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1 Orexin A and B, recently identi®ed in the rat hypothalamus are endogenous neuropeptide
agonists for the G-protein coupled orexin-1 (OX1) and orexin-2 (OX2) receptors.

2 In the present study, we have examined the e�ects of orexin A, B and raised extracellular K+ on
noradrenaline release from the rat cerebrocortical slice. We have compared this with other sleep ±
wake-related (excitatory) neurotransmitters; dopamine, glutamate, serotonin and histamine.

3 Neurotransmitter release studies were performed in rat cerebrocortical slices incubated in
modi®ed Krebs bu�er (with and without Ca2++EGTA 1 mM) with various concentrations of orexin
A, B and K+ for various times.

4 Orexin A and B-evoked (1077 M) noradrenaline release was time-dependent reaching a maximum
some 10 min after stimulation. K+ (40 mM) evoked release was also time dependent but reached a
maximum after 6 min. Orexin A, B and K+ stimulation of release was concentration dependent with
pEC50 and Emax (% of basal) values of 8.74+0.32 (1.8 nM) and 263+14% and 8.61+0.38 (2.4 nM)
and 173+7% and 1.43+0.02 (37 mM) and 1430+70%, respectively. Orexin-evoked release was
partially extracellular Ca2+ dependent.

5 Of the other transmitters studied there was a weak orexin A and B stimulation of glutamate
release. In contrast K+ evoked dopamine, glutamate, histamine and serotonin release with pEC50

and Emax (% of basal) values of 1.47+0.05 (34 mM) and 3430+410%, 1.38+0.04 (42 mM) and
1240+50%, 1.47+0.02 (34 mM) and 480+10% and 1.40+0.05 (40 mM) and 560+60%
respectively.

6 We conclude that the neuropeptides orexin A and B evoke noradrenaline release from rat
cerebrocortical slices.
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Introduction

Orexin A and B, recently identi®ed in the rat hypothalamus
(Sakurai et al., 1998) are endogenous neuropeptide agonists

for the G-protein coupled orexin-1 (OX1) and orexin-2 (OX2)
receptors (Sakurai et al., 1998). Radioligand binding studies
(Van den Pol et al., 1998) indicated that orexin A has equal

a�nity for OX1 and OX2, while orexin B has a higher
a�nity for OX2. In addition, Northern blot analysis and in
situ hybridization studies suggest that orexins and their

receptors are widely distributed in the brain (Trivedi et al.,
1998; Peyron et al., 1998).
These neuropeptides and their receptors have been

implicated in a range of physiological responses including
control of the sleep ±wake cycle and sympathetic tone
(Peyron et al., 1998). Several reports (Hagan et al., 1999;
Horvath et al., 1999) have demonstrated that orexins activate

the locus coeruleus noradrenergic system and this activation
may increase arousal and locomotor activity. Moreover,
Chemelli et al. (1999) reported that orexin knockout mice

exhibit a phenotype strikingly similar to human narcolepsy
patients. In agreement with this observation Lin et al. (1999)

found that canine narcolepsy results from a disruption of the
orexin receptor 2 gene. Noradrenergic neurons have been
suggested to contribute to sleep ±wake cycle (Hagan et al.,

1999) as neuronal activity increases and decreases during
wake and sleep, respectively. Thus, orexin-modulation of
noradrenergic neurons may contribute to sleep ±wake cycle.

Cardiovascular e�ects of orexins have also been reported
(Shirasaka et al., 1999; Samson et al., 1999; Chen et al.,
2000). Shirasaka et al. (1999) showed that intracerebroven-

tricular administration of orexin A and B increases arterial
pressure, heart rate and renal sympathetic nerve activity with
elevation of plasma noradrenaline in conscious rats. Chen et
al. (2000) also reported that intracisternal injection of orexin

A and B dose-dependently increased arterial pressure and
heart rate in urethane-anaesthetized rats and similar data
were reported by Samson et al. (1999). Collectively these data

suggest orexin modulation of noradrenergic neurons.
In the present study, we have examined the e�ects of

orexin A and B on noradrenaline release from rat
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cerebrocortical slices. In order to determine whether any
modulation of release is selective we have also measured a
range of other excitatory neurotransmitters including dopa-

mine, glutamate, serotonin and histamine and have used a
K+ depolarizing stimulus as a positive control. We report
that orexin A and B increase cerebrocortical noradrenaline
release.

Methods

Materials

Orexin A (human: Pyr -Pro-Leu-Pro-Asp-Cys-Cys-Arg-Gln-
Lys - Thr -Cys - Ser - Cys -Arg - Leu - Tyr -Glu - Leu - Leu -His-
Gly -Ala -Gly -Asn -His -Ala-Ala-Gly-Ile-Leu-Thr-Leu-NH2)

and B (rat: Arg-Pro-Gly-Pro-Pro-Gly-Leu-Gln-Gly-Arg-Leu-
Gln -Arg - Leu - Leu -Gln-Ala-Asn-Gly-Asn-His-Ala-Ala-Gly-
Ile-Leu-Thr-Met-NH2) were purchased from Peptide Institute
Inc (Osaka, Japan). Pargyline and nomifensin were from

Sigma, HEPES from Dojin Laboratories (Kumamoto,
Japan). Glutamate dehydrogenase was from Oriental Yeast
(Suita, Japan). All other chemicals used were of the highest

quality available.

Cerebrocortical slice preparation

Male Wistar rats (250 ± 300 g) were decapitated, the brains
quickly removed and immersed in ice-cold Krebs-HEPES

bu�er solution (KRH) of the following composition (in mM):
NaCl 133, KCl 4.8, KH2PO4 1.2, MgSO4 1.2, CaCl2 1.5,
glucose 11.1, HEPES 10, pH 7.4 oxygenated with 95% O2.
Cerebrocortical tissue was dissected from its internal

structures and cross-chopped using a tissue chopper to
produce slices of 3506350 mm. The slices were then washed
three times in ice-cold KRH and transferred (1 ml aliquots of

slices: equivalent to about 7 mg tissue) to polypropylene
tubes. Cerebrocortical slices from one rat were used for one
experiment (i.e., one concentration-response curve or time

course for an agent was constructed).

Orexin-evoked neurotransmitter release

Noradrenaline and dopamine After discarding the super-
natant, the slices were resuspended in 1 ml of fresh KRH and
incubated for 10 min at 378C. This procedure was repeated to

obtain a stable baseline. Immediately following this second
incubation, the slices were resuspended (1 ml of KRH or
Ca2+ free-KRH with EGTA 1 mM) and incubated for 0 ±

14 min in the absence (basal release) and presence of 1077 M

orexin A or B (evoked release). In some experiments slices
were incubated for a ®xed time of 10 min with KRH

containing 10712 ± 1076 M orexin A or B in order to obtain
an orexin A- or B-evoked release concentration response
curve. All bu�ers used in release studies contained the
monoamine oxidase inhibitor, pargyline (10 mM), and the

reuptake inhibitor, nomifensin (10 mM). Monoamine contents
in the release samples were determined directly by high-
performance liquid chromatography with electrochemical

detection (ESA Coulochem Model 5100A). Brie¯y, 20 ml
aliquots of acidi®ed (perchloric acid) release samples were
injected onto a reverse-phase column (C18, 4.66150 mm,

MC Medical, Tokyo, Japan). Monoamines were separated
using a mobile phase bu�er consisting of 0.05 M NaH2PO4;
0.05 M CCl3COOH; 0.7 mM CH3(CH2)11OSO3Na; 0.02 mM

EDTA2Na, 85; Acetonitrile 10, Methanol 5, pH 3.4 at a ¯ow
rate of 1 ml min71 at 408C and quanti®ed using an
electrochemical detector at 300 mV (optimum voltage for
oxidation). Retention time under these conditions for

noradrenaline and dopamine was 6.3 and 15.2 min respec-
tively. The intra-assay maximal coe�cient of variation was
3.3% for noradrenaline and 6.5% for dopamine.

Glutamate, serotonin and histamine After discarding the
supernatant, slices were resuspended in 1 ml of fresh

oxygenated KRH and incubated for 10 min at 378C. This
procedure was repeated to obtain a stable baseline.
Immediately following this second incubation, the slices were

resuspended (1 ml KRH) and incubated for 10 min in the
absence (basal release) and presence of 10710 ± 1076 M orexin
A or B (evoked release) in order to obtain an orexin A or B-
evoked release concentration response curve. Incubation

times as for noradrenaline release above were used for all
other neurotransmitters. Glutamate contents in the release
samples were determined by a glutamate dehydrogenase-

coupled assay. Five hundred ml aliquots of release sample
were mixed with 50 ml of NADP (nicotinamide adenine
nucleotide, ®nal concentration: 1 mM) and 50 ml of glutamate

dehydrogenase (®nal concentration: 30 U) then made up to
1600 ml with KRH. Glutamate dehydrogenase catalyses the
conversion of glutamate released to 2-oxoglutarate, accom-

panied by the reduction of NAD+/NADP to NADH/
NADPH. NADPH ¯uorescence was measured at 385 nm
excitation and 450 nm emission using a ¯uorescence spectro-
photometer (Hitachi 650-10 S, Tokyo, Japan). Intra-assay

maximal coe�cient of variation was 1.5%. Serotonin and
histamine contents in the release sample were determined by
enzyme-immunoassay (Serotonin ELIZA and Histamin(e)-

ELIZA, IBL, Hamburg, Germany). Intra-assay maximal
coe�cient of variation was 10.9% for serotonin and 3.9%
for histamine. Inter-assay maximal coe�cient of variation

was 13.4% for serotonin and 7.8% for histamine.

K+-evoked neurotransmitter release

After discarding the supernatant, the slices were resuspended
in 1 ml of fresh KRH and incubated for 10 min at 378C. This
procedure was repeated to obtain a stable baseline.

Immediately following this second incubation, the slices were
resuspended (1 ml KRH) and incubated for a ®xed time of
6 min (Hirota et al., 2000) with KRH containing 0 ± 70 mM

KCl in order to obtain a K+-evoked release concentration
response curve. In some experiments the incubation time was
varied with a ®xed K+ (40 mM) concentration in order to

obtain a K+-evoked release time course. All bu�ers used in
K+-evoked release studies were as described above with an
equal concentration of Na+ removed. Neurotransmitters were
assayed as described above.

Data analysis

Orexin or K+-evoked neurotransmitter release was expressed
as percentage of basal and all data are presented as
mean+s.e.mean (n). The concentrations (EC50) of orexin A,
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B and K+ producing 50% of the maximal response (Emax)
were estimated by non-linear regression analysis (GRAPH-
PAD-PRISM). Where appropriate, statistical analysis was by

repeated measures ANOVA and unpaired t-test for intra- and
inter-group comparison, respectively. P50.05 was considered
signi®cant.

Results

Time course for Orexin A and B and K+-evoked
noradrenaline release

Orexin A and B and K+-evoked noradrenaline release was
time dependent (Figure 1). Following addition of orexin A or
B there was a delay of some 6 min before noradrenaline

release began and this release reached a maximum after
10 min. In contrast when K+ (40 mM) was applied there was
a prompt increase in noradrenaline release which was some 6
fold above basal only 2 min (®rst sampling point) after

addition, reaching a maximum at 6 min.

Concentration-response relationships for Orexin A and B
and K+-evoked noradrenaline release

The release of noradrenaline in response to Orexin A and B

was concentration dependent with pEC50 and Emax values of
8.74+0.32 (1.8 nM) and 263+14% and 8.61+0.38 (2.4 nM)
and 173+7%, respectively (Figure 2A and B). Orexin B-

evoked release was lower than that evoked by orexin A. In
addition orexin A and B evoked release was signi®cantly
decreased (whole curves P50.05) but not abolished by
removal of extracellular calcium from the bu�er (Figure 2A

and B). As a positive control K+ produced a concentration
dependent and saturable release of noradrenaline with pEC50

and Emax of 1.43+0.02 (37 mM) and 1430+70% respectively

(n=4, Figure 3A)

Glutamate, histamine, dopamine and serotonin release

There was a signi®cant release of glutamate in response to
orexin A at 1 mM added peptide (Table 1). Orexin A and B
did not stimulate the release of histamine, dopamine or

serotonin (Table 1). In marked contrast K+ produced a
concentration dependent stimulation of release for all

transmitters studied with EC50 values of 34 ± 42 mM (Figure
3 and Table 2). There was marked variation in the degree of
stimulation observed with a rank order Emax of dopamine4
glutamate4serotonin4histamine.

Discussion

In the present study orexin A and B signi®cantly evoked
noradrenaline but not dopamine, glutamate, histamine or

serotonin release from rat cerebrocortical slices. In marked
contrast, high K+ stimulated the release of all transmitters
studied. Whilst there were no di�erences in the EC50 there

were marked di�erences in the degree of stimulation with
evoked-dopamine release being the greatest and evoked-
histamine level the lowest. Collectively our data suggest
that orexins may predominantly evoke noradrenaline

release from the rat cerebrocortex. However, due to the
di�erences in the strength of stimulus (orexins compared
with K+) and hence release, care should be taken in

comparing these data sets.
Noradrenaline is a major neurotransmitter in the central

nervous system and noradrenergic neurons play an important

Figure 1 Orexin A and B (100 nM at t=0) and K+ (40 mM at
t=0)-evoked noradrenaline release from rat cerebrocortical slices are
time-dependent. Maximal stimulation of orexin and K+ responses
were observed at 10 and 6 ± 8 min incubation respectively (mean+
s.e.mean, n=6 for orexin and mean+range, n=2 for K+).

Figure 2 E�ects of orexin A and B on the release of noradrenaline
from rat cerebrocortical slices in the absence and presence of
extracellular calcium. Incubations were for a ®xed time of 10 min.
All data are expressed as mean+s.e.mean, n=6.
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role in physiological responses such as sleep, attention and
learning (Hagan et al., 1999). In addition, all noradrenergic
projections to the cerebrocortex originate from the locus

coeruleus (Nutt et al., 1997), which regulates sleep ±wake
cycle and is densely innervated with orexinergic neurones
(Peyron et al., 1998; Hagan et al., 1999; Date et al., 1999).
Hagan et al. (1999) reported that orexin A stimulates locus

coeruleus cell ®ring and increases arousal in rats. In addition,
orexinergic neurons also project to the cerebrocortex (Peyron
et al., 1998; Date et al., 1999). Our data suggest that orexins

may activate noradrenergic neurons predominantly to a�ect
sleep ±wake cycle.

There was a lag of some 6 min prior to orexin stimulation

of noradrenaline release. In contrast K+-evoked release was
evident some 2 min after stimulation (the ®rst sampling
point). Whilst this comparison does not give much insight

into mechanisms it provides two pieces of information; (a)
that the release can be evoked over a more `conventional'
time frame and (b) something `more complex' may be
occurring. Whilst we cannot give a ®rm explanation for this

lag phase it is unlikely to result from penetration of the
relatively large peptides into the slice preparation as Hagan et
al. (1999) showed that the brain slice electrophysiological

response to orexin A started within 30 s and reached a peak
at 2 min. Moreover delayed activation of components in the
signal transduction cascade are also unlikely as orexins

produce rapid (Van den Pol et al., 1998; Lund et al., 2000)
increases in intracellular Ca2+ and these are likely to have
immediate e�ects on releasable pools of neurotransmitter.

Previous reports demonstrated that not only noradrenaline
(Crochet & Sakai, 1999) but also dopamine (Crochet &
Sakai, 1999), glutamate (Kodama & Honda, 1999), serotonin
(Park et al., 1999) and histamine (Crochet & Sakai, 1999;

Monti, 1993) regulate sleep ±wake cycle. Date et al. (1999)
suggested that orexins may function in serotonin-mediated
behaviour as orexin projections and Fos expression in raphe

nuclei and central grey are areas where the major
serotoninergic neurons are located. Van den Pol et al.

Figure 3 K+ (40 mM) stimulated the release of (A) catecholamines
(noradrenaline and dopamine) and (B) glutamate, histamine and
serotonin from rat cerebrocortical slices. Incubations were for a ®xed
time of 6 min. All data are expressed as mean+s.e.mean, n=4.

Table 1 E�ects of orexins on dopamine, glutamate, serotonin and histamine release

Release (% basal)
Neurotransmitter Orexins 10710

M 1079
M 1078

M 1077
M 1076

M

Dopamine A 99.0+5.7 118.5+8.4 93.0+8.2 120.5+13.1 116.0+12.5
B 104.8+9.5 10.21+11.8 120.2+7.0 96.3+.91 109.1+12.6

Glutamate A 83.6+2.9 108.1+4.2 91.6+5.1 116.8+13.4 160.7+17.6*
B 85.6+5.4 110.0+18.1 89.2+10.7 104.5+15.2 113.0+11.0

Serotonin A 99.5+12.0 86.3+14.4 107.8+25.7 110.2+16.6 92.7+13.1
B 100.1+9.2 95.3+7.4 97.9+9.1 107.1+14.9 88.4+5.5

Histamine A 107.0+9.0 101.0+8.0 115.0+15.0 98.0+2.0 91.0+8.0
B 106.1+16.7 104.5+12.8 98.8+5.4 96.7+11.4 92.6+12.1

Mean+s.e.mean, >n=6. *P50.01 vs basal release (raw data).

Table 2 pEC50 (mean EC50) and Emax of K+-evoked neurotransmitter release

Neurotransmitter
Noradrenaline Dopamine Glutamate Histamine Serotonin

pEC50 (mM) 1.43+0.02 (37) 1.47+0.05 (34) 1.38+0.04 (42) 1.47+0.02 (34) 140+0.05(40)
Emax (% basal) 1430+70 3430+410* 1240+50 480+10** 560+60**

Mean+s.e.mean, n=4. *P50.01 signi®cantly higher than noradrenaline, **P50.01 signi®cantly lower than noradrenaline.
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(1998) showed that orexins increased the release of GABA
and glutamate from hypothalamic slices and Nakamura et al.
(2000) suggest that orexin-induced hyperlocomotion and

stereotypy are mediated by the dopaminergic system.
Although we cannot reconcile the discrepancy between the
present data (no e�ect on dopamine release) and these
previous reports, di�erences in brain region and experimental

protocol used may explain these discrepancies.
Several reports (Smart et al., 1999; Nakamura et al., 2000;

Lund et al., 2000) indicate that orexins induce Ca2+ in¯ux via

OX receptor activation. Smart et al. (1999) reported that
orexin A and B increased intracellular Ca2+ in Chinese
hamster ovary cells expressing OX1 or OX2 (CHO-OX1 or

CHO-OX2, respectively) receptors. The pEC50 of orexin A
and B for OX1 were 8.03+0.08 (9.3 nM) and 7.30+0.08
(50.1 nM), and those for OX2 were 8.18+0.10 (6.6 nM) and

8.43+0.09 (3.7 nM), respectively. These pEC50 values are
very close to those for orexin A and B stimulated
noradrenaline release in the present study of 8.74+0.32
(1.8 nM) and 8.61+0.38 (2.4 nM), respectively. Thus, orexin

stimulated noradrenaline release likely results from increased
Ca2+ in¯ux. However, we have demonstrated that orexins are
also capable of stimulating release of noradrenaline in Ca2+

free bu�er to which EGTA has been added in excess,
although higher concentrations of orexins are required. These
data may indicate a role for released intracellular Ca2+ stores.

Although it is possibly due to incomplete chelation of
extracellular Ca2+ in this slice preparation, in a preliminary

study we con®rmed that this procedure reduced K+-evoked
noradrenaline release by 490%. Using CHO-OX1 Lund et
al. (2000) also reported that OX1 activation leads to Ca2+

in¯ux and direct stimulation of phospholipase C. In addition,
increases in intracellular Ca2+ were not primarily due to IP3

activated Ca2+ in¯ux as both Ca2+ and IP3 responses
required extracellular Ca2+ at low concentrations of orexin

A although high concentrations of orexin A increased IP3

production without extracellular Ca2+.
Orexin receptors have been identi®ed not only in the brain

but also the adrenal glands (LoÂ pez et al., 1999), gang-
lioneuroblastoma and neuroblastoma (Arihara et al., 2000).
These tissues are known to secrete noradrenaline. In addition,

orexins activate the sympathetic nervous system to increase
blood pressure and heart rate with an elevation in plasma
noradrenaline. Therefore, orexinergic neurones may be found

in many noradrenaline secreting tissues.
In summary, collectively, our data may indicate that

orexins selectively evoke noradrenaline release in the rat
cerebrocortex but before a ®rm conclusion can be made

further detailed studies will need to be performed.

Supported in part by grant-in-aid for scienti®c research (No
09470323 and 13671560) from the Ministry of Education, Science
and Culture in Japan.
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