
Brief Communication

Release of Hypocretin (Orexin) during Waking and Sleep States

Lyudmila I. Kiyashchenko,1,2,3* Boris Y. Mileykovskiy,1,2,3* Nigel Maidment,1 Hoa A. Lam,1 Ming-Fung Wu,1,2

Joshi John,1,2 John Peever,1,2 and Jerome M. Siegel1,2

1Department of Psychiatry and Biobehavioral Sciences and Brain Research Institute, University of California Los Angeles
School of Medicine, and 2Veterans Administration of Greater Los Angeles Healthcare System-Sepulveda, North Hills,
California 91343, and 3Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Science, St.
Petersburg, 194223, Russia

Hypocretin (Hcrt or orexin) somas are located in the hypothal-
amus and project widely to forebrain and brainstem regions,
densely innervating monoaminergic and cholinergic cells. Loss
of Hcrt function results in the sleep disorder narcolepsy. How-
ever, the normal pattern of Hcrt release across the sleep–wake
cycle is unknown. We monitored Hcrt-1 release in the basal
forebrain, perifornical hypothalamus, and locus ceruleus (LC)
across the sleep–wake cycle using microdialysis in freely mov-
ing cats and a sensitive solid phase radioimmunoassay. We
found that the peptide concentration in dialysates from the
hypothalamus was significantly higher during active waking
(AW) than during slow-wave sleep (SWS). Moreover, Hcrt-1
release was significantly higher during rapid eye movement

(REM) sleep than during SWS in the hypothalamus and basal
forebrain. We did not detect a significant difference in release
across sleep–waking states in the LC, perhaps because recov-
ered levels of the peptide were lower at this site. Because there
was a trend toward higher levels of Hcrt-1 release during AW
compared with quiet waking (QW) in our 10 min dialysis sam-
ples, we compared Hcrt-1 levels in CSF in 2 hr AW and QW
periods. Hcrt-1 release into CSF was 67% higher during AW
than during QW. Elevated levels of Hcrt during REM sleep and
AW are consistent with a role for Hcrt in the central program-
ming of motor activity.
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Hypocretin (Hcrt) peptides are synthesized by a small number of
neurons in the perifornical and lateral hypothalamus (De Lecea et
al., 1998; Sakurai et al., 1998). These neurons have dense projec-
tions to the basal forebrain (BF), limbic structures, and brainstem
regions, in particular those related to waking and rapid eye move-
ment (REM) sleep regulation (Peyron et al., 1998; Nambu et al.,
1999). Symptoms resembling those seen in human narcolepsy are
seen in prepro-hypocretin null mutant mice, in dogs with a muta-
tion in one of the two Hcrt receptors, and in rats with targeted
destruction of Hcrt receptor-expressing neurons (Chemelli et al.,
1999; Lin et al., 1999; Gerashchenko et al., 2001). Human narco-
lepsy is linked to an 85–95% loss of Hcrt neurons (Thannickal et
al., 2000) and undetectable Hcrt levels (Peyron et al., 2000). Nar-
colepsy has long been thought to be a disease affecting REM sleep
regulation because of the similarity of cataplexy and sleep paralysis
to the muscle-tone suppression of REM sleep, the narcoleptic’s
short REM sleep latency, hypnagogic hallucinations that resemble
dreaming (Rechtschaffen and Dement, 1967), and similarities of
locus ceruleus (LC) and medial medullary unit discharge during
cataplexy and REM sleep (Siegel et al., 1991; Wu et al., 1999).

Two hypotheses have been proposed for the pattern of release
of Hcrt across the sleep–wake cycle. One hypothesis is influenced

by the finding that noradrenergic, serotonergic, and histaminergic
neurons that are strongly innervated by Hcrt neurons have a
“REM sleep-off” activity profile (Vanni-Mercier et al., 1984;
Jacobs, 1987; Wu et al., 1999) and the finding that Hcrt is
excitatory to aminergic cell groups (Hagan et al., 1999; Ivanov and
Aston-Jones, 2000; Brown et al., 2001; Eriksson et al., 2001). This
hypothesis postulates maximal Hcrt release during waking, re-
duced release during slow-wave sleep (SWS), and minimal release
during REM sleep (Hungs and Mignot, 2001). The other hypoth-
esis, influenced by the finding that cholinergic cells are also
strongly innervated and excited by Hcrt neurons (Burlet et al.,
2002) and by the increased activity in cholinergic neuronal pop-
ulations during waking and REM sleep (Steriade et al., 1990;
Sakai and Onoe, 1997) suggests that Hcrt release is maximal
during REM sleep and during waking and is minimal during SWS
(Kilduff and Peyron, 2000).

It has been difficult to determine the pattern of release of Hcrt
because the limited sensitivity of the assays used has required
very long duration microdialysis samples. This has prevented
investigators from separating the contributions of REM sleep,
SWS, and waking behavior to Hcrt levels. In the current study, we
have addressed this problem by adapting a sensitive solid-phase
peptide assay for Hcrt measurement (Maidment and Evans, 1991)
and by using cats, which have longer-duration sleep periods than
rodents, as subjects.

MATERIALS AND METHODS
Surgery. All procedures were approved by the Animal Studies Committee
of the Sepulveda Veterans Administration Medical Center/University of
California Los Angeles, in accordance with United States Public Health
Service guidelines. Aseptic stereotaxic neurosurgery was performed on
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four young cats (two males and two females) weighing from 2.5 to 3.5 kg.
Animals were intubated, and deep anesthesia was maintained with 2%
isoflurane. Surface and depth electrodes (n � 8) were implanted to
record sleep- and waking-state physiology, using stereotaxic coordinates
from the atlas of Snider and Neimer (1961). Stainless-steel screws were
threaded into the bone over the left frontal cortex [anterior (A), 4; lateral
(L), 8] to record cortical EEG and also over the orbit in the frontal sinus
to register electrooculograms. Stainless-steel wires were inserted into the
dorsal neck musculature to record splenius electromyograms. Depth
electrodes with 0.5 mm deinsulated tips were inserted bilaterally to
record activity in the lateral geniculate nucleus [A, 6; L, 10; height (H),
�2.3].

For microdialysis, guide cannulas (NG-35; Eicom, Kyoto, Japan) were
bilaterally implanted 5 mm above target sites in the BF, perifornical
hypothalamus (HYP), and LC. Coordinates of the sampling sites were as
follows: for the BF, A, 14; L, 5; and H, �4.5; for the HYP, A, 11; L, 2;
and H, -3.5; and for the LC, posterior (P), 2.5; L, 2.5; and H, -2.5. A
minimum of 2 weeks postoperative recovery was allowed.

Microdialysis sampling. Animals were adapted to the recording cham-
ber for 24 hr before baseline polygraphic recordings of sleep–wake
cycles. Simultaneous sleep recording and collection of Hcrt-1 microdi-
alysis samples were started at least 12 hr after the insertion of each
microdialysis probe (NDP-35-015; Eicom) (1000 kDa; membrane length,
1.5 mm; outer diameter, 0.6 mm; recovery rate, �20%). Dialysates were
collected from each probe for 2 d. Dialysis probes were perfused with
artificial CSF (Harvard Apparatus, Holliston, MA) in a push–pull man-
ner using a microsyringe pump (ESP-64; Eicom) with samples collected
into a 20 �l manual sample injector (model 9725I; Eicom) at 2 �l /min. A
2 hr stabilization period was used before sampling. Dialysates were
collected in 10 min (20 �l) samples during temporally adjacent periods of
active waking (AW), quiet waking (QW), SWS, and REM sleep to control
for any circadian effects or slow changes in recovery from the probe.
States with a duration that was �75% of the 10 min sample period were
excluded from analysis. Hcrt-1 levels in samples that were �75% com-
plete were extrapolated to a 10 min duration. Data from one BF probe
was excluded because of a �40-fold difference in detected Hcrt levels
between the 2 d. Hcrt-1 levels in all other probes deviated by less than a
factor of 3 between days 1 and 2.

CSF collection and motor activity. CSF (0.5 ml) was drawn from the
cisterna magna in six cats with a 22 gauge spinal needle after fluothane
anesthesia. CSF samples underwent a reversed-phase extraction proce-
dure before radioimmunoassay (RIA) analysis. All CSF collections were
done at 11:00 A.M. within 3–5 min after 2 hr of alert QW or 2 hr of AW
during which the experimenter encouraged the cat to play and locomote.
Motor activity was measured with Mini-Mitter actigraphs (Actiwatch;
MiniMitter Inc, Sundriver, OR) placed in a neck collar. The two sets of
observations in each subject were conducted on adjacent days in counter-
balanced order.

Radioimmunoassay. Microdialysate samples were analyzed directly by
RIA. Samples were acidified with 1% trifluoroacetic acid (TFA) and
loaded onto a C18 Sep-Column (Waters Corp., Milford, MA). The
peptide was eluted with 1% TFA/40% acetonitrile. The eluant was then
dried down and resuspended in RIA buffer before assay. The Hcrt-1,
iodinated Hcrt-1, and Hcrt-1 antiserum were obtained from Phoenix
Pharmaceuticals, Inc., #RK-003-30 (Belmont, CA). Hcrt-1 and Hcrt-2
are cleaved from the same precursor peptide and are generally thought to
be found in the same neurons (De Lecea et al., 1998; Sakurai et al.,
1998). Hcrt-2 is much less stable than Hcrt-1 and was not measured in the
current study. The solid-phase assay (Maidment and Evans, 1991) pro-
vided an IC50 of 3.8 � 0.7 fmol and a limit of detection of �0.2 fmol.

Histology and data analysis. At the end of the study, animals were
anesthetized with Nembutal (35 mg/kg, i.v.) and perfused intracardially
with saline followed with buffered 10% formalin. Brain tissues were cut
into 50-�m-thick sections. Two-way ANOVA, Tukey’s test, and paired t
test were used for sample analysis. We present mean values � SEM.

RESULTS
Microdialysis samples were collected from sites in the HYP (Fig.
1A), an area containing a high concentration of Hcrt somas; the
BF (Fig. 1B), an area with wake–REM sleep-active cholinergic
neurons, sleep-active neurons, and dense Hcrt innervation (Szy-
musiak, 1995; Peyron et al., 1998; Nambu et al., 1999); and the LC
(Fig. 1C), a brainstem noradrenergic nucleus with strong Hcrt
innervation (Peyron et al., 1998). Hcrt-1 release differed signifi-

cantly in the HYP as a function of sleep–waking state ( p � 0.003;
F � 4.7; df � 3, 254) (Fig. 1D) and in the BF ( p � 0.03; F � 3.2;
df � 3, 133) (Fig. 1E). Overall levels of Hcrt-1 recovered in the
LC were lower than those in the HYP and BF, and the changes
across sleep–waking states in the LC were not significant ( p �
0.7; F � 0.46; df � 3, 161) (Fig. 1F). The lower levels of Hcrt-1
recovered from the LC may be attributable to its smaller size and
proximity to the fourth ventricle, making for a poorer seal around
the probe. Levels during REM sleep were significantly elevated
relative to SWS levels in the HYP ( p � 0.002; Tukey’s test) and
BF ( p � 0.02; Tukey’s test) regions. Hcrt-1 levels during AW
were significantly higher than those during SWS in the HYP ( p �
0.05; Tukey’s test). Hcrt-1 levels during REM sleep did not
significantly differ from those during AW in any of the sampled
regions. Figure 2 shows an individual hypnogram from the HYP
demonstrating the elevated levels of Hcrt-1 in dialysates taken

Figure 1. Sleep-cycle release of Hcrt. A–C, Location of the tips of
dialysis probes in the HYP, BF, and LC. CI, Internal capsule; CO, optic
chasm; f, fornix; LH, lateral hypothalamus. D–F, Hcrt levels across the
sleep–waking states in the HYP, BF, and LC. Sleep-state values differ as
a function of state (HYP, p � 0.003, F � 4.7, df � 3254; BF, p � 0.03, F �
3.2, df � 3133). Tukey’s test; *p � 0.05; **p � 0.02; ***p � 0.002. Hcrt
release is maximal during AW and REM sleep and minimal during SWS
and QW in the HYP and BF.
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after REM sleep or AW periods relative to the levels taken after
QW or SWS periods.

Because we saw a trend toward increased Hcrt-1 levels in our 10
min microdialysis samples during AW relative to QW (Fig. 1), we
investigated the effect of a more prolonged AW period on overall
brain release of Hcrt-1 into CSF. In an independent group of six
cats, we sampled CSF for Hcrt-1 after 2 hr periods of QW and 2
hr periods of AW. The Hcrt-1 concentration in CSF was in-
creased during AW relative to QW ( p � 0.02; t � 3.4; df � 5;
paired t test) by a mean of 67% (Fig. 3).

DISCUSSION
We find maximal Hcrt-1 release in the HYP and BF during both
REM sleep and AW and minimal release during SWS. Our
findings support the model of Hcrt release put forth by Kilduff
and Peyron (2000). It has been reported recently that approxi-
mately one-half of the neurons located in the perifornical HYP
are active during both wakefulness and REM sleep, whereas
another cell population in this region has a REM sleep-off dis-
charge profile (Alam et al., 2002). The current results suggest that
the REM–waking active population includes Hcrt-containing
cells. The widely ramifying projection pattern of individual Hcrt
neurons (Peyron et al., 1998; Abrahamson and Moore, 1999;
Nambu et al., 1999) suggests that Hcrt release may be similar in
all brain regions, but we cannot exclude the possibility that pre-
synaptic regulation or other mechanisms could produce differing
local release.

Torterolo et al. (2001) reported that significant c-fos expression
in Hcrt-containing cells is detected during both AW and the
carbachol induced REM sleep-like state. In contrast, Estabrooke
et al. (2001) reported a negative correlation between c-fos expres-
sion in Hcrt cells and amounts of natural REM and SWS. How-
ever, the c-fos method has insufficient temporal resolution for
studies of short-duration processes such as natural REM sleep
(Cirelli and Tononi, 2000). Higher levels of Hcrt-1 have been
seen during the waking portion of the circadian cycle compared
with radioimmunoassay of long samples that included REM and
SWS (Taheri et al., 2000; Fujiki et al., 2001; Yoshida et al., 2001).
Our current results demonstrate that, although overall levels of
Hcrt are lower at times of the day when sleeping and inactivity
predominate, levels within sleep are not homogeneous, with
REM sleep being correlated with high levels of release and SWS
with low levels of release in the BF and HYP.

We also found significantly higher levels of Hcrt-1 release
during AW compared with QW in our CSF samples (Fig. 3). Thus
the level of Hcrt-1 is not simply dependent on the electroen-
cephalographically defined waking state or circadian time, but
may reflect the intensity of motor system activation. Central
motor systems reach discharge levels equal to or greater than
those of active waking during REM sleep and have minimal
discharge during SWS (Evarts, 1964; Siegel and Tomaszewski,
1983; Siegel et al., 1983; Siegel, 2000)

The well known link between motor activity and alertness
(Bachmann and Grill, 1987; Vuori et al., 1988; Offenbacher and
Stucki, 2000; Kruk et al., 2001) may be a factor in the narcolepsy
syndrome. Motor activity, mediated by descending systems, is
normally coordinated with excitation of ascending activating sys-
tems in the brain. Our results suggest that Hcrt neurons play a
critical role in this coordination through the activation of cholin-
ergic and aminergic systems during waking. The absence of Hcrt
peptides could cause the impaired maintenance of waking that is
characteristic of narcolepsy.

The finding of high levels of Hcrt-1 release during REM sleep

Figure 3. Concentrations of Hcrt-1 in the CSF during AW and QW. Left,
Actigraph readings reflect greater levels of head movement during active
waking. Right, Hcrt levels are significantly higher in CSF taken after a 2
hr AW period than after a 2 hr QW period. **p � 0.02; t � 3.4; df � 5.

Figure 2. Hypnogram (A) and Hcrt levels
(B) in the HYP across the sleep cycle. Circles
indicate points at which dialysate was taken.
Hcrt levels are maximal after long AW and
REM sleep periods and minimal after SWS
periods.
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in the HYP and BF will have to be integrated into models of
REM sleep regulation. If, as the anatomy suggests might be the
case, this pattern of release holds for noradrenergic, serotonergic,
and histaminergic neurons innervated by Hcrt neurons (Peyron et
al., 1998; Nambu et al., 1999), this release pattern then would
appear inconsistent with the silence of these neurons during
REM sleep (Vanni-Mercier et al., 1984; Jacobs, 1987; Wu et al.,
1999). Hcrt is excitatory to these cell groups (Hagan et al., 1999;
Ivanov and Aston-Jones, 2000; Brown et al., 2001; Eriksson et al.,
2001). However, Hcrt excitation of aminergic neurons during
REM sleep could be blocked by simultaneous GABAergic inhi-
bition or glutamatergic disfacilitation from other sources. Alter-
natively, Hcrt peptides, which can produce increases in both
GABA and glutamate release (van den Pol et al., 1998), could
produce a relatively selective potentiation of GABA release dur-
ing REM sleep, a time when increased levels of GABA are being
released onto these cell groups (Nitz and Siegel, 1996, 1997a,b).

Narcolepsy is characterized by sudden losses of muscle tone
during waking (cataplexy) and at sleep onset and offset (sleep
paralysis). These symptoms suggest that Hcrt peptides may have
a role in the maintenance of muscle tone. Intracerebroventricular
administration of Hcrt (Hagan et al., 1999) facilitates motor
activity in freely moving rats, and microinjections of this peptide
in the vicinity of the LC during waking and in decerebrate rats
increases LC discharge and muscle tone (Bourgin et al., 2000;
Kiyashchenko et al., 2001). The elevated Hcrt-1 release during
AW suggests a role for this peptide in the further facilitation of
motor output.
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