencies from SWS (C) or REM sleep (D) after light stimulation
(ChR2–mCherry animals, blue/light blue curves; mCherry control animals, red/pink curves). The 20 Hz stimulation of ChR2–mCherry transduced animals significantly shifted the probability
distributions in both wild-type and HDC KO mice during both SWS and REM sleep ( p ⬍ 0.001, KS test). Furthermore, there was no significant difference between wild-type and HDC KO mice for any
stimulation condition during SWS and REM sleep ( p ⬎ 0.05, KS test). E, Stimulation of Hcrt neurons is sufficient to increase transitions from SWS to wakefulness in HDC KO mice. We used a chronic
stimulation protocol (15 ms light pulses for 10 s every minute for 1 h) to test frequencies of stimulation at 1, 5, 10, 20, and 30 Hz stimulation in animals transduced with Hcrt::ChR2–mCherry (n ⫽
4) and Hcrt::mCherry (n ⫽ 4). We measured the number of transitions from SWS to wakefulness for each frequency and found a significant increase in the number of transitions in
Hcrt::ChR2–mCherry transduced animals compared with control animals for stimulations greater that 5 Hz. Data represent the mean ⫾ SEM number of transitions from SWS to wakefulness. Analysis
is based on duplicated stimulation sessions for each animal. *p ⬍ 0.05 using a two-tailed Student’s t test between ChR2–mCherry and mCherry transduced animals.

or more hours of sleep deprivation. We also found that the
arousal-promoting neuromodulator histamine is not necessary
for Hcrt-mediated sleep-to-wake transitions to occur.
Hcrt-mediated sleep-to-wake transitions across the
light/dark period
Previous studies report that Hcrt neurons are relatively silent
during sleep compared with wakefulness, with phasic bursts of
activity preceding transitions to wakefulness (Lee et al., 2005;
Mileykovskiy et al., 2005). Our results complement these correlational studies, demonstrating a causal role between Hcrt
activity and transitions to wakefulness throughout the light/dark
period. By artificially providing 10 s bursts of activity in Hcrt
neurons during sleep, we found that this activity increased the
probability of an awakening event throughout the entire inactive
period (Fig. 2). Chronic stimulation increased the number of
SWS-to-wake transitions throughout both the active and inactive
periods (Fig. 2 E). We believe that chronic photostimulation did
not result in an increase in REM-to-wake transitions because not

enough REM events occurred during the sampling conditions.
Our chronic photostimulation protocol only stimulated Hcrt
cells for 10 s each min, probably missing many of the REM sleep
events that occurred during the 1 h stimulation period. Alternatively, postsynaptic inhibition of Hcrt target neurons, likely imposed by local GABAergic interneurons, may be more potent
during REM sleep than SWS (Nitz and Siegel, 1997a,b; Gervasoni
et al., 1998; Maloney et al., 1999, 2000).
The ability of Hcrt neurons to promote transitions to wakefulness throughout the light/dark period suggests that one role
of these neurons may be to promote arousal whenever necessary depending on environmental conditions. For example, in
conditions of food deprivation, stress, or anxiety, Hcrt neurons
may promote wakefulness and arousal so that an animal may
react appropriately to a challenging environment (McEwen and
Stellar, 1993). Indeed, these neurons are anatomically well positioned to integrate information about energy balance (Yamanaka
et al., 2003), stress (Winsky-Sommerer et al., 2004), and emotional stimuli (Sakurai et al., 2005). Furthermore, challenging
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environmental conditions strengthen synaptic connections onto
Hcrt neurons, potentially increasing Hcrt neural activity and promoting arousal regardless of circadian time (Rao et al., 2007).
Our study supports this hypothesis, demonstrating the sufficiency of Hcrt neurons to promote arousal throughout the entire
light/dark period.
Sleep pressure moderates Hcrt-mediated
sleep-to-wake transitions
A major finding of our study is that Hcrt-mediated sleep-towake transitions are diminished with increasing sleep pressure
(Fig. 3). Importantly, not only did sleep deprivation increase
the delta power of SWS compared with baseline conditions
(supplemental Fig. 5B, available at www.jneurosci.org as supplemental material), but the slow-wave activity inversely correlated with Hcrt-mediated sleep-to-wake transitions (Fig.
3 E, F ). Therefore, the greater the sleep pressure caused by
sleep deprivation, the less the effect of Hcrt stimulation in
promoting wakefulness. These results demonstrate that, although stimulation of the Hcrt system is sufficient to promote
wakefulness throughout the light/dark period, the effects of
this stimulation have natural limits depending on the drive to
sleep. Interestingly, the percentage of Hcrt neurons expressing
c-Fos, a biomarker of neural activity, was the same in Hcrt::
ChR2–mCherry animals after 0 or 2 h sleep deprivation (Fig.
4). These results suggest that photostimulation was still sufficient to drive neural activity in these cells but that sleep deprivation blocked Hcrt-mediated sleep-to-wake transitions by
affecting downstream neurons.
Current models of sleep–wake regulation, such as the “flip–
flop” model proposed by Saper et al. (2005), suggest that Hcrts
promote arousal by exciting the LC, TMN, and DRN. Recent
studies suggest that the LC and DRN may play a role in maintaining muscle tone, whereas activity in the TMN is linked to the
maintenance of waking (John et al., 2004). Indeed, we found an
increase of c-Fos expression in the LC and TMN after photostimulation of Hcrt neurons but not after 2 h sleep deprivation
(Fig. 5). Therefore, these downstream nuclei must receive inhibitory input from other neural structures that respond to sleep
pressure and actively promote sleep. Current models of sleep
regulation suggest both homeostatic and circadian drives for
sleep (Achermann and Borbély, 2003; Saper et al., 2005). Both the
homeostatic and circadian drives for sleep are thought to exert
excitatory influences on sleep-promotion nuclei, such as the
VLPO, while also exerting inhibitory influences on arousalpromoting nuclei. The VLPO sends inhibitory projections to
many arousal-promoting nuclei, including the LC and TMN
(Sherin et al., 1996). Cells in the lateral hypothalamus that express melanin-concentrating hormone are also active during
sleep (Modirrousta et al., 2005; Hassani et al., 2009) and project
to arousal-promoting nuclei (Saito et al., 2001).
This underlying anatomy and physiology suggests a model
in which homeostatic and circadian factors influence a balance
between sleep- and arousal-promoting neurotransmitters/
neuromodulators (Fig. 7A). In this model, optical stimulation
of Hcrt neurons tips the balance such that there is increased
excitation in arousal-promoting neurotransmitters, increasing the probability of an awakening event (Fig. 7B). However,
after 2 or more hours of sleep deprivation, the homeostatic
drive for sleep exerts influences that directly or indirectly inhibit firing in nuclei downstream of Hcrt neurons. Exogenous
stimulation of Hcrt neurons would be insufficient to overcome this inhibition (Fig. 7C). Thus, although Hcrt neurons

Figure 7. A model of Hcrt-mediated promotion of wakefulness. A, The balance between
sleep and wake states is facilitated by sleep-promoting and arousal-producing neurotransmitters expressed in specific nuclei of the hypothalamus and brainstem. These neurons are influenced by circadian and homeostatic factors that regulate neuron excitability, gene expression,
and synaptic efficacy. B, Stimulation of Hcrt neurons excites arousal-producing neurons, shifting the balance between sleep–wake states and increasing the probability of an awakening
event. C, In conditions of increased sleep pressure, sleep-promoting neurons and neurotransmitters actively inhibit arousal-promoting nuclei. Arousal-promoting nuclei may also be inhibited by external factors and autoregulation by long-term depression of excitatory synapses and
circadian downregulation of gene expression. The inhibition of these arousal-promoting nuclei
may overpower the excitatory input from ChR2-stimulated Hcrt neurons. Thus, although ChR2 is
sufficient to drive action potentials in Hcrt cells, the afferent projections are inadequate to
overcome the inhibition attributable to increased sleep pressure. 5HT, Serotonin; Gal, galanin;
His, histamine; MCH, melanin-concentrating hormone; NE, norepinephrine.

are sufficient to promote wakefulness when necessary across
the light/dark period, homeostatic and circadian mechanisms
that increase the drive to sleep can overcome Hcrt excitatory
input to downstream targets.
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Histamine is not necessary for Hcrt-mediated
sleep-to-wake transitions
The histaminergic TMN heavily expresses Hcrt-r2 and receives
dense projections from Hcrt neurons (Peyron et al., 1998; Trivedi
et al., 1998; Marcus et al., 2001; Nishino et al., 2001). These neurons showed an increase in c-Fos staining after Hcrt stimulation
but not after sleep deprivation, in which Hcrt-mediated sleep-towake transitions were lost (Fig. 5) (supplemental Table 1, available at www.jneurosci.org as supplemental material). Therefore,
we focused on the TMN as a site that may mediate the actions of
Hcrt in promoting wakefulness. We found no significant difference between latencies-to-wakefulness in SWS or REM sleep between wild-type animals and HDC KO animals (Fig. 6). These
results suggest that HDC transmission is not required for Hcrtmediated transitions to wakefulness.
Our results contrast with other studies that used different
methods to examine the role of the TMN in the ability of Hcrts to
promote wakefulness. For example, Huang et al. (2001) found
that injection of Hcrt1 into the lateral ventricles produced a significant increase in wakefulness but not in animals in which the
histaminergic H1R receptor was genetically ablated. Similarly,
Shigemoto et al. (2004) found that intracerebroventricular injection of Hcrt1 caused an increase in wakefulness and a decrease in
SWS and REM sleep but this effect was blocked by intracerebroventricular injection of pyrilamine, an H1R antagonist. These
studies used pharmacological and perhaps non-endogenous levels of peptide application to observe increases in wakefulness.
Our study depended on endogenous Hcrt release from Hcrt cells
stimulated at physiologically relevant firing rates. Furthermore,
H1R ablation may have produced sleep-promoting effects more
severe than exogenous application of Hcrt peptide could overcome to promote wakefulness.
It is also possible that HDC KO mice compensate for a lack of
histamine during development, perhaps by strengthening connections between Hcrt cells and other arousal-promoting nuclei.
Luquet et al. (2005) showed that ablation of neuropeptide Y/agoutirelated peptide neurons in adults resulted in altered feeding
behaviors, whereas systemic gene deletion during development
lacked a feeding phenotype. This study demonstrates the potential
for hypothalamic systems to compensate during development.
Given the apparent redundancy in arousal-promoting centers in
the brain, perhaps no phenotype is present when the histaminergic system is ablated during development but could be more
pronounced when deleted as an adult.
Optogenetic study of sleep–wake transitions
This study is one of a growing number of studies using optogenetic stimulation of genetically targeted neurons to manipulate
behavior in a variety of animals, including rodents (Adamantidis
et al., 2007; Aravanis et al., 2007; Alilain et al., 2008; Gradinaru et
al., 2009; Huber et al., 2008; Tsai et al., 2009), zebrafish (Douglass
et al., 2008), flies (Zhang et al., 2007c), and worms (Nagel et al.,
2005). For decades, the study of the neural circuitry regulating
sleep–wake states has been limited by the inability to perturb
specific populations of neurons in vivo (Kilduff et al., 2008). Future targeting of optogenetic transgenes to other populations of
neurons hypothesized to play a role in regulating arousal will be
useful to test models of sleep boundary state control, such as the
flip–flop models of SWS and REM sleep (Saper et al., 2005; Lu et
al., 2006). Furthermore, emerging technologies that have the potential to deliver light to brain regions of human subjects (Bernstein et al., 2008) could be used in the treatment of severe sleep
disorders.
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