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(OX R), and orexin receptor-2 (OX R) (1). Several evi-
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The aim of this study was to determine the effects of
eptin treatment on prepro-orexin and orexin receptor
xpression in the rat hypothalamus. Adult male rats,
ood-deprived for 48 and 72 h, were treated one time
ith vehicle or leptin (10 mg, icv). Prepro-orexin
RNA content was measured by semiquantitative RT-
CR, Northern blot, and in situ hybridization; orexin
eceptor 1 and 2 mRNA content was quantified by
orthern blot and/or semiquantitative RT-PCR. Our

esults indicate that leptin inhibits a fasting-induced
ncrease in prepro-orexin mRNA and orexin receptor 1

RNA levels in the rat hypothalamus, while orexin
eceptor 2 mRNA levels were unchanged in all situa-
ions evaluated. These data provide direct evidence
or an additional mechanism of adaptation of the hy-
othalamus to food deprivation and for a new effect of

eptin in the regulation of food intake. © 2000 Academic

ress

Key Words: prepro-orexin; orexin receptors; hypo-
halamus; leptin; fasting; feeding; obesity; RT-PCR;
n situ hybridization; Northern blot.

The hypothalamus plays a central role in the inte-
rated control of feeding and energy homeostasis. Two
ovel hypothalamic neuropeptides: the orexins A and B
OX-A and OX-B) have recently been identified and
hown to play a role in the regulation of food intake (1).
oth of them derived from a common precursor, the
repro-orexin (prepro-OX, also called prehyprocretin),
hich is synthesized in neurones within and around

he lateral and posterior hypothalamus in the adult rat
rain (1–4). The orexin-containing neurones project to
ultiple sites of the central nervous system (5, 6)
hese peptides bind and activate two closely related
-protein coupled receptors, called orexin receptor 1

1 To whom correspondence should be addressed at Department of
hysiology, Faculty of Medicine, S. Francisco s/n (15705), Santiago
e Compostela, Spain. Fax: 981574145. E-mail: fscadigo@usc.es.
41
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ences suggests the involvement of the orexin in the
egulation of feeding, so, the central administration of
rexins increases food intake (1), and the levels of
repro-OX mRNA are clearly influenced by the nutri-
ional status of the animal, being up-regulated upon
asting (1).

Leptin, the product of the ob gene, is a hormone
ainly synthesized in the adipose tissue, and which is

mportant in the regulation of food intake, energy ex-
enditure and adiposity (7). Recently, it has been re-
orted that orexin-containing neurones in the lateral
ypothalamic area expressed leptin receptors (8), al-
hough the particular subtype and therefore the sig-
aling competence of these receptors is uncertain.
oreover, chronic treatment with leptin (ip) decreased
X-A concentration in the lateral hypothalamus (9).
hese findings suggest that leptin may influence food

ntake by regulating orexin-gene expression, among
ther mechanisms.
To evaluate this possible functional linkage between

eptin and orexins, we determined the effects of leptin
dministration (icv) on prepro-OX mRNA levels, as
ell as on OX1R- and OX2R-gene expression in the rat
ypothalamus.

ATERIAL AND METHODS

Animals. Adult male Sprague–Dawley rats (200–250 g) were
oused on a 14-h light (8:00 to 22:00), 10-h dark cycle, in a temper-
ture and humidity controlled room. Animals were allowed free
ccess to standard laboratory pellets of rat chow and tap water.

Implantation of intracerebroventricular cannulae and leptin treat-
ent. Chronic intracerebroventricular (icv) cannulae were im-

lanted under sodium pentobarbital anaesthesia (50 mg/kg, ip), as
escribed previously (10). Animals were used for the experiment a
eek later, thereafter, the rats continued to have food available ad

ibitum (Fed rats), or were deprived of food for 48 or 72 h (Fast 48 h,
nd Fast 72 h). After this, rats received a single administration
ither vehicle (5 ml of distilled water) or leptin (10 mg per rat,
issolved in 5 ml of distilled water), kindly supplied by Eli Lilly, for
h as described previously (10); during this time rats were main-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ained in the same conditions (fed or fast) than after treatment. All
xperiments were conducted during the beginning of the lights-on
hase (10:00). We used 11–13 animals in each group.

Hypothalamic dissection and RNA isolation. To isolate the hypo-
halamus, animals were decapitated and their brains removed rap-
dly. The hypothalamus, defined by the posterior margin of the optic
hiasm and the anterior margin of the mamillary bodies to the depth
f approximately 2 mm, was dissected out and frozen immediately
nto dried ice. Total RNA was isolated using Trizol Reagent (Gibco-
RL, Life Technologies, U.S.A.). The content of prepro-OX mRNA
nd OX1R and OX2R mRNA was analyzed in each hypothalamus
ndividually.

RT-PCR. The RT and PCRs were carried out as described else-
here (11). To assure that the PCR was performed in a linear range,

amples were amplified for 15, 20, 25, 30, 35 and 40 cycles. As shown
n Fig. 1 the reactions were linear under these conditions. Therefore,
e used 28 cycles of amplification in all our experimental samples.
mplified products were quantitated by densitometry using a digital

maging system (Molecular Analyst, Bio-Rad, Hercules, CA) (12).

Northern blot. Northern blot analysis was carried out as de-
cribed previously (13) using 20 mg of total RNA. Antisense ribo-
robes labeled with 32P-CTP were used to detect prepro-OX and
X1R mRNA levels.

In situ hybridization. For in situ hybridization coronal hypotha-
amic sections (15 mm) were cut on a cryostat, and immediately
tored at 280°C until hybridization. An antisense riboprobe for
repro-OX, labeled with [32P]CTP was used, and the hybridization
as performed as reported (14). Prepro-OX sense riboprobe was used
s negative control. To compare anatomically similar regions, slides

FIG. 1. Amplification plots for (A) HPRT, (B) Prepro-OX (C) OX1

ycles. The reaction was linear over this range for all PCR-products
42
ere matched according to the rat brain atlas of Paxinos and Watson
15). Sections from at least three animals per experimental group
ere processed together, and were always apposed to the same
utoradiographic film. Independent experiments were repeated at
east three times. All sections were scanned and the specific hybrid-
zation signals were quantitated by densitometry using digital im-
ging system (Molecular Analyst, Bio-Rad). All sections were as-
essed bilaterally. The background pixel density for each section was
easured, and the specific signal was corrected subtracting this

ackground value.

Statistical analysis. RT-PCR and in situ data was analyzed by
rdinary parametric ANOVA followed by post hoc Bonferroni test.
or all test significance was set at the P , 0.05 level.

ESULTS

asting Increases Prepro-OX mRNA Levels and OX1R
Content in the Rat Hypothalamus

Rats deprived of food for 48 h exhibited a significant
ncrease in prepro-OX mRNA versus normally fed rats
s assessed by either RT-PCR, in situ hybridization
nd Northern blot (Figs. 2–4). In contrast OX1R and
X2R mRNA levels were not changed under these ex-
erimental condition (Figs. 2 and 4). In rats that were
ood-restricted for 72 h, prepro-OX mRNA were further
ncreased (Figs. 2–4), and OX1R mRNA levels were
ow higher than the levels observed in fed rats (Figs. 2

nd (D) OX2R. Samples were amplified for 15, 20, 25, 30, 35, and 40
, correlation coefficient of the linear range).
R, a
. (r
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nd 4). In contrast, no significant changes were ob-
erved in OX2R mRNA content (Fig. 2).

eptin Reverses the Fasting-Induced Increase
on Prepro-OX and OX1R mRNAs
in the Rat Hypothalamus

Since food deprivation is associated with a marked
ecrease in serum leptin levels (7) and leptin receptors
re expressed in orexin producing neurones (8), we
ext assessed whether the effects of food-deprivation
n prepro-OX and OX1R mRNA levels would be re-
ersed by exogenous leptin administration. We found
hat leptin administration reversed the stimulatory
ffect of food-deprivation on both prepro-OX and OX1R
RNA levels (Figs. 2–4). In contrast OX2R mRNA

evels were not modified by leptin (Fig. 2). However,
eptin treatment have no effects on prepro-OX and
X1R mRNA content in fed rats (Figs. 2–4).

ISCUSSION

Previous data regarding the possible interaction be-
ween leptin and orexins have failed to reach an unan-
mous conclusion. The findings that prepro-OX mRNA

FIG. 2. (A) Representative RT-PCR detection of (A) HPRT, (B) pr
ed rats, rats deprived of food and treated with vehicle for 48 hours
ast 72 h 1 lep). (E) Prepro-OX, OX1R and OX2R mRNA levels (mean
ats deprived of food for 48 h and treated with leptin, rats deprived of
ata (mean 6 SEM) were expressed in relation to HPRT levels. *P ,
s FAST 72 h.
43
evels were decreased in ob/ob and db/db mice (16) led
o some authors to conclude that the effects of leptin on
ood intake were not mediated by orexins. On the other
and, it has been recently published that systemic
intraperitoneal) administration of leptin to Siberian
amsters does not induce significant changes in hypo-
halamic prepro-OX mRNA levels (17). On the con-
rary, others have found elevated orexin concentra-
ions in the brains of Zucker rats (18), while
xperiments carried out in normal rats have shown the
resence of leptin receptors in orexin-containing neu-
ones (8). All together these data suggest a regulatory
ole of leptin on orexin-producing neurones (8, 9).
Our data, showing a stimulatory effect of food-de-

rivation on the hypothalamic prepro-OX mRNA levels
hat was reversed by leptin administration, provide
ew evidence that leptin regulates orexin gene expres-
ion in food restricted rats. However, leptin treatment
id not change prepro-OX mRNA content in ad libitum
ed rats. Whether the opposite effects on prepro-OX

RNA levels found in ob/ob and db/db mice, in com-
arison to our data, are due to the different experimen-
al animals used, rats vs mice, or to the fact that these
enetically obese mice exhibit many other endocrine

o-OX, (C) OX1R and (D) OX2R mRNA levels in the hypothalamus of
st 48 h) or 72 h (Fast 72 h), or treated with leptin (Fast 48 h 1 lep;
SEM) in the hypothalamus of fed rats, rats deprived of food for 48 h,
d for 72 h, and rats deprived of food for 72 h and treated with leptin.
05 vs FED; **P , 0.001 vs FED; †P , 0.01 vs FAST 48 h; #P , 0.01
epr
(Fa
s 6
foo
0.
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nd metabolic alterations that could influence
repro-OX gene expression remains to be established.
In addition to the reported effects of food-deprivation

nd leptin on prepro-OX mRNA content, we assessed
n the same experimental model the levels of OX1R and
X2R mRNA obtained by RT-PCR and/or Northern
lot. Our data provide the first evidence that OX1R
RNA levels are up-regulated by food-deprivation in

he rat hypothalamus, an effect that is reversed after
xogenous leptin administration. On the contrary,
X2R mRNA levels were unchanged in the same ex-
erimental setting. These data indicate a different reg-
lation of both types of receptors, which is also sup-
orted by their different anatomical distribution
ithin the hypothalamus: OX1R is present mostly in

he ventromedial nucleus, and OX2R is localized in the

FIG. 3. (A) Autoradiographic images of representative brain coro
ntisense and sense prepro-OX RNA probes in the described experim
B) Prepro-OX mRNA levels (mean 6 SEM) were expressed in relatio
s FED, †P , 0.01 vs FAST 48 h; #P , 0.05 vs FAST 72 h.

FIG. 4. Northern blot analysis of hypothalamic prepro-OX and
embranes was rehybridized with 18S rRNA as an internal referen
44
araventricular nucleus (19), indicating that these two
eceptors may influence different functions. Indeed,
ecent data suggest that the OX2R is involved in the
leep control. Thus, it was found that knock-out mice
acking the prepro-OX gene exhibited sleep control ab-
ormalities that resembling narcolepsy (20). In keep-

ng with this observation, using the well-characterized
anine models of narcolepsy, namely a breed of Dober-
an and Labrador retriever, two different deletions in

he transcripts of the OX2R were found (21). Taken
ogether these data indicate that the interaction of
rexins with the OX2R appears to be a key signaling
athway in sleep regulation. On the other hand, taking
nto account that we found that OX1R is influenced by
utritional status, it is tempting to suggest that the
ffects of orexins on food intake are mainly influenced

sections at the level of the hypothalamus incubated with 35S-labeled
tal groups. Prepro-OX mRNA is found in the lateral hypothalamus
o mRNA levels of vehicle treated rats. *P , 0.05 vs FED; **P , 0.01

1R mRNA expression in the described experimental groups. The
for the amount of RNA loaded.
nal
en

n t
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ce



through the OX R. Further studies with specific ago-
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1

ist and antagonist drugs of both receptor subtypes
hould help to clarify this issue.
In summary, our data show that prepro-OX mRNA

nd OX1R but not OX2R mRNA levels in the hypothal-
mus are up-regulated by food-deprivation, an effect
hat can be reversed by exogenous leptin administra-
ion. These data provide direct evidence of an addi-
ional mechanism of adaptation of the hypothalamus to
ood-deprivation and of the action of leptin in the reg-
lation of food intake.
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3. Quintela, M., Señarı́s, R., Heiman, M., Casanueva, F., and Di-
eguez, C. (1997) Endocrinology 138, 5641–5644.

4. Bennett, P., Lindell, K., Karlsson, C., Robinson, I., Carlsson, L.,
and Carlsson, B. (1998) Neuroendocrinology 67, 29–36.

5. Paxinos, G., and Watson, C. (1986). The Rat Brain in Stereotaxic
Coordinates, 2nd ed., Academic Press, Sydney.

6. Yamamoto, Y., Ueta, Y., Date, Y., Nakazato, M., Hara, Y.,
Serino, R., Nomura, M., Shibuya, I., Matsukura, S., and Ya-
mashita, H. (1999) Mol. Brain Res. 65, 14–22.

7. Reddy, A., Cronin, A., Ford, H., and Ebling, J. (1999) Eur.
J. Neurosci. 11, 3255–3264.

8. Mondal, M., Nakazato, M., Date, Y., Murakami, N., Hanada, R.,
Sakata, T., and Matsukura, S. (1999) Neurosci. Lett. 273, 45–48.

9. Trivedi, P., Yu, H., MacNeil, D., Van der Ploeg, L., and Guan, X.
(1999) FEBS Lett. 438, 71–75.

0. Chemelli, R., Willie, J., Sinton, C., Elmquist, J., Scammell, T.,
Lee, C., Richardson, J., Williams, S., Xiong, Y., Kisanuki, Y.,
Fitch, T., Nakazato, M., Hammer, R., Saper, C., and Yanagi-
sawa, M. (1999) Cell 98, 437–451.

1. Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., Qiu,
X., de Jong, P., Nishino, S., and Mignot, E. (1999) Cell 98,
365–376.


	MATERIAL AND METHODS
	FIG. 1

	RESULTS
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

