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Abstract

The hypocretins (1 and 2) have emerged as key regulators of sleep and wakefulness. We developed a high-throughput enzyme im-
munoassay (EIA) to measure total brain hypocretin levels from large numbers of mice. Hypocretin levels were not altered by circadian
time or age. However, significant differences in one or both hypocretin peptides were observed between different mouse strains. We studied
hypocretin levels in knockout and transgenic mouse models with obesity, circadian gene mutations or monoaminergic defects. Compared to
controls, only histamine receptor knockouts had lower hypocretin levels. This was most pronounced in H1 receptor knockouts suggesting
the existence of a positive feedback loop between hypocretin and histaminergic neurons.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction disease is caused by mutations in the hypocretin receptor-2
gene[16,22] Disruption of the preprohypocretin gene in
Hypocretin-1 and -2 (also called orexin A and B) are neu- mice produces a syndrome similar to human and canine
ropeptides synthesized by neurons in the lateral hypotha-narcolepsy5]. In humans, however, mutations of hypocre-
lamus[6,35]. These neurons project throughout the brain tin genes (ligand and receptor) are not commonly observed.
[26,35], but particularly to regions involved in the con- Only one unusual case of narcolepsy has been associated
trol of feeding, sleep-wake cycle, hormone release, body with a mutation in the preprohypocretin gefs#]. Despite
temperature, and autonomic contf@3,35] Hypocretins  the absence of mutations in the vast majority of cases, nar-
have mainly excitatory effects on neuronal actiy2@]. No- coleptic patients have a remarkable reduction in the number
tably, they stimulate monoaminergic neurons of the locus of hypocretin neuron§34,42], and hypocretin peptides are
coeruleus, raphe magnus, ventral tegmental area and tuberodndetectable in CSF from most ca$28,30,36]
mamillary nucleus neuror§,2,9,14,50] A role for hypocretins in the regulation of energy
One of the most important functions of these peptides may metabolism and food intake was initially suggested by
be the regulation of sleefl7,20,23,45] Hypocretin defi- their intrahypothalamic localizatidj®,37]. The finding that
ciency causes the sleep disorder narcolepsy in various mod-hypocretin deficiency causes narcolepsy suggested a role
els and in human patients. Narcolepsy is a sleep disorderfor sleep regulation in coordination with metabolic status.
characterized by excessive daytime sleepiness, cataplexy anthtracerebroventricular injection of hypocretins stimulates
a tendency to enter rapid eye movement (REM) sleep with appetite, increases temperature and blood pressure, activates
an abnormally short latend1,32] In a canine model, the ~ Sympathetic outflow and releases cortiidl]. Animals are
awake and active with increased energy consumption. Stud-
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a link between circadian and homeostatic control of sleep (H1KO: +/+4, n = 11; —/—, n = 17) and histamine recep-
and energy homeostasis via the hypocretin sysfeij. tor H2 deficient mice (H2KO#/+, n = 8; —/—, n = 13)
Taheri et al[39] demonstrated a significant diurnal fluctua- are C57BL/6J background and were donated by the Depart-
tion in hypocretin-1 levels in the pons, and preoptic/anterior ment of Pharmacology, Tohoku University. Histamine H3
hypothalamic region of the rat brain. Studies of immediate receptor deficient mice (H3KO+/+, n = 11; —/—, n =
early gene activation in rats indicate that hypocretin activity 12) are C57BL/6J background and were provided by Center
is high when the animal is awake and active and low during for Sleep and Circadian Biology, Northwestern University.
sleep[10]. Leptin deficientob/ab (+/+, n = 8; —/—, n = 8) and leptin
Our goal was to establish a high-throughput enzyme receptor deficiendb/db (+/4, n = 8; —/—, n = 8) mice are
immunoassay (EIA) to measure hypocretin-1 and -2 levels C57BL/6J background and were purchased from the Jack-
in whole mouse brains, making it possible to investigate son laboratory.
sources of variation in peptide content. Hypocretin levels  Mice were anaesthetized individually by carbon dioxide
were measured in mice at different ages, in different strains, inhalation followed by decapitation. The whole mouse brain
and with various genetic mutations. As most investigators was removed immediately and kept in a 24-well box (What-
have used rats to study hypocretin regulation, little is known man, 10 ml, polypropylene, Clifton, NJ), frozen on dry ice
about hypocretin levels in mice, which are more commonly and stored at-80°C prior to assay. In cases in which direct
used in genetic manipulation studies. Further studies us-comparisons were made, all animal samples were extracted
ing mice models will be required to identify related genes and assayed in the same experiment.
and gene products that impinge on hypocretin neurotrans-
mission, providing greater understanding of the role of 2.2. Peptide extraction
hypocretin in regulating sleep, circadian rhythms, and other
homeostatic mechanisms. Frozen brains were weighed and boiled in 2 ml of Milli-Q
water in 24-well plates for 10 min. After cooling on ice, the
plate was spun briefly and acetic acid and HCl were added to

2. Materials and methods each well making a final concentration of 1M and 20 mM,
_ respectively. Each brain was homogenized at 40,000 rpm for
2.1. Animals and procedures 30s. Two milliliters of peptide extraction buffer (1 M acetic

acid and 20mM HCI) were added to each well followed

Experiments were carried out under locally approved by centrifugation at 5500 rpm for 20 min. The supernatants
protocols. Eight-week-old male C57BL/6J mice (Jackson were aliquoted into 96-well plates and kept-e80°C.
laboratory, Cold Spring Harbor) were maintained under
constant temperature (2€) and 12 h:12 h light:dark cycles  2.3. Enzyme immunoassay (EIA)
(lights on 06:30h) for 1 week prior to the circadian time
experiment. A total of 168 mice were divided into three  The principle of the assay is based on a competitive EIA
groups: 32 h constant darkness (DD 63), 32h 12h:12h  protocol. A 96-well plate is pre-coated with secondary an-
light:dark (LD, n = 63), and 32 h constant light (Llg = tibody and the non-specific binding sites are blocked. The
42). Seven mice were taken out from each group at 0, 4, secondary antibody can bind to the Fc fragment of the
8, 12, 16, 20, 24, 28, and 32 h after the onset of the experi- peptide specific antibody while the Fab fragment of the
ment and the mouse brains were removed immediately afterpeptide-specific antibody will be competitively bound to
euthanasia. both biotinylated peptide and targeted peptide in samples.

Twenty-five C57BL/6J mice brains were collected for the The biotinylated peptide interacts with the enzyme which
aging study. Their ages ranged from 8 to 122 weeks. To catalyzes the substrate to produce a colored solution. The
study different mouse strains, C57BL/6J-£ 8), CAST/EI intensity of color is inversely proportional to the amount
(n = 10), SIL/J & = 8), DBA/2J (o = 8) were used. These of the peptide in the sample. Hypocretin levels were deter-
animals were sacrificed in the early light phase of a 12 h:12 h mined using a standard curve (range 0.1-40 ng/ml) prepared
LD cycle. from synthetic peptide (Phoenix Pharmaceuticals, Belmont,

Clock mutant mice (Clock#/+, n = 6; +/—, n = 5; CA) running with every single plate.
—/—, n = 5) are coisogenic C57BL/6J and maintained in  EIA were performed on polystyrene 96-well EIA/RIA
the Association for Assessment and Accreditation of Labo- plates (Costar, Fisher Scientific, Santa Clara., CA). The
ratory Animal Care accredited Center for Experimental Ani- plates were coated with 1 ug/ml goat anti-rabbit antibody
mal Resources at Northwestern University. Dopamine trans- (Zymed, San Francisco, CA) in coating buffer, 250 ul per
porter (DAT: +/+, n = 10; +/—, n = 8; —/—, n = 8) and well for 2h at 37C. The plate was washed four times
vesicular monoamine transporter mice (VMAF/+, n = with TNT buffer (0.05M Tris, pH 7.5; 0.15M NacCl; 0.05%
10; +/—, n = 10) are C57BL/6J background and were pro- Tween-20), and then blocked with TNTB buffer (TNT plus
vided by the Molecular Neurobiology Branch, National In- 1% BSA) at 37C for 1 h. After pouring off the blocking
stitute on Drug Abuse. Histamine H1 receptor deficient mice buffer, the blocked plates were air dried, sealed by adhesive
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sealing film (Rainin, Emeryville, CA) and stored at@ 2.4, Radioimmunoassay (RIA)
until use.
The peptide solution was dried in siliconized (Sig-  Hypocretin-1 and -2 were measured using a commercially

macote Sigma, St. Louis, MD) 96-well plates (Nalge available?® RIA kits (Phoenix Pharmaceuticals, Belmont,

Nunc, Roskilde, Denmark) under a fume cupboard hood CA). Briefly, dried peptide was resuspended in RIA buffer

overnight. Peptide was resuspended in TNTB buffer, addedand duplicate samples were assayed. Levels were determined

to pre-coated plate and incubated with hypocretin-1 or -2 an- against a known standard. The intra-assay CVs were 2.9 and

tibodies (Phoenix Pharmaceuticals, Belmont, CA) at room 4.6% for hypocretin-1 and -2, respectively.

temperature for 2 h. Biotinylated hypocretin-1 or -2 (pro-

vided by Neurocrine, San Diego, CA) were added to each 2,5, Satistical analysis

well followed by incubation at room temperature for an-

other 2h. The plate was washed five times with TNT buffer, || results are presented as mea8.E.M. with statistical

streptavidin—horseradish peroxidase conjugate (Biosource,anglysis by the unpairetest with Bonferroni adjustment.

Camarillo, CA) was added to each well and incubated for

1h at room temperature. Wells were washed six times with

TNT buffer, then incubated for 1 h in TMB liquid (3,3,5- 3. Results

tetramethyl-benxidine substrate, Sigma, Steinheim, Ger-

many). To stop the enzyme reaction, 2N HCI was added 3.1. Correlation between EIA and RIA measurements

to each well. Absorbance at 450 nM was measured with a

microplate reader (Molecular Devices, Sunnyvale, CA). The RIA method has high sensitivity; its detection limit is
The sensitivity of the EIA is 0.1-40 ng/ml. Intra-assay co- 4 pg per tube for both hypocretin-1 and -2. The intra-assay

efficients of variation (CV) are 6.6 and 4.9% for hypocretin-1 variation is less than 5%. This method is suitable for detect-

and -2, respectively. To adjust for inter-assay variation, we ing hypocretin at very low levels such as in cerebrospinal

included a reference sample in every assay and adjusted fifluid [29,36] With the EIA method, the detection limit is

nal values accordingly. All comparative measurements were 0.6 ng/ml. The intra-assay variation is less than 7%. There is

done in a single assay and every sample was assayed in dugood correlation between hypocretin levels measured by EIA

plicate or triplicate. We have done multiple comparisons of and RIA: the correlation coefficients are 0.76=£ 34, P <

the results generated from the EIA with parallel assays from 0.0001) for hypocretin-1 and 0.84 for hypocretins®2-£ 85,

the RIA. We have also, furthermore, done multiple compar- P < 0.0001) Fig. 1). The samples involved in the correla-

isons of the same sample using the EIA technique to showtion study included samples from the different strains stud-

reproducibility. ied, and H1 and H2 knockout mice including their wild-type
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Fig. 1. Correlation between the RIA and EIA methods for hypocretin-2. The samples involved in the correlation study included samples fromrthe differe
strains studied, and H1 and H2 knockout mice including their wild-type controls. These samples were selected because they provided the grgtatest cont
in hypocretin levels. There was good correlation between levels measured using the two technig@e4( P < 0.0001). The hypocretin-1 EIA (not
shown) also showed good correlation with the RIAH0.75; P < 0.0001).
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controls. These samples were selected because they provide8.3. Hypocretin contents in selected mice strains
the greatest contrast in hypocretin levels.
Four mouse strains were used in this study: C57BL/6J
3.2. Effect of circadian time and age on (most commonly used strain), CAST/Ei (usually used for
hypocretin-1 and -2 levels genetic studies), SJL/J (widely used for cancer, cardio-
vascular, diabetes, obesity, immunology, and inflammation
Circadian time did not significantly influence hypocretin-1 studies), and DBA/2J (used for cardiovascular and neu-
or -2 levels in whole mouse brairfrig. 2). This data also  robiology research). The contents of hypocretin-1 and -2
was confirmed by RIA method. There was a non-significant showed a significant difference between mouse strains
tendency towards higher hypocretin-1 levels with aging (Fig. 3). CAST/Ei mice had the highest hypocretin-1 and

(Table . -2 levels while SJL/J mice had high hypocretin-1 but the
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Fig. 2. Circadian alteration in hypocretin-1 (A) and -2 (B) levels. DD: 32h darkness, LD: 12h:12h:12 h light:dark:light, and LL: 32h lightness. No
significant difference was observed for the various time points and alterations in light exposure.
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Table 1 genes (able ). We found significantly lower hypocretin-1

Hypocretin content in aging and genetic background study and -2 levels in histamine H1 knockout mice compared to
n Hypocretin-1 (ng/g; Hypocretin-2 (ng/g; ~ Wild-type (Fig. 4). Histamine H2 knockout mice also showed

mean+ S.E.M.) meant S.E.M.) a much lower hypocretin-2 level, but not hypocretin-1, than

Age wild-type mice. Histamine H3 knockout mice, however, did

8-10 weeks 8 40.9% 1.70 43.16+ 2.15 not show any difference in either of the hypocretins com-

13 weeks 3 37.62 6.37 34.94+ 1.39 pared to wild-type. No significant difference in hypocre-

18-20 WEeks 12 5315& ‘1‘;152 352‘~32i 2-87 tin contents was observed in cloaky/db, ob/ob, DAT, and

>30 weeks 5515 14.23 82+ 233 VMAT knockout mice {Table .

Genotype

C57BL/6J 8 55.79+ 3.13 35.58+ 2.10

ob/ab 8 59.51+ 3.01 39.98+ 1.26 4. Discussion

C57BL/6J 8 31.08+ 6.53 35.03+ 1.04

db/db 8 35.29+ 4.05 40.11+ 2.18 In this report, we validated the establishment of an EIA

VMAT +/+ 10 36.08+ 2.44 30.66+ 1.15 protocol to measure hypocretin peptide content in a large

VMAT 4/— 10 33.82+ 3.17 30.69+ 1.39 number of samples. The EIA technique provides simple,

DAT 4+/+ 10 37.052+ 5.04 30.78+ 0.97 cheap, fast, and accurate measurement of brain hypocrgtin—l

DAT +/— 8 48.68+ 7.26 32.57+ 1.93 and -2 levels. Results correlated tightly with those obtained

DAT—/— 8 49.155+ 4.43 35.06+ 1.82 with a previously validated RIA assay. We now have mea-

Clock+/+ 6 36.62+ 2.15 10.31+ 0.71 sured over 1000 samples with high reliability. This approach

Clock+/— 5 36.03+ 1.25 10.90+ 0.82 can be applied to screen large number of samples (results

Clock—/— 5 33.76+ 1.06 9.59+ 0.62 available in 1 day) without the limitations posed by using

n indicates the total number of mouse studied. 125 This technique can be used to determine major alter-

ations in hypocretin levels resulting from genetic or envi-
ronmental influences.
lowest hypocretin-2 levels. DBA/2J had the second highest 1o further validate this assay, we first explored whether
level of hypocretin-2 contents. C57BL/6J mice had rela- total hypocretin content varied with age and zeitgeber time.
tively low levels for both peptides compared to other strains. syrprisingly, total hypocretin-1 and -2 brain contents did not
Interestingly, the hypocretin-1/hypocretin-2 ratio was not yary significantly in different lighting conditions across the

constant among strains. entire circadian cycle (this was verified using both EIA and
RIA assays, data not shown). This result contrasted with the
3.4. Hypocretin contents in various mutant mice report by Taheri et al[40] which indicated diurnal varia-

tion in hypocretin-1 content in selected brain areas in rat;
Hypocretin contents were measured in mice harboring in this study, a 50% hypocretin-1 reduction occurred in the
null mutations of sleep regulator and metabolism-related preoptic/anterior hypothalamus from 09:00 to 21:00 h, while

ng/g ek ng/g *kk
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70 4 *kk T . I
ok 40 4
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T 35 4 L
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50 4 30 - - T
40 4 I 25 4
30 - 20 4 _
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0 0
(A) SJL/J  C57BL/6J DBA/2J CASTIEi (B) SJL/J  C57BL/6J DBA/2d CASTI/EI

Fig. 3. Hypocretin immunoreactive contents (meai®.E.M.) from four different mouse strains. (A) Hypocretin-1. (B) Hypocretin-2:) (indicates
P < 0.001. (**) indicatesP < 0.0001.
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Fig. 4. Hypocretin immunoreactive contents (megr$.E.M.) in histamine receptor knockout and control mice. (A) Hypocretin-1 content. HIKO
has significantly lower hypocretin-1 levels compared to WTHP & 0.01). (B) Hypocretin-2 immunoreactive content: both H1IKO and H2KO have
significantly lower levels compared to WTH1*@ < 0.001) and WTH2 {P < 0.01), respectively.

hypocretin-1 levels increased during the same period in thereflect higher hypocretin tone than other strains. It would
pons. Similarly, recent results indicate significant fluctua- be particularly interesting to study the behavior/locomotor
tions in hypocretin-1 levels across the 24 h cycle in both the activity of SJL/J mice since this strain showed very low
CSF and in vivo dialysis extracellular fluid. Hypocretin re- hypocretin-2 level, and moderate hypocretin-1 level.
lease is highest at the end of the dark period when animals There are several controversial reports regarding hypocre-
are most activd11,52] These studies demonstrate the ex- tin levels in rodents with deficient leptin action. Some re-
istence of a diurnal rhythm for hypocretin-1 in rat hypotha- searchers report that hypothalamic peptide and prepro-orexin
lamus, CSF, and specific brain areas. The finding that totalmMRNA concentrations ilmb/ob anddb/db mice and Zucker
brain levels do not fluctuate is thus most likely the sum of fatty rats are significantly lower than contrdi24,48,49]
opposite regional effects. Itis also possible that hypocretin-1 while others have reported no significant difference or even
levels in terminal regions may change in phase with hypocre- higher levels in obese mode]$3,24,39,43] In this study,
tin release while levels are building up in the hypothalamic our result showed similar hypocretin-1 and -2 levels be-
cell bodies. tweenaob/ob, db/db and control mice. These results demon-
Hypocretin levels were also not significantly influenced strate that leptin deficiency does not profoundly affect the
by age past sexual maturity. A statistically non-significant overall brain content of hypocretin peptides. As pointed be-
tendency for older mice to have higher hypocretin-1 levels fore, however, overall brain hypocretin content is likely to
compared to younger mice was observed. This result, to-have a very different regulation than hypocretin release or
gether with CSF data in normal humans of indicating no hypocretin stores in selected projection areas. It is thus pos-
decrease in hypocretin-1 with age or Alzheimer’s Disease sible that changes can be detected in discrete hypothalamic
[29,36]rather suggest that this system is not involved in me- nuclei.
diating sleep disturbances associated with aging. We also explored hypocretin levels in various knock-
Another interesting result in this study was the observa- out models with impaired monoaminergic transmission.
tion that hypocretin contents differ substantially in different Vesicular monoamine transporters (VMAT) concentrate
inbred mouse strains. These differences may be useful inmonoamines (catecholamine, serotonin, histamine) from
the context of further quantitative trait loci (QTL) analysis. the cytoplasm into vesicles. VMAT2 immunoreactivity is
High hypocretin-1 and -2 levels in CAST/Ei mouse may be found in the histaminergic tuberomammillary neuronal cell
particularly interesting as these animals have unusually highbodies of the rat posterior hypothalami#33]. VMAT2
behavior/locomotor activity during the light period when mMRNA has also been observed in the human hypothalamus
compared to other strairf21]. Other investigators have in- [12]. VMAT +/— animals are viable but have abnormal
dicated lower amounts of sleep and limited sleep rebound catecholamine levels and are supersensitive to psychostim-
after sleep deprivation in this strajifi6], a result that could  ulant compound$41,44] To understand whether impaired
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vesicular function alters the level of hypocretins, we
measured both peptides in VMAT— and VMAT+/+ mice.

No changes in hypocretin contents were found, indicat-
ing that heterozygous knockout VMAT2 mice with half of
wild-type levels of expression of the vesicular monoamine
transportef19] do not directly affect the overall levels of
hypocretin peptide in whole mouse brains. We also ex-

2209

have also shown decreased histamine content in hypocretin
receptor-2 mutated narcoleptic dd@s].

Our finding that H1 knockout animals have lower
hypocretin levels suggests reciprocal interactions between
hypocretin and histaminergic systems. Histamine H1 recep-

tors have high density in the hypothalamus and other limbic

regions[3]. The highest density of histaminergic fibers is in

plored hypocretin levels in DAT knock out animals. DATs the hypothalamus, with all nuclei receiving high to moder-
play an important role in sleep regulation. In mice, deletion ate innervationg3]. Hypocretin neurons have been recently
of the DAT gene results in normal circadian patterns but shown to be heavily innervated by histaminergic fi@is
reduced non-REM sleep time and increased wakefulnessThis colocolization suggests that hypocretin neurons are not

[47]. These mice are unresponsive to the wake promot-
ing effects of amphetamine-like stimulants and modafinil,
drugs used in the treatment of narcolegdy]. Our re-

only excitatory to tuberomammillary neurons but may also
be an important target for the histaminergic system them-
selves. As H1 receptors are generally excitatory, it is possible

sult showed that there is no difference in the levels of that hypocretin levels are lower in HLKO mice due to the loss

hypocretin peptides between DAT knockout and control

of excitatory inputs from histaminergic neurons. These in-

mice. These results do not support the hypothesis thatputs may form part of a not previously studied positive feed-
the dopaminergic system strongly regulates the hypocretinback loop between hypocretin and histaminergic neurons.

system.

Clock mutant mice have significantly lower non-REM
sleep times and longer circadian cycle awake time than
wild-type mice[27]. These findings parallel data obtained in
DAT knockout mice[47]. In spite of these changes, mutant
mice brains did not show any difference in hypocretin levels

compared to wild-type suggesting that circadian deregula-

tion may not affect hypocretin content. As can be seen in
Table 1 both the wild-type and litter-mate clock knock-

out mice had a much lower concentration of hypocretin-2
than is observed in mice of other genetic backgrounds.
Given this unusual finding, we replicated the EIA multiple

times and independently confirmed the results with RIA.
In all assays, the clock knockout mice and their controls
had low hypocretin-2 levels. It is possible that in the cre-
ation of coisogenic clock knockout mice, the inbreeding

Although H1KO mice show a significantly decreased
locomotor activity and reduced exploratory behavior in a
novel environmenf18,51], their sleep behavior and circa-
dian rhythms are comparable to those of wild-type mice
[15]. This indicates that decreased hypocretin -1 and -2
levels may not influence baseline sleep behavior but have
greater effects on locomotor activity and exploratory be-
havior. Similarly, overall locomotor activity of H2KO mice
is lower than in wild-type mice. However, exploratory
behavior during daytime in H2KO is highg88]. H2KO
mice showed a significantly low level of hypocretin-2 but
not hypocretin-1 suggesting that the H2 receptor may alter
hypocretin peptide processing/turnover, and/or that the two
hypocretin peptides have different functions. The H3 re-
ceptor is predominantly a presynaptic receptor. H3KO mice
have been reported to exhibit a significant reduction in the

caused a fortuitous change in a genetic element responsiblemount of REM sleep during daytime and a decrease in

for regulation of hypocretin-2 transcription, translation, or
post-translational modification. This possibility, however,
remains to be explored.

Hypocretin-1 and -2 were significantly lower in histamine
H1 receptor knockout mice while levels of hypocretin-2
only were lower in H2 knockout mice when compared to
wild-type mice. Histamine has been shown to play a major
role in the regulation of sleep and appetite. The activation of

locomotor activity in the dark phag@]. Surprisingly, no
differences in whole brain hypocretin levels were observed
between H3 knockout and wild-type control mice. How-
ever, a study of more discrete brain regions at different time
points (light versus dark phase) may be more informative
in this model.

The role of hypocretins in normal sleep physiology re-
mains to be determined. The EIA technique provides an ex-

the histaminergic system promotes wakefulness through thecellent technique with high sensitivity and reproducibility

activation of the histamine H1 receptor, a generally excita-
tory receptof3,25]. Recently, Huang et dl15] reported that

for study of brain hypocretin levels with various physiolog-
ical manipulations and in mice with alterations in the ex-

the arousal effect of hypocretin-1 depends on activation of pression of various genes. Our results support the existence
the histaminergic system. In their study, hypocretin-1 perfu- of reciprocal neuronal connections between hypocretin and
sion in the CSF increased wakefulness in rats and wild-type histaminergic neurons. Furthermore, reduced hypocretin lev-
mice, but not in H1 receptor knockout animals, a result par- els may contribute to the locomotor phenotype of histamine
tially substantiated by pharmacological experiment with H1 receptor knockout mice.

antagonisf50]. This suggested that the hypocretin effects on

wakefulness may be primarily mediated by a downstream ac-

tivation of the tuberomamillary system. In this direction, his- Acknowledgments

taminergic cells primarily contain the hypocretin receptor-2,
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