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Abstract

Orexin-A and orexin-B (the hypocretins) are recently
described neuropeptides suggested to have a physiological role
in the regulation of food intake in the rat. We compared the
orexigenic effect of the orexins administered intra-
cerebroventricular (ICV) with other known stimulants of food
intake, one strong, neuropeptide Y (NPY), and two weaker,
melanin-concentrating hormone (MCH) and galanin. Orexin-A
consistently stimulated food intake, but orexin-B only on
occasions. Both peptides stimulated food intake significantly
less than NPY, but to a similar extent to MCH (2 h food intake:
NPY 3 nmol, 7.2±0.9 g vs saline, 1.5±0.2 g, P<0.001, MCH 3
nmol, 3.2±0.8 g vs saline, P<0.01, orexin-B 30 nmol, 2.6±0.5

g vs saline, P=0.11) and to galanin (1 h food intake: galanin 3
nmol, 2.0±0.4 g vs saline, 0.8±0.2 g, P<0.05, orexin-A 3
nmol, 2.2±0.4 g vs saline, P=0.01; 2 hour food intake: orexin-
B 3 nmol, 2.4±0.3 g vs saline, 1.3±0.2 g, P<0.05). Following
ICV orexin-A, hypothalamic c-fos, a marker of neuronal
activation, was highly expressed in the paraventricular
nucleus (PVN), and the arcuate nucleus (P<0.005 for both).
IntraPVN injection of orexin-A stimulated 2 h food intake by
one gram (orexin-A 0.03 nmol, 1.6±0.3 g vs saline, 0.5±0.3 g,
P<0.005). These findings support the suggestion that the
orexins stimulate food intake. However, this effect is weak
and may cast doubt upon their physiological importance in
appetite regulation in the rat.

Introduction

Originally reported as the hypocretins, due to their
hypothalamic location and sequence homology to secretin,
two novel peptides have been demonstrated to be present in
neuronal cell bodies of the dorsal and lateral hypothalamus,
with fibres projecting to multiple targets including the brain
stem (De Lecea et al. 1998). Later identified and named as
orexin-A and orexin-B, these same peptides were reported to
powerfully stimulate feeding (Sakurai et al. 1998), 3 nmol
orexin-B stimulating 2 h food intake 5-fold and the same dose
of orexin-A stimulating 6-fold over saline control. The genetic
precursor to both peptides, prepro-orexin, was shown to be up-
regulated 2.4-fold after a 48 h fast, greater than the up-
regulation of NPY mRNA under the same experimental
conditions. Two receptors for the peptides, OX1 and OX2 were
expressed exclusively in the brain, though to date the
distribution of the receptors has not been reported. Such
evidence led the authors to suggest the orexins as mediators in
the central feedback mechanisms that regulate feeding
behaviour (Sakurai et al. 1998).

We have used orexin-A, and orexin-B from two separate
sources, to compare their effects with more established
orexigenic agents. We also assessed the effect of orexin-A on
the induction of the immediate early gene c-fos, a marker of
neuronal activation (Sagar et al. 1988). Finally, we
investigated whether the orexins act through the

paraventricular nucleus (PVN), by injecting directly into the
nucleus.

Materials and Methods

Peptides

Orexin-A and orexin-B were purchased from Pheonix Pharm.
Inc., Mountain View, CA, USA. NPY, MCH, galanin and
orexin-B were synthesised using fmoc chemistry on an
Advanced ChemTech 396MPS peptide synthesiser. The
products comprised one major peak which was purified to
homogeneity by reversed phase HPLC on a C8 column
(Phenomenex, Macclesfield, UK) using a gradient of
acetonitrile in 0.1% trifluoroacetic acid. Electrospray and
MALDI-TOF mass spectrometry was used to confirm the
peptides identity. 

Animals

Adult male Wistar rats (250-300 g) were maintained under
controlled conditions of temperature (21-23°C) and light (12 h
light, 12 h dark) with ad libitum access to food (RM1 diet,
SDS UK Ltd) and water. All animals were handled daily from
recovery after surgery to the time of study. In the case of the c-
fos studies, the animals were each handled for ten minutes
daily for ten days to minimise stress, which readily activates c-
fos (Arnold et al. 1992). 
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Cannulation

For the intracerebroventricular (ICV) studies, animals were
implanted with permanent 22-gauge stainless steel cannulae
projecting to the third ventricle and peptides were administered
as previously described (O’Shea et al. 1997). The correct
position of the cannula (>90%) was confirmed by a positive
dipsogenic response to angiotensin II. 

For c-fos studies, animals were implanted with permanent
23-gauge stainless steel cannulae projecting to the lateral
ventricle and peptides were administered as previously
described (Lambert et al. 1995). 

For PVN studies, rats were anaesthetized with xylazine (20
mg/kg) (Rompun, Bayer, Suffolk, UK) and ketamine (100 mg/
kg) (Ketalar, Parke Davis, Pontypool, Gwent, UK). Permanent
26-gauge stainless steel cannulae (Plastics One inc., Roanoke,
VA, USA) were placed 1.8 mm posterior to the bregma, 0.5
mm lateral to the midline and implanted 7 mm below the outer
surface of the skull. The incisor bar was set at 3 mm below the
interaural line. This positioned the tip of the cannula
approximately 1 mm above the PVN. 

PVN injections were administered via a stainless steel
injector placed in and projecting 1 mm below the tip of the
cannula directly into the PVN. Injections were given in a
volume of 1 µl saline over 60 seconds. 25 nmol noradrenaline,
which gives a robust orexigenic response when injected
intraPVN (IPVN), was administered to confirm correct cannula
position (McMahon et al. 1998). Only animals (>80 %) which
ate >2 g in the following 1 h were studied. Animals were
randomised into groups prior to each study, such that the
average food intake in response to noradrenaline, as well as
average body weight was equal in each group. 

All studies were carried out between 0900 and 1100  during
the normal resting/light period when rats eat little. 

Experimental protocols

Study 1 Comparative effect of orexins administered ICV with 
established orexigenic agents

Study 1a Comparative effect of orexin-B administered ICV with 
other orexigenic agents in the early light phase

Animals were injected with orexin-B at a dose of 10 or 30
nmol, MCH or NPY at doses of 3 nmol (doses greater than
previously shown to stimulate food intake (Rossi et al. 1998,
O’Shea et al. 1997)), or saline control (n=8-11 per group).
Food intake was measured 2 and 4 h after injection.

Study1b Comparative effect of orexin-A and orexin-B adminis-
tered ICV with other orexigenic agents in the early light phase

Animals were injected with orexin-A, orexin-B, NPY or
galanin at a dose of 3 nmol (a dose previously shown to
stimulate food intake (O’Shea et al. 1997)) or saline (n=8-12
per group). Food intake was measured 1, 2, and 4 h after
injection.

Study 2 Effect of orexin-A on c-fos expression

Animals were injected with orexin-A at a dose of 3 nmol or
saline control (n=3-4 per group), and returned to their cages for
one hour without access to food. 

Study 3 Effect of IPVN orexin-A and NPY on food intake in the 
early light phase

Animals were injected with NPY at a dose of 0.3 nmol or
saline control (n=12-13 per group). Food intake was measured
2 h after injection. One week later animals were injected with
orexin-A at doses of 0.03 and 0.3 nmol or saline (n=15-16 per
group). Food intake was measured 2 and 4 h after injection.

Three days following the PVN studies each rat was
injected with 0.5 µl blue dye and killed by decapitation. The
brain was removed, mounted, frozen in liquid nitrogen-cooled
isopentane and stored at -70°C. 15 µm sections were taken
through the hypothalamus at -18°C on a cryostat (Bright
Instrument Company Ltd, UK), fixed in 0.5% acetic acid,
dehydrated, stained with cresyl violet, and coverslipped prior
to light microscopy examination. Data from animals in which
the cannula was not found by two independent blinded
investigators to be within the PVN (<20%) were not included
in the statistical analysis.

Immunocytochemistry

The protocol for c-fos measurement was similar to previously
described (Lambert et al. 1995, Turton et al. 1996). In brief,
rats were anaesthetised and perfused transcardially with 0.1 M
PBS followed by 4% paraformaldehyde. The brains were
removed, fixed in 4% paraformaldehyde for four hours, and
soaked overnight in 15% sucrose solution. 40 µm coronal
sections were cut on a freezing microtome and stained for c-
fos-like peptide by the avidin-biotin-peroxidase method. The
sections were incubated for 48 h in primary antibody (1:15,000
in TBS (12 g Trizma base in 1 litre saline), 0.3% Triton-X and
5% milk powder) at 4°C. Milk powder was used to reduce non-
specific background, as previously described (Tacha et al.
1992). The primary rabbit polyclonal antibody was purchased
from Oncogene Research Products, (Cambridge, MA, USA).
Sections were washed in 5% milk powder in TBS, incubated in
secondary antibody (goat anti-rabbit serum, 1:200), rewashed
and processed using the Vecastain ABC kit (Vector labs). They
were incubated for 3-10 mins in 1 mg/ml diaminobenzidine
tetrahydrochloride (dissolved in TBS with 0.02% hydrogen
peroxide added), mounted on gelatine-coated slides, left
overnight to dry, dehydrated and coverslipped.

Quantification

Brain slices were examined for c-fos positive nuclei using light
microscopy. There was no difference between the effects of
orexin-A or saline except in the areas of the PVN and arcuate
nuclei of the hypothalamus and the ventromedial hypo-
thalamus (VMH). The numbers of c-fos positive nuclei in these
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areas were counted using a Mackintosh-based image analysis
system (Image, NIH). Numbers were counted on each section
that contained any part of the nucleus of interest in a blinded
manner, an average number of c-fos positive nuclei per section
was calculated, and expressed as an integer for each animal.

Statistics

Food intake data are expressed as means± S.E.M.. Comparisons
between groups were made by ANOVA with post hoc LSD
tests. c-fos data are expressed as mean of the animals studied±
S.E.M., normality of data was assessed using Mann-Whitney
Rank Sum test, and data compared by unpaired t-test, using
Sigmastat 2.0. Differences were considered significant at
P<0.05.

Results

Study 1a Comparative effect of orexin-B administered ICV with 
other orexigenic agents in the early light phase

NPY significantly increased food intake at 2 and 4 h compared
with control (2 h food intake: NPY 3 nmol, 7.2±0.9 g vs saline,
1.5±0.2 g, P<0.001)(Fig. 1, upper panel). MCH also increased
food intake at 2 h (MCH 3 nmol, 3.2±0.8 g vs saline, 1.5±0.2 g,
P<0.01). Orexin-B tended to increase food intake, however,
this effect was not statistically significant (e.g. 2 h food intake:
Orexin-B 30 nmol, 2.6±0.5 g vs saline, 1.5±0.2 g, P=0.11).
NPY stimulated food intake greater than both orexin-B and
MCH (NPY 3 nmol, 7.2±0.9 g vs orexin-B 30 nmol, 2.6±0.5 g,
P<0.001, vs MCH 3 nmol, 3.2±0.8 g, P<0.001). Although
MCH appeared to stimulate food intake greater than both doses
of orexin-B, this was not statistically significant (2 h food
intake: MCH 3 nmol, 3.2±0.8 g vs orexin-B 10 nmol, 2.0±0.3
g, P=0.09).

Study 1b Comparative effect of orexin-A and orexin-B adminis-
tered ICV with other orexigenic agents in the early light phase

NPY significantly increased food intake at 1, 2 and 4 h
compared with control (2 h food intake: NPY 3 nmol, 7.8±0.8
g vs saline, 1.3±0.2 g, P<0.001) (Fig. 1, lower panel). Galanin
increased food intake in the first hour (galanin 3 nmol, 2±0.4 g
vs saline, 0.8±0.2 g, P<0.05), thereafter its effect waned.
Orexin-A increased food intake at 1, 2 and 4 h (1 h food intake:
orexin-A, 2.2±0.4 g vs saline, 0.8±0.2 g, P=0.01, 2 h food
intake: orexin-A, 3.0±0.5 g vs saline, P=0.01). Orexin-B
increased food intake at 2 h (orexin-B, 2.4±0.3 g vs
saline,1.3±0.2 g, P<0.05), this effect just failed to reach
significance at 1 and 4 h. There was no significant difference
between the effect of orexin-A, orexin-B and galanin at any
time-point, but all were significantly less potent than NPY at
all time-points (P<0.001). Orexin-A tended to stimulate food
intake greater than orexin-B but this was not statistically
significant.

Study 2 Effect of orexin-A on c-fos expression

ICV infusion of orexin-A greatly increased expression of c-fos
in the PVN and arcuate nuclei and less so in the VMH. In the
PVN the amount of c-fos expressed in response to orexin-A
was 313% of control (orexin-A, 475±43 positive nuclei per
section vs saline, 152±40, P<0.005) (Figs 2A, B and 3). In the
arcuate nucleus the amount of c-fos expressed in response to
orexin-A was 293% of control (orexin-A, 211±29 vs saline
72±7, P<0.005) (Figs 2C, D and 3). In the VMH the amount of
c-fos expressed in response to orexin-A was 158% of control
(orexin-A, 127±14 vs saline 80±11, P<0.05) (Figs 2C, D and
3). 

Study 3 Effect of IPVN orexin-A and NPY on food intake in the 
early light phase

IPVN NPY significantly increased 2 h food intake compared

Figure 1 Effect of different peptides on food intake when 
administered ICV to Wistar rats in the early light phase. Upper 
panel, 3nmol NPY(solid circles), 3nmol MCH (solid triangle), 10 
nmol orexin-B (open square), 30 nmol orexin-B (solid square) 
and saline control (open circle). n=8-11 per group. Lower panel, 
3 nmol NPY (solid circle), 3 nmol galanin (open triangle), 3 nmol 
orexin-A (+), 3 nmol orexin-B (open square). n=8-12 per group. 
*P<0.05, **P<0.01, ***P<0.001 vs saline.
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with control (NPY 0.3nmol, 4.4±0.6 g vs saline, 0.9±0.2 g,
P<0.001) (Fig. 4, upper panel). Thus, the animals responded to
an orexigenic agent administered IPVN. IPVN orexin-A
significantly increased food intake at both 2 and 4 h compared
with control (2 h food intake, orexin-A 0.03 nmol, 1.6±0.3 g vs
saline 0.5±0.3 g, P<0.005) (Fig. 4, lower panel). There was no
greater increase in food intake with a higher dose of orexin-A
(2 h food intake, orexin-A 0.3 nmol, 1.4±0.3 g vs orexin-A
0.03 nmol, 1.6±0.3 g, P=0.64).

Discussion

Recently, it has been suggested that orexin-A and orexin-B are
physiological mediators of appetite regulation (Sakurai et al.
1998). We have undertaken studies to compare the effects of
both peptides with established stimulants of food intake. NPY
is the most powerful orexigenic agent known, potently
stimulating feeding, and capable of causing an increase in body
weight (Stanley et al. 1986). MCH is a more recently
discovered stimulant of feeding (Qu et al. 1996). The MCH
knockout mouse has a reduced weight compared to wild-type

controls, demonstrating an important physiological role for this
peptide in body weight regulation in the mouse (Shimada et al.
1998). Galanin is less effective and shorter acting than NPY,
but nevertheless has been established as an important food
intake modulator (Tempel et al. 1988). 

We initially attempted to produce a dose response curve
comparing the effects of orexin-A and orexin-B with saline,
but this pilot data demonstrated no significant effect. This was
probably due to the large number of experimental groups and
the small effect of orexins on food intake (data not shown). As
it appeared that the orexins were not powerful orexigenic
agents, we compared their effect with established orexigenic
peptides.

Orexin-B was administered up to a dose of 30 nmol, the
maximum dose examined in the published report on orexins
(Sakurai et al. 1998). The orexigenic effect of orexin-B was
compared with NPY and MCH, the latter two were given at
much lower doses, though doses that stimulate food intake in
our hands (O’Shea et al. 1996, Rossi et al. 1996). Orexin-B
tended to increase food intake at high dose, however, both
NPY and MCH did significantly increase food intake. NPY

Figure 2  The expression of c-fos in representative coronal brain sections from the PVN (A and B), and the arcuate nucleus (ARC) and 
VMH (C and D). Rats were infused with 3 nmol orexin-A (A and C), or saline (B and D). Scale bars represent 100 µm.
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was significantly more effective than orexin-B, and MCH also
appeared to be a more powerful orexigenic agent than orexin-
B, even when the latter was administered at ten times the molar
concentration.

Orexin-A is thought to be more effective than orexin-B
(Sakurai et al. 1998). We compared the effects of orexin-A and
orexin-B, at doses at which they have been shown to stimulate
food intake (Sakurai et al. 1998), with NPY and galanin. Both
orexin-A and orexin-B caused a small increase in food intake,
however, again this was significantly less than with NPY. The
orexigenic effect of galanin only lasts for one hour (Kyrkouli et
al. 1986). There was no difference between the orexigenic
effect of galanin and the orexins over this time period. Orexin-
B significantly stimulated food intake in this study, which was
only a trend in the previous study, however, there was no
significant difference between the effects of the synthesised
and commercially produced orexin-B.

The distribution of orexin receptors has not so far been
reported, although they are expressed in the brain (Sakurai et
al. 1998). We investigated at what central nervous system sites
the orexins induce neuronal activation. We injected orexin-A
and found a highly significant and substantial stimulation of
expression of the immediate early gene, c-fos, in two
hypothalamic areas, the PVN and arcuate nucleus. There was
also a significant though smaller increase in c-fos in the VMH.
The PVN is well known to be an important area in the
regulation of food intake and is the major site of action of
many orexigenic agents including NPY (Stanley et al. 1984)
and galanin (Tempel et al. 1988). The arcuate nucleus and PVN
are the major sources of expression of endogenous NPY
(Chronwall et al. 1985). The VMH is an area also important in
the regulation of food intake particularly since its destruction
by lesioning causes obesity (Bray 1984).

The orexigenic effect we demonstrated with ICV orexins
was weak and only just statistically significant. Since many
neurons were being activated in the PVN by injection of

orexin-A, and a number of orexigenic peptides act at this site,
we injected directly into the PVN to determine whether this
might be a more sensitive area for the orexigenic effect of
orexin-A. NPY significantly increased food intake. Orexin-A
did stimulate food intake though poorly and apparently not to
the same extent as ICV orexin-A. The maximum effect
occurred at just 0.03 nmol. In common with other studies using
the expression of immediate early genes such as c-fos to map
the central actions of peptides (Herbert 1983), orexin-A may
not have a direct action on either the PVN or arcuate nucleus
but on a remote primary site that acts secondarily upon these
areas.

Thus, our data appears to indicate that orexin-A and
orexin-B are considerably less potent orexigenic agents than
NPY, and probably less than MCH, although not significantly
different from MCH or galanin. Indeed, orexin-B failed to
stimulate feeding significantly on occasions. Substantial

Figure 3 The number of c-fos positive neurons in the PVN, 
arcuate nucleus, and VMH following ICV orexin-A (hatched bar) 
or saline (open bar). *P<0.05, **P<0.005 vs saline.

Figure 4  Effect of orexin-A and NPY on food intake when 
administered IPVN to Wistar rats in the early light phase. Upper 
panel, 0.3 nmol NPY (solid bar), and saline (open bar), n=12-13 
per group. Lower panel, 0.03 nmol orexin-A (❒), 0.3 nmol 
orexin-A (■) and saline control (❍). n=15-16 per group. 
*P<0.05, **P<0.01, ***P<0.005, ****P<0.001 vs saline.
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induction of neuronal activation occurs in the PVN and arcuate
nucleus after injection of orexin-A. Orexin-A injected directly
into the PVN stimulates food intake, although this effect is not
powerful. The PVN may not be the primary site of action of the
orexins in their orexigenic role, though the orexins may
perform some other role via the PVN. Stimulation of c-fos
expression in the arcuate nucleus might suggest an interaction
between the orexins and NPY. Studies examining this would be
of interest.

Before the position of the orexins in the appetite regulation
hierarchy can be ascertained, further studies examining the
effects of chronic injection and the interactions with known
appetite regulatory peptides are required. Our data tends to
indicate that the orexins are not powerful orexigenic agents in
the rat. The potent up-regulation of prepro-orexin with fasting
and the substantial increase in c-fos expression in the PVN and
arcuate nuclei, particularly in response to orexin-A, combined
with the small effect on food intake, imply that this is not the
major physiological role of the orexins. We await
characterisation of the receptor(s) and development of
antagonists to assess the most important role for these peptides.
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