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We examined whether corticotropin-releasing fac-
tor (CRF) was involved in orexin-induced grooming
and face-washing behaviors, and whether orexin was
involved in the stress reaction. Administration of
a-helical CRF, CRF antagonist, alone had no behav-
ioral effect, but it blocked the orexin-induced groom-
ing and face-washing behaviors in rats. The level of
corticosterone increased in a dose-dependent manner
15 min after icv injection of orexin, and it remained
high for at least 60 min. In 2-month-old rats, 1 h of
immobilization stress increased orexin mRNA levels,
but not the melanin-concentrating hormone (MCH)
mMmRNA, in the lateral hypothalamic area (LHA). In
6-month-old rats, 30 min of cold stress increased the
expression of orexin mRNA in the LHA. Unlike in the
2-month-old rats, immobilization stress did not change
orexin mMRNA expression in 6-month-old rats. These
results suggest that CRF is involved in orexin-induced
behaviors, and that orexin may play an important role
in some stress reactions. © 2000 Academic Press

Orexins A and B, also known as hypocretins 1 and 2,
are hypothalamic peptides isolated recently from the
hypothalamus, and have been shown to stimulate food
intake (1, 2). Cells expressing the pre-pro-orexin gene
are distributed in the lateral hypothalamic area (LHA),
the posterior hypothalamus and the perifornical nu-
cleus of the adult rat brain. Immunoreactive axons
emanating from these cells terminate at various hypo-
thalamic sites, such as the locus coeruleus (LC), arcu-
ate nucleus (ARC), paraventricular nucleus (PVN) and
dorsal raphe (3, 4). Injection of orexin stimulates the
expression of c-fos in the PVN and ARC, which are
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closely involved with feeding control through neu-
ropeptide Y (NPY), melanin-concentrating hormone
(MCH) and other neurotransmitters (3, 5). This wide
distribution of orexin fibers suggests that orexin may
play an important role in physiological functions other
than feeding. Indeed, it has been recently demon-
strated that orexin is involved in sleep and wakeful-
ness or narcolepsy (6, 7).

We reported previously that injection of orexin in-
duced various physiological behaviors, such as groom-
ing, face washing, burrowing and searching (8). The
predominant orexin-induced behavior was grooming.
Although the physiological significance of grooming is
not fully understood, it is known to be closely associ-
ated with the stress reaction (9). Environmental stress
leads to grooming and face washing, and corticotropin-
releasing factor (CRF) may be involved in this reaction
(9, 10). CRF is synthesized mainly in the PVN, where
orexin-containing neurons are distributed (11). There-
fore, orexin-induced grooming may be associated with
CRF. We also observed that high-dose of orexin (10
nmol) caused seizure activity (8). It may be important
to note that high-dose intracerebroventricular (icv) in-
jection of CRF has been reported to induce epilepto-
genic activity in the rat (12).

Immunohistochemical studies have also shown that
long and descending axonal projections containing
orexin innervate all levels of the spinal cord from cer-
vical to sacral segments in the mouse, rat and human
(13). Innervation of the intermediolateral column and
lamina 10, as well as strong innervation of the caudal
region of the sacral cord, suggest that orexin may par-
ticipate in regulation of both the sympathetic and para-
sympathetic parts of the autonomic nervous system. In
support of this suggestion, orexin dose-dependently in-
creases heart rate, blood pressure and renal sympa-
thetic activity in conscious, unrestrained rats (14, 15).
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It also increases gastric acid secretion (16). In the light
of these findings, we set out to determine whether
orexin-induced behaviors were blocked by co-admin-
istration of a CRF antagonist. Next, we measured the
expression of orexin mRNA in the LHA after exposure
to cold stress or immobilization stress, in order to de-
termine whether orexin was involved in the stress re-
action, using different aged rats, since the tone of the
autonomic nervous system shows age-related changes
(17). The lateral hypothalamus has another distinct
neuropeptide, melanin-concentrating hormone (MCH)
which is a stimulator of food intake (18). MCH and
orexin have similar neuronal fiber distributions (13,
19, 20). Therefore, we measured MCH mRNA levels in
rats under stress in order to compare their levels with
those of orexin mRNA.

MATERIALS AND METHODS

Experiment 1

Animals. We purchased adult male Wistar rats (300—-350 g) from
Charles River Japan Inc. (Yokohama, Japan) and housed them in
Plexiglas cages in an animal room that was maintained under a
constant light—dark cycle (lights on from 0700-1900 h) and temper-
ature (22°C) for at least 2 weeks. Food and water were provided ad
libitum. For at least 2 weeks before use, each animal was gently
handled on a daily basis by the principal investigator.

ICV cannulation and behavior test. Both the cannulation method
used for intracerebroventricular (icv) injection and the method used
for behavior testing had been reported previously (8). Each rat re-
ceived two 10-ul icv injections of either: (1) saline and orexin A (10
ng) (Peptide Inst., Osaka, Japan); or (2) saline and a-helical CRF (10,
50, 100 ng) (Peninsula Laboratories, Merseyside, England); or (3)
a-helical CRF (10, 50, 100 ug) and orexin A (10 wg); or (4) saline and
saline. We evaluated the following behaviors for 2 h after injection:
(1) face washing: rubbing and stroking the face and head (behind the
ear) with both forepaws; (2) grooming: face grooming with the hind-
paws, cleaning the hind legs, body, tail and genitals; (3) resting time:
sleeping and no movement. We also calculated the total time occu-
pied by locomotor activity, including grooming, face washing, sniffing
around, burrowing into the chip bedding, walking and looking
around, as well as feeding. We analyzed the data statistically by
analysis of variance for total reaction (8).

Blood collection. From each rat received an icv injection of 10 and
30 pg orexin A or saline, 50 ul of blood were taken at 0 min, 15 min,
30 min and 60 min after the initial injection by the tail-tip-incision
method. Plasma corticosterone levels were measured with a radio-
immunoassay (RIA) kit (SRS Co., Tokyo, Japan).

Experiment 2

Animals. Male Sprague-Dawley rats 2 and 6-months old were
purchased from Charles River Japan Inc. (Yokohama, Japan) and
housed in same conditions described in Experiment 1.

Stress. Each rat was assigned to one of the following groups: (1)
rats left undisturbed (control); (2) rats exposed to 1 h of immobiliza-
tion stress from 0900 h to 1000 h. Briefly, immobilization stress
consisted of immobilizing the rats on wooden boards by taping all 4
limbs and the neck; (3) rats exposed to cold stress for 30 min from
0900 h to 0930 h and for 2 days from 0900 h to 0900 h. Rats were
housed in Plexiglas boxes (4 animals per box) and placed in a room at
8°C. They were provided with sufficient food and water under a 12-h
light—dark cycle. After the immobilization stress session, the ani-
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mals were killed within 10 s of being removed from the apparatus.
After the cold-stress session, the animals were killed in the cold
room. After sacrifice, the brains were immediately collected and
frozen on dry ice. The LHA was punched out of the frozen brain slices
as reported previously (21). Total RNA was extracted with Trizol
(Life Technologies Inc., Grand Island, NY). One ug of the total RNA
was denatured with 16 ml of 1 M glyoxal and 50% dimethylsulfoxide,
then electrophoresed on 0.8% agarose gel (FMC Bio Products, Rock-
land, ME) in 10 mM sodium phosphate buffer (pH 7.0). The sample
was then transferred to a Zeta Probe membrane (Bio-Rad Laborato-
ries, Richmond, CA) and fixed by ultraviolet irradiation. The probes
used for Northern blot analyses were a 287 bp cDNA fragment of rat
orexin (sense primer: 5'-TGTCGCCAGAAGACGTGTTCCTG-3' and
antisense primer: 5’-AAGACGGGTTCAGACTCTGGATC-3'), a 320
bp cDNA fragment of rat MCH (sense primer: 5-AACGGG-
TCGGTAGACTCGT-3' and antisense primer: 5-ATCGGTTGTT-
GCTCCTTCTC-3’), and a 203 bp cDNA of G3PDH (sense primer:
5-GTTTGTGATGGGTGTGAACC-3' and antisense primer: 5'-
TCACGCCACCAGCTTTC-3'). The membrane was first treated for
2hat37°Cin6 X SSPE (900 mM NaCl, 60 mM NaH,PO, - H,), 7 mM
EDTA, pH 7.4) containing 40% formamide, 5 X Denhardt’s solution,
0.5% SDS and 0.1 mg/ml denatured salmon-sperm DNA, then hy-
bridized for 18 h at 42°C in an identical solution that contained
*p_labeled orexin, MCH and G3PDH cDNA probes. The RNA blot
was washed with 2 X SSC (150 mM NacCl, 15 mM sodium citrate, pH
7.0)/0.1% SDS solution at 55°C and exposed to film. The membrane
was boiled for 15 min at 70°C in 0.1 X SSC solution to strip it of the
orexin and G3PDH probes, then used for sequential hybridization
with the MCH and G3PDH probes. Hybridization signals were mea-
sured in a Fujix Bio-image analyzer, BAS 2000 (Fuji Photo Film Co.,
Tokyo, Japan). Levels of both the orexin and MCH mRNA were
calculated as relative radioactivity of the G3PDH.

Statistics

The data were expressed as the mean = SEM. The statistical
analysis of mMRNA amount was carried out by ANOVA followed by
Fisher’'s PLSD test post hoc.

RESULTS
Experiment 1

Administration of orexin significantly increased
face-washing and grooming behavior (Fig. 1A). Al-
though administration of CRF antagonist alone had no
significant effect on these activities at any of the doses
used, it reduced orexin-induced face-washing and
grooming activities in a manner that was almost dose
dependent, except with 1 dose (face washing: antago-
nist 100 ng + orexin) (Fig. 1A). Locomotor activity and
resting behavior during the 2 h following injection were
significantly increased and decreased, respectively, by
orexin administration. CRF antagonist alone had no
direct effects, but it blocked the orexin-induced in-
crease and decrease of locomotor activity and resting,
respectively (Fig. 1B).

As the orexin-induced behavior was partly blocked
by CRF antagonist, we considered that orexin might
stimulate the CRF-ACTH-corticosterone secretion
pathway. Therefore, we measured corticosterone levels
after injection of orexin. The level of corticosterone
increased 15 min after injection of orexin and stayed
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FIG. 1. Effect of a-herical CRF, a CRF receptor antagonist, on
orexin-induced face-washing and grooming behavior (A) and on lo-
comotor activities and resting (B) in rats. S, saline; A, a-herical-CRF;
orex, orexin. The black and dotted bars and vertical lines represent
the mean = SEM (n = 8). Each activity was measured as total s over
the 2 h after the injections. a, P < 0.001 versus S + S; b, P < 0.005
versus S + orex; ¢, P < 0.005 versus A10 + orex.

high for at least 60 min. This increase was dose depen-
dent for orexin (Fig. 2).

Experiment 2

In the 2-month-old rats, 1 h of immobilization stress
increased orexin mMRNA expression in the LHA (Fig. 3).
However, 30 min or 48 h of cold stress did not change
the expression of orexin in the LHA. In 6-month-old
rats, 30 min, but not 48 h, of cold stress increased the
expression of orexin mRNA in the LHA (Fig. 4). In the
6-month-old rats, unlike the 2-month-old rats, immo-
bilization stress did not change orexin mRNA expres-
sion. Expression of MCH mRNA in the LHA was not
affected in rats of either age by any of the treatments
(Figs. 3 and 4).

DISCUSSION

This study showed that pretreatment with « herical-
CRF, a CRF receptor antagonist, significantly reduced
orexin-induced grooming and face-washing behaviors.
These results suggest that administration of orexin
caused grooming and face washing behavior via, at
least, CRF secretion. CRF is synthesized mainly by
parvocellular neurons in the PVN (11), where orexin-
containing neurons and orexin receptor 2 are distrib-
uted (3, 4, 22). Further, orexin induces expression of
immunoreactive Fos in this area (3). Therefore, these
data support the relationship between orexin and CRF.
Of course, we cannot exclude the possibility that orexin
causes grooming and face-washing behavior via vaso-
pressin or other peptides, such as dopamine, ACTH or
a-MSH (9, 14, 33, 40), since the blockade of behavior
induced by the CRF antagonist was not complete. How-
ever, the fact that corticosterone secretion was stimu-
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lated by orexin also supports the concept that orexin-
induced grooming is mainly triggered by CRF.
Vasopressin-containing neurons are distributed in the
parvocellular division of the PVN, and vasopressin also
induces grooming (9, 23, 24, 25), but orexin does not
induce the expression of Fos in this division (3).
Dopamine-D1-agonist-induced grooming is blocked by
a CCKA antagonist (25). ACTH-induced grooming is
blocked by a non-selective melanocortin-3/4-receptor
antagonist (SHU 9119) (27). a-MSH- and neuropep-
tide-E-1-induced grooming are blocked by MCH (11).
Dopamine D-1 antagonist and naloxone block groom-
ing induced by many peptides (28, 29, 30). However,
our preliminary study showed that administration of
naloxone, SHU 9119 and MCH did not reduce orexin-
induced grooming activity (unpublished data).

In this study, administration of orexin stimulated
locomotor activity and decreased resting behavior, as
shown as our previous reports (8) and other studies (7).
CRF also increases locomotor activity and time spent
in the arousal state (31). These CRF-induced reactions
are similar to stress reactions, and the stress reactions
are nearly completely blocked by administration of
CRF antagonist (31-34). One hour of immobilization in
2-month-old rats and 30 min of cold stress in 6-month-
old rats increased orexin mRNA levels in the LHA.
MCH mRNA levels in the LHA did not change in rats
of either age under any of the conditions. Therefore, we
considered that an increased level of orexin mRNA in
the LHA was specific for stress. However, other re-
search has shown that MCH mRNA expression de-
creases after chronic foot-shock stress (35). We do not
know why stress did not change the MCH mRNA levels
in our experiment. MCH influences feeding behavior
but not grooming behavior, so it may have little direct
involvement in the stress reaction, or it may be in-
volved in very short-term stress, such as foot shock.
These results suggest that orexin may be involved in
the stress reaction, but that its involvement is limited
by the kind of stress or the age of the rats.

Stress is considered to be a modulator of the auto-
nomic nervous system. Central administration of CRF
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FIG. 2. Effect of icv injection of orexin A on plasma corticoste-
rone levels in rats. Orexin was injected at 0900 h. The symbols and
vertical lines represent the mean = SEM (n = 8).
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FIG. 3. Effect of immobilization and cold stress on the expression of orexin and MCH mRNA in 2-month-old rats. IMMO indicate 60 min
immobilization. The lower figure shows the relative value of mMRNA expression versus those of control rats. The bar and vertical lines

represent the mean = SEM (n = 8).

increases sympathetic and decreases central parasym-
pathetic outflow (36). In rats, foot shock under re-
straint increases parasympathetic outflow, whereas
foot shock without restraint increases sympathetic out-
flow (37, 38). Vagotomy antagonizes stress-induced hy-
pocalcemia and stress-induced gastric ulceration (39,
40). These stresses activate parasympathetic outflow
(39, 40). In our study, the rats were strongly immobi-
lized. One hour after immobilization began they were
very quiet, indicating an increased parasympathetic
outflow. In contrast, cold stress is considered mainly to
increase sympathetic outflow (41). Which autonomic
nervous system predominates in the stress reaction
depends on the age of the animal. The net autonomic
tone of rats has been observed to be predominantly
sympathetic at 2 week of age, but thereafter it becomes
predominantly parasympathetic (17). There are signif-
icantly fewer primary dendritic branch points and a
significantly smaller total dendritic length of the sym-
pathetic preganglionic neurons in aged rats compared
with adults (42). No significant differences have been
found in any characteristics of the parasympathetic
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FIG. 4. Effect of immobilization and cold stress on the expression
of orexin and MCH mRNA in 6-month-old rats. IMMO indicate 60
min immobilization. The lower figure shows the relative value of
mMRNA expression versus those of control rats. The bar and vertical
lines represent the mean = SEM (n = 8).

neurons among the different age groups. Among differ-
ent age groups there are differences in the plasma
levels of catecholamines in relation to stress (41, 43).
Therefore, in immobilized young, orexin mRNA expres-
sion might increase to activate the parasympathetic
outflow, but in adults that reaction might be weak, as
parasympathetic tone predominates anyway. In con-
trast, cold stress provokes the opposite reaction.
Orexin dose-dependently increases heart rate, blood
pressure and renal sympathetic activity in conscious,
unrestrained rats (14, 15). Orexin also increases gas-
tric acid secretion (16). The innervation patterns of the
intermediolateral column and lamina 10, as well as
strong innervation of the caudal region of the sacral
cord, nucleus of the solitary tract and dorsal motor
nucleus of the vagus, suggest that orexin may partici-
pate in regulation of both the sympathetic and para-
sympathetic parts of the autonomic nervous system.
Evidence from study of lesions in the LHA suggests
that the LHA has a potential role in stress (44). Orexin
may be a very important modulator for afferent and
efferent nerves passing through the LHA.
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