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Abstract

When food is available during a restricted and predictable time of the day, animals show increased locomotor and food searching behaviors
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efore the anticipated daily meal. We had shown that histamine-containing neurons are the only aminergic neurons related to
ecome active in anticipation of an upcoming meal. To further map, the brain regions involved in the expression of the feeding-a
ehavior, we quantified the expression of Fos in hypothalamic areas involved in arousal. We found that nearly 35% of the histami

rom the tuberomammillary nucleus were Fos-immunoreactive immediately before mealtime. One hour before this transient i
os-immunoreactivity, we found a similarly brief increase of fos mRNA in the tuberomammillary nucleus. In contrast, the activatio

ypes of perifornical hypothalamic neurons followed meal onset by 1–2 h. One neuron type was orexin/hypocretin-immunoreactive
ther type was neither orexin nor melanin concentrating hormone-immunoreactive. The present work indicates that the increase
ctivity that anticipates mealtime coincides with the activation of the tuberomammillary nucleus, and that the behavioral activation
onsummatory phase of feeding coincides more closely with the delayed activation of the perifornical hypothalamic area.
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. Introduction

In nature, animals take into account the temporal regular-
ties in food accessibility to increase foraging yield. When
ood is available during a restricted and predictable time of
he day, animals show increased food searching behaviors
efore that time[25,41]. Laboratory rodents, and rats in par-

icular, have proven a useful model to study the mechanisms
hat account for this anticipatory behavior under conditions
f feeding restricted to a few hours, usually at daytime, when

hey are resting under ad libitum conditions. It is reasonable
o assume that these rats have first to wake up in anticipation
f feeding time, to show the increased locomotor activity that

∗ Corresponding author. Tel.: +56 2 686 2853; fax: +56 2 222 5515.
E-mail address:ftorreal@genes.bio.puc.cl (F. Torrealba).

reflects food searching. It is thought that a food-entrain
circadian oscillator is involved in providing a time signal
the behavioral changes anticipating the time of food ar
[25,41]. Inzunza et al.[20] used Fos expression to map
activation of brain nuclei forming the ascending arousal
tem [35], in rats anticipating a morning meal. They fou
that histamine-containing neurons in the ventral part o
tuberomammillary nucleus (TMN)[20] increased Fos-ir ex
pression before mealtime, in this restricted feeding condi
In contrast, other aminergic neurons related to arousal d
show activation under restricted feeding. Inzunza et al.[20]
proposed that the increased TMN activity induced the w
ing up of the rats. A recent study[2] in rats under restricte
feeding for 3 weeks, confirmed that the TMN increased F
before mealtime. They also found that the lateral hypoth
mus and the perifornical area (PeF) show increased num
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Fos-ir neurons around feeding time. The existence of recipro-
cal connections between the PeF and the TMN[5,29,34,39]
suggests that the PeF and the TMN may both contribute to
the arousal that precedes an anticipated meal. A co-activation
of both hypothalamic areas is also suggested by the possible
dependence of the arousal effect of orexin A on the activation
of the histaminergic system[19].

The perifornical hypothalamic area (PeF) is a key re-
gion in the control of the sleep-wake cycles and of feed-
ing [4]. The PeF contains two identified populations of neu-
rons that express either orexin/hypocretin[13,34]or melanin-
concentrating hormone (MCH)[5]. Both peptide transmitters
have been implicated in feeding regulation[34,45]. Orexin is
also involved in the regulation of sleep-wake cycles, and in
narcolepsy[8,21,23,38,44,48]. However, the neurotransmit-
ter phenotype (orexin versus MCH) of the PeF neurons that
expressed Fos-ir, and the precise relationship between TMN
activation and PeF activation have not been determined in
animals under restricted feeding.

To study the temporal pattern of TMN versus PeF activa-
tion in anticipatory feeding behavior, we measured the ex-
pression of Fos in these hypothalamic sites at different times
before and after the onset of feeding in rats under a restricted
feeding schedule, and identified the neurotransmitter pheno-
type of the Fos-positive neurons. We found that TMN acti-
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to assess Fos protein expression in the hypothalamus, and
were doubly immunolabeled for orexin (16 rats), MCH (4
rats) or adenosine deaminase (ADA, 11 rats) to label TMN
neurons, because ADA co-exists with histamine markers in
TMN neurons[37]. Alternate sections containing the TMN,
from 16 of the 34 rats were used for in situ hibridization or
for immunohistochemistry to detect Fos expression.

Ten naive rats, kept under ad libitum feeding condition,
were killed between 8:00 to 11:30 h, to be used as controls
for basal Fos expression during the morning; and doubly im-
munolabeled for orexin, ADA or MCH.

The rats were anesthetized with 7% chloral hydrate
(300 mg/kg) and perfused with 400 ml 3% paraformaldehyde
in 0.1 M phosphate buffer (PB), pH 7.4. Coronal sections of
20 or 40�m were cut in a freezing microtome and used al-
ternatively for in situ hybridization to fos mRNA, or Fos-
immunohistochemistry (Fos-ir).

All experiments were carried out in accordance to the NIH
Guide for the Care and Use of Laboratory Animals (NIH Pub-
lications No. 80–23, revised 1996), and were approved by the
Ethics & Biosafety Committee of the Faculty of Biological
Sciences, Pontificia Universidad Catolica de Chile.

3. Methods
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ation preceded PeF activation; therefore we measure
RNA in the TMN to estimate the earliest time of TM
ctivation in anticipation of feeding time.

. Material and methods

.1. Animals

Fifty-six male Sprague–Dawley adult rats, weight
00–300 g were used in the present experiments. All rats

ndividually caged under a 12/12 h light/dark schedule (lig
n at 7:00 h). Water was available ad libitum.

Twelve rats were implanted, under ketamine/xyla
nesthesia (50/10 mg/kg; i.p.) and sterile conditions, wit
iotelemetric sensors (Mini Mitter, OR), to record con
ously their locomotor activity. The restricted feeding c
isted of allowing access to food from 9:00 to 10:00 h
rom 15:00 to 17:00 h. We used this two meals per day
ocol to decrease weight loss. It is known that rats are
o anticipate each of two meals when they are separat
–12 h (reviewed by Stephan 2001, p. 229) Locomotor a

ty was recorded 2 weeks under ad libitum and 2 weeks u
estricted feeding conditions. These rats were used to d
ine the time course of the food anticipatory activity un

he restricted feeding conditions of the present experim
he brains from these rats were not processed.

Another 34 rats were subjected to the restricted feedin
our days. On the morning of the fifth day, groups of these
ere killed between 6:15 and 12:00 a.m. The rats killed
:15 a.m. had had access to food. The brains were proc
.1. In situ hybridisation

Every in situ detection of fos mRNA was performed
ng two oligonucleotides probes (Bios Chile) labeled w
igoxigenin:

fos1: 5′-GCAGCGGGAGGATGACGCCTCGTAGTCC
CGTTGAAACCCGAGAA-3′ [3]
and fos2: 5′-CTCTACTTTGCCCCTTCTGCCGATGC

CTGCGCTCTGCCGCCTGA-3′, chosen from a sequen
f rat fos cDNA (Genebank) with the same % GC t

os1. Probes were checked against the Genebank da
or specificity.

Probes were labeled by tailing the 3′ end with digoxigenin
1-dUTP (Roche). We incubated 100 pmol of oligo
leotide with 1�l of digoxigenin-dUTP 1 mM, 0.9�l of
ATP 10 mM (Gibco), 25 U of terminal transferase, 5�l of

erminal transferase labeling buffer, 2.5�l of CoCl225 mM
Roche tailing kit) in a final volume of 25�l (1 h at 37◦C).
he reaction was stopped with a solution containing tR
35 U/ml and 0.2 M EDTA and the labeled probe was
ipitated with 4 M LiCl and cold 100% ethanol.

Floating sections were rinsed in sterile PBS before
ng pre-hybridized in 4× SSC buffer from Sigma-Aldric
SSC 20× : NaCl 3 M, sodium citrate 0.3 M, pH 7.4) and 1×
enhardt solution for 1 h at 40◦C. Thereafter, the sectio
ere immersed overnight at 40◦C in the hybridization buffe

0.6 mM NaCl; 0.4 mM EDTA; 1 mM DL–Dithiothreito
0% formamide, in Tris–HCl pH 7.5) containing 10 nM
eled probes. The sections were washed twice in 2× SSC
nce in 1× SSC and once in 0.5× SSC (10 min each)
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50◦C. The sections were incubated for 10 min in buffer A
(1 M NaCl, 0.1 M Tris, 20 mM MgCl2, pH 7.5) and then in
buffer A containing the alkaline phosphatase-labeled anti-
digoxigenin Fab fragments (Roche) 1:1000, for 90 min at
room temperature. The sections were then washed in buffer A
(3× 10 min) and in buffer B (0.1 M NaCl, 0.1 M Tris, 50 mM
MgCl2, pH 9.5) (10 min). Tissue-bound alkaline phosphatase
activity was visualized by incubating the sections with nitro
blue tetrazolium and 5-bromo-4chloro-3-indolyl phosphate
(Gibco) in buffer B, followed by PBS rinses. The sections
were mounted on gelatin-coated slides. Unspecific binding
was tested on tissue sections by carrying out the hybridization
in presence of an excess (100× ) of each unlabeled oligonu-
cleotide probe.

3.2. Immunohistochemistry

Fos immunohistochemistry was performed at room tem-
perature with a rabbit primary antibody (Ab-5, Oncogene
Science) specific to the Fos N-terminal domain. Free-floating
sections were rinsed with 0.01 M PBS and incubated in 0.3%
H2O2 for 30 min. To block nonspecific binding, sections were
rinsed in PBS and preincubated for 2 h in PBS containing
3% normal goat serum and 0.4% Triton X-100. Sections
were then incubated overnight with the Fos antibody diluted
1 ncu-
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is a more compact set of ADA-ir neurons adjacent to the pial
surface in the ventrolateral region of the caudal hypothala-
mus. At an intermediate level in the rostro-caudal dimension,
the TMNv can be easily recognized in Nissl stained sections
as an ovoid collection of magnocellular neurons adjacent to
the pial surface. To gain a detailed insight on the temporal
sequence of TMN activation relative to the expected morning
mealtime, we counted Fos-ir neurons in sections from inter-
mediate levels of the TMNv of 32 rats killed between 6:15 to
12:00 a.m. In these rats, we used adjacent Nissl stained sec-
tions to identify the intermediate region of the TMNv, and
counted Fos-ir neurons in at least four sections. To confirm
that the counts made in TMNv reflected the activation of his-
taminergic neurons in the whole TMN, we counted neurons
doubly labeled for Fos-ir and ADA-ir in a subset of the 32
rats (n= 11), from rostral, intermediate and caudal levels of
the TMNd (Fig. 1A, B) and the TMNv.

To count the neurons positive for fos mRNA in the TMNd
and TMNv, we outlined, under a camera lucida, both TMN
subdivisions[30] using the distribution of ADA-ir neurons
in the adjacent sections. The TMNd was delineated and
counted only in its rostral region, where it is more compact,
whereas the TMNv was delineated and counted in its rostral
and intermediate regions, were it is also more compact
(Fig. 1C, D).
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:20,000 in PBS. After washing in PBS, sections were i
ated for 1 h with biotinylated goat anti-rabbit IgG (Jack

mmuno Research) diluted 1:1000 in PBS. After additio
ashing in PBS, sections were reacted with avidin–b
omplex (Vector Elite kit; diluted 1:500 in PBS) for 1 h. A
er rinsing, sections were incubated in 0.1 M PBS contai
.04% 3,3′-diaminobenzidine tetra hydrochloride (Sigm
.02% nickel chloride, and 0.01% H2O2 for 8 min. The sec

ions were left overnight in PBS-azide. The second imm
abeling procedure was similar; except by the omission o
ickel intensification, and used antibodies against orex
CH (Phoenix Pharmaceuticals, 1:20,000) or ADA (Che

on, 1:5000) overnight at room temperature.
The specificity of the antibodies used was tested in se

ays. First, we increased the dilution of the primary antib
es, until the immunostaining was no longer visible. Sec
e checked and confirmed the published distribution o
ifferent antigens in brain tissue, and used antisera th
roduced the known localization. Third, adsorption cont
ave been reported for the antibodies that we used ag
rexin-A [9], ADA [18], c-Fos[10] and TH[42].

.3. Quantification

All counts were done on both sides of the brain, 6–7
ions per animal, by a person unaware of the experim
ondition of the rat. The TMN was subdivided into a do
TMNd) and a ventral (TMNv) region, following Paxinos a
atson[30]. While the TMNd is a loose collection of ADA

r neurons (except at the most rostral levels, see below
pread laterally from the roof of the third ventricle, the TM
In the left and right PeF, we identified orexin-ir (Fig. 1E),
r MCH-ir (Fig. 1F) neurons, and counted the cells dou

abeled with Fos-ir and either orexin-ir (Fig. 1E), or MCH-ir
Fig. 1F). We outlined under a camera lucida the left
ight PeF region containing orexin-ir neurons, and cou
he Fos-ir neurons contained within the delineated area
CH neurons showed any Fos-ir in any of the experime
r control rats (see below). We also counted the numb
os-irneurons interspersed between orexin neurons. These
eurons were also negative for MCH-ir.

.4. Data analysis

Data were expressed as individual data points a
he time interval studied, and as mean number of
ons/section± S.E.M. per one-hour bin. Means were co
ared by Kruskal–Wallis one-way analysis of variance
anks, followed by Dunn’s multiple comparisons test.

. Results

In agreement with many previous reports[20,25,41], the
roup of 12 rats with telemetric sensors shown inFig. 2 in-
reased their locomotor activity before the morning m
ime. After four days of restricted feeding, this antici
ory locomotor activity was higher than that observed
er ad libitum feeding condition (Fig. 2). This increased lo
omotor activity was maintained for the remaining day
estricted feeding, as described previously[25,41]. As ex-
ected from their nocturnal habits, the same rats und
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Fig. 1. Photomicrographs showing Fos expression in the TMN and PeF of rats killed at different times relative to the morning meal (9:00–10:00 a.m.). (Aand
B): Double labeling for Fos-ir (nickel intensified, black nuclei), and for ADA-ir (gray) in the rostral region of the TMNd. The rat in A was killed at 7:40a.m.,
and this animal had no Fos-ir in the whole TMN, whereas the rat in B, that was killed at 9:05, i.e. immediately before the anticipated mealtime, had many
ADA-ir neurons also expressing Fos-ir (three of them pointed by arrowheads). (C and D): sections prepared to show fos mRNA expression in the TMNv
(dotted outlines). The rat killed at 7:45 h had many TMNv neurons positive for fos mRNA (C), while the rat killed at 9:40 h had none (D). (E and F): Double
immunohistochemistry to Fos (black nuclei) and orexin (E) or MCH (F) in the PeF of a rat killed at 10:50 a.m. Arrows point to Fos-ir, singly labeled neurons,
and arrowheads point to double-labeled neurons. Thenon-orexin-ir neuronsthat were Fos-ir (arrows in E) were those neurons counted to construct the middle
panel graph ofFig. 5. Note, the lack of Fos-ir in the MCH-ir neurons. Bar, 40�m for A, B, E and F; and 80�m for C and D.

libitum feeding condition showed very low-locomotor activ-
ity at this clock time, which corresponds to their normal rest
period.

4.1. Fos expression in the TMN

We measured the number of Fos-ir neurons in the TMNv
of 32 rats, killed between 6:15 to 12:00 a.m. They all had had
access to food from 9:00 to 10:00 a.m. the previous four days
and, the day they were killed the rats had access to food after
9:15 a.m.

The experiments with double labeling for Fos-ir and ADA-
ir, performed in a subset (n= 11) of the 32 rats, showed that

restricted feeding induced a strong and transient Fos-ir in-
crease in ADA-ir neurons from all TMN regions (Fig. 3, up-
per panel). At its peak, this time-dependent Fos-ir staining
involved nearly 35% of ADA-ir neurons. This Fos-ir increase
contrasted with the absence of Fos-ir in the TMN of the con-
trol, näıve rats killed between 8:02 to 11:45 h (Fig. 3, upper
panel). The time-dependent increase in Fos-ir in the TMNd is
illustrated inFig. 1A and B. A detailed examination of ADA-
ir neurons revealed that the dorsal (Fig. 1B) and ventral TMN
divisions (not shown) increased Fos labeling simultaneously,
just before the anticipated food presentation. The increased
Fos labeling of ADA-ir neurons involved all rostro–caudal
levels of both TMNv and TMNd.
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Fig. 2. Mean± S.E. locomotor activity recorded from 8:30 to 9:00 a.m.,
in 12 rats. A restricted feeding schedule (food was available from 9:00 to
10:00 a.m.) started on day zero. The broken horizontal line shows the mean
locomotor activity during the last 5 days under ad libitum conditions. The
one-way ANOVA showed significant differences between ad libitum and
restricted feeding (p< 0.001), and the Newman–Keuls post-test indicated
that this difference was significant for days 4 and 8 (*p< 0.05 versus ad
libitum). The graph shows that these rats had increased locomotor activity
(i.e. they anticipated mealtime) after 4 days under restriction.

These findings were confirmed in the 32 rats where we
analyzed the TMNv subdivision in more detail. The TMNv
showed a strong and transient peak of neurons expressing
Fos-ir immediately before the expected feeding time (Fig. 3,
middle panel). The steep raise in Fos-ir expression represents
the counts made in five rats killed between 8:45 and 9:14 h,
and this half-hour bin was significantly different (p< 0.05, see
legend inFig. 5) from all other half-hour bins from rats under
restricted feeding. These results confirmed and extended our
finding [20] that an increase in Fos-ir staining of the TMNv
precedesthe 9:00 a.m. meal.

To assess the earliest time of increased Fos expression in
the TMN triggered by the anticipation of feeding time, we
studied fos mRNA expression in the TMN (n= 18 rats). The
Fos protein peak in the TMN was preceded by a peak of fos
mRNA expression (Fig. 3) in both the TMNv (Figs. 1C and D)
and in the TMNd divisions. The brief increase in fos mRNA
is consistent with the transient kinetics of the Fos protein (see
Section5). The maximal fos mRNA expression took place
about 75 min before feeding time.

4.2. Temporal course of Fos-ir staining in the PeF

In the PeF, about 15–45 orexin-ir neurons/section/side
(roughly 12–35% of the orexin-ir neurons) were Fos-ir af-
t
a orn-
i ons
d ored
n
T ubset
o ctu-

Fig. 3. Time course of Fos-ir and of fos mRNA expression in the TMN rela-
tive to daily mealtime (vertical-shaded box), in rats subjected to a restricted
feeding schedule. Food had been available from 9:00 to 10:00 a.m. the previ-
ous 4 days, and was also available after 9:15 a.m. the day of the experiment.
Each data point represents a single rat. Upper panel: the TMN activation is
shown as the percentage of ADA-ir neurons expressing Fos-ir in the whole
TMN in 11 rats subjected to restricted feeding (�). The expression of Fos-ir
in ADA-ir neurons from ad libitum fed rats ((�) n= 10) is also shown; they
were used to control for circadian, or spontaneous TMN activation. Middle
panel: number of neurons/section in the TMNv expressing Fos-ir in32 rats
under restricted feeding (�). Lower panel: number of neurons/section ex-
pressing fos mRNA in the TMNd (�) and in the TMNv (�) in 18 rats under
restricted feeding.
er the onset of feeding (Figs. 1E, 4). Control, näıve rats had
lmost no Fos-ir in the orexin-ir PeF neurons during the m

ng (Fig. 5, upper panel). In marked contrast, MCH-ir neur
id not show Fos expression during the time window expl
either in the experimental nor in the control rats (Fig. 1F).
he PeF showed increased Fos-ir staining in a large s
f neurons different from those expressing orexin-ir. A
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Fig. 4. Time course of Fos-ir in the PeF relative to daily mealtime, during the
morning of the fifth day of restricted feeding (RF, and vertical-shaded box).
Upper panel shows the number of orexin-ir (n= 21 rats) neurons that also
expressed Fos-ir. The basal Fos protein expression in the orexin-ir neurons
(n= 10 control rats fed ad libitum) was very low during the morning. Lower
panel shows the number of Fos-ir neurons/section in the PeFthat are neither
orexin-ir norMCH-ir(n= 20 rats). In this case, we counted the Fos-ir neurons
within the PeF region outlined by the presence of orexin-ir neurons (see
Section3 for details, and arrows inFig. 1E.The basal Fos protein expression
in the non-orexin, non-MCH neurons in the PeF (n= 10 control rats fed ad
libitum) was negligible during the morning.

ally, about two-third of the neurons showing Fos-ir in the PeF
were not orexin-ir (Figs. 1E, 4, 5), and also were not MCH-ir,
since no MCH-ir neurons showed Fos-ir in the present exper-
iments. Therefore, our results indicate that the PeF contains
a relatively large third population of neurons that increased
Fos-ir expression after the meal onset. These neurons of un-
known neurotransmitter phenotype showed, like the orexin-ir
neurons, a maximum of Fos-ir staining at 0.5–1.5 h after meal
onset.

In contrast to the TMN, the maximal number of neurons
expressing Fos protein in the PeFfollowed the onset of the
meal. The peak occurred between 9:30 to 11:00 h, that is,
nearly one hour after the rats started eating, and nearly 1.5 h
after the maximal increase in Fos-ir of the TMN.Fig. 5shows
a summary of the Fos-ir expression pattern in the TMN and
the PeF.

Fig. 5. Mean± S.E.M. number of neurons expressing Fos relative to meal-
time (vertical-shaded box) in the TMN (upper panel) and the PeF (lower
panel). The data from the individual rats shown inFigs. 3 and 4were grouped
in one-hour or half-hour bins to obtain these graphs. Kruskal–Wallis one-way
analysis of variance on ranks, followed by the Dunn’s test.*p< 0.05 respect
to the counts made at other times within the respective experimental series.
&p< 0.05 respect to 7–9 a.m.#p< 0.05 relative to 7–9 and 12 a.m.+p< 0.05
relative to 7 and 8 a.m.

5. Discussion

The present study used Fos expression to examine the tem-
poral course of activation, relative to meal time, of TMN and
PeF, two hypothalamic regions related to arousal, in rats that
were under a restricted feeding schedule. Rats in this condi-
tion presented increased locomotor activity in anticipation of
mealtime. Although we did not measure electroencephalo-
graphic changes in these rats to assess their waking state, we
are assuming that the increased locomotor activity induced
by the expectation of food was accompanied by awakening.
This increased locomotor activity, observed at the morning
hours when rats are normally sleeping, was accompanied by
the activation of all TMN subdivisions, whereas activation of
PeF followed by nearly one hour the onset of feeding. These
findings, together with our previous study where we mapped
the activation of the aminergic nuclei related to arousal[20],
show that the TMN is the only nucleus of the ascending
arousal system that expresses Fos in anticipation of feeding
time.
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In contrast, the rats fed ad libitum, showed no Fos-ir
in the TMN or the PeF during the morning, when they
normally rest. These observations agree with the finding
that Fos expression in the TMN is highly correlated with
polysomnographically-measured spontaneous wakefulness
(rats)[22] and with modafinil-induced (rats)[36] or with his-
tamine H3 receptor ligand-induced wakefulness (cats)[47].
Correspondingly, TMN neurons[40,46,47]show higher rates
of action potentials during wake. Moreover, studies on the cir-
cadian rhythmicity of histamine release in the brain found a
minimum of histamine release during the rest period, and a
maximum during the active phase[7,17,26,31]. The ad libi-
tum fed animals presented no Fos-ir in the PeF during the
morning, which agrees with the low activation of PeF/orexin
neurons during the rest period of the rat[16]. The above
findings indicate that the transient activation of the TMN or
the PeF in rats under restricted feeding is triggered by food
anticipation, and it is not a spontaneous, or a circadian phe-
nomenon.

The duration of the anticipatory TMN activation, at least
as assessed by Fos-ir expression, was at most half an hour.
A similarly brief increase in Fos-ir expression was reported
in the TMN of rats after 3 weeks under restricted feeding
[2], when rats have fully developed food anticipatory ac-
tivity. We found that about 75 min before mealtime there
w ed
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and the nucleus of the solitary tract. Both nuclei send pro-
jections to the TMN[15], and lesions to the parabrachial
nucleus can disrupt the anticipatory behavior we are dis-
cussing[11]. However, a recent study on the temporal pattern
of Per1expression in rats under restricted feeding seems to
rule out the digestive system as a food-entrainable oscillator
[12].

The prefrontal cortex is another candidate to provide feed-
ing related timing signals to the TMN. Cortical neurons ex-
press clock genes[1,32] and this expression may be phase-
shifted by feeding[14,33]. Excitatory signals that could acti-
vate the TMN before mealtime might come from cortical af-
ferents, via the direct connections from the medial prefrontal
cortex to the TMN[49]. The prefrontal cortex is essential
in planning actions, and receives direct and indirect inputs
from many other cortical areas, so that the prefrontal cortex
might funnel timing signals from extensive cortical territories
[24,28] to the TMN[28].

An increase in the activity of TMN neurons may induce
a widespread release of histamine in the brain, increasing
behavioral activation and locomotor activity. Thus, TMN ac-
tivation may be a key component of the appetitive phase, that
“energizes” this motivated, food-seeking behavior[43]. In
turn, the TMN may be activated by timing signals related to
a high probability of getting food, based on the history of
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hose peaks in the rat visual cortex[50]. Assuming that fo
RNA peaks about 15 min after stimulation[27], we specu

ate that whatever signals stimulated the TMN, these sig
hould have occurred at about 90 min before the anticip
ealtime.
The PeF also showed a surge of activity that lasted

bout 1 h, but that started after the animals were eating
eF activation after meal onset involved orexin-ir neu

one-third of Fos-ir neurons in the PeF), and neurons o
nown chemical phenotype (two-third of Fos-ir neuron
he PeF). In contrast, we found no Fos-ir in MCH-ir neur
n animals under either restricted or ad libitum feeding c
itions. These results do not support a role for orexin,

he PeF, in the anticipatory arousal related to restricted
ng, but suggest that orexin and the PeF may be impo
o maintain a stable state of vigilance while the animal
35]. The cholinergic neurons in the laterodorsal tegme
ucleus may also contribute to maintain arousal during f

ng, since these neurons also became active when th
ere eating[20].
The most accepted explanation for the feeding rel

nticipatory behavior requires the existence of a fo
ntrainable oscillator different from the suprachiasmatic
leus[25,41], because the anticipatory behavior persis
nimals with lesions of this nucleus[25,41]. Signals from
utative peripheral circadian oscillators in the digestive

em [6] could reach the TMN via the parabrachial nucl
btaining food at that time of the day.
We conclude that TMN activation precedes an anticip

eal in rats under a restricted feeding schedule. In con
rexin-ir neurons, and neurons of unknown neurotrans

er phenotype from the PeF were active during feeding
ctivation of PeF neurons was delayed by nearly one
elative to TMN activation.

cknowledgments

Financed by Fondecyt grants 1020718 and 2010137
ecesup UCH 9903.

eferences

[1] Abe M, Herzog ED, Yamazaki S, Straume M, Tei H, Sak
Y, et al. Circadian rhythms in isolated brain regions. J Neur
2002;22:350–6.

[2] Angeles-Castellanos M, Aguilar-Roblero R, Escobar C. c-Fos
pression in hypothalamic nuclei of food-entrained rats. Am J Ph
Regul Integr Comp Physiol 2004;286:R158–65.

[3] Beer J, Mielke K, Zipp M, Zimmermann M, Herdegen T. Expr
sion of c-jun, junB, c-fos, fra-1 and fra-2 mRNA in the rat br
following seizure activity and axotomy. Brain Res 1998;794:2
66.

[4] Bernardis LL, Bellinger LL. The lateral hypothalamic area
visited: ingestive behavior. Neurosci Biobehav Rev 1996;20:
287.

[5] Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon
al. The melanin-concentrating hormone system of the rat brai



M.M. Meynard et al.

immuno-and hybridization histochemical characterization. J Comp
Neurol 1992;319:218–45.

[6] Buijs RM, Kalsbeek A. Hypothalamic integration of central and pe-
ripheral clocks. Nat Rev Neurosci 2001;2:521–6.

[7] Burns TA, Huston JR, Spieler RE. Circadian variation of brain his-
tamine in goldfish. Brain Res Bull 2003;59:299–301.

[8] Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T, Lee
C, et al. Narcolepsy in orexin knockout mice: molecular genetics of
sleep regulation. Cell 1999;98:437–51.

[9] Chen CT, Dun SL, Kwok EH, Dun NJ, Chang JK. Orexin A-like
immunoreactivity in the rat brain. Neurosci Lett 1999;260:161–4.

[10] Constandil L, Parraguez VH, Torrealba F, Valenzuela G, Seron-Ferre
M. Day-night changes in c-fos expression in the fetal sheep suprachi-
asmatic nucleus at late gestation. Reprod Fertil Dev 1995;7:411–
3.

[11] Davidson AJ, Cappendijk SL, Stephan FK. Feeding-entrained cir-
cadian rhythms are attenuated by lesions of the parabrachial re-
gion in rats. Am J Physiol Regul Integr C 2000;278:R1296–
304.

[12] Davidson AJ, Poole AS, Yamazaki S, Menaker M. Is the food-
entrainable circadian oscillator in the digestive system? Genes Brain
Behav 2003;2:32–9.

[13] De Lecea L, Kilduff TS, Peyron C, Gao XB, Foye PE, Daniel-
son PE, et al. The hypocretins: hypothalamus-specific peptides with
neuroexcitatory activity. Proc Nat Acad Sci USA 1998;95:322–
7.

[14] Dudley CA, ErbelSieler C, Estill SJ, Reick M, Franken P, Pitts S, et
al. Altered patterns of sleep and behavioral adaptability in NPAS2-
defficient mice. Science 2003;301:379–83.

[15] Ericson H, Blomqvist A, Kohler C. Brainstem afferents to the
fer-
169–

[ M,
with

[ and
uced

[ al R,
tha-
rosci

[ n-
n of
965–

[ il-
edule

[ sys-
rosci

[ ke-
Res

[ eep
cretin

[ tex

[ od-
Rev

[ da
us of

[27] Morgan JI, Curran T. Stimulus-transcription coupling in the nervous
system: involvement of the inducible proto-oncogenes fos and jun.
Annu Rev Neurosci 1991;14:421–51.

[28] Ongur D, Price JL. The organization of networks within the orbital
and medial prefrontal cortex of rats, monkeys and humans. Cerebral
Cortex 2000;10:206–19.

[29] Panula P, Pirvola U, Auvinen S, Airaksinen MS. Histamine-
immunoreactive nerve fibers in the rat brain. Neuroscience
1989;28:585–610.

[30] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. Syd-
ney: Academic Press; 1998.

[31] Prast H, Dietl H, Philippu A. Pulsatile release of histamine in the
hypothalamus of conscious rats. J Auton Nerv Syst 1992;39:105–10.

[32] Reick M, Garcia JA, Dudley C, McKnight SL. NPAS2: an
analog of clock operative in the mammalian forebrain. Science
2001;293:506–9.

[33] Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock and
NPAS2 DNA binding by the redox state of NAD cofactors. Science
2001;293:510–4.

[34] Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka
H, et al. Orexins and orexin receptors: a family of hypothalamic
neuropeptides and G protein-coupled receptors that regulate feeding
behavior. Cell 1998;92:573–85.

[35] Saper CB, Chou TC, Scammell TE. The sleep switch: hypothala-
mic control of sleep and wakefulness. Trends Neurosci 2001;24:
726–31.

[36] Scammell TE, Estabrooke IV, McCarthy MT, Chemelli RM, Yanagi-
sawa M, Miller MS, et al. Hypothalamic arousal regions are activated
during modafinil-induced wakefulness. J Neurosci 2000;20:8620–
8.

[ exis-
gluta-
rosci

[ Cell

[ hala-
leus

[ ep-
amus

[ hashi
ork:

[ ps
d by
Res

[ ker
rk:

[ resh-

[ me-
Neu-

[ ke-

[ eu-
amine
ving

[ to
nnu
tuberomammillary nucleus in the rat brain with special re
ence to monoaminergic innervation. J Comp Neurol 1989;281:
92.

16] Estabrooke IV, McCarthy MT, Ko E, Chou TC, Chemelli R
Yanagisawa M, et al. Fos expression in orexin neurons varies
behavioral state. J Neurosci 2001;21:1656–62.

17] Friedman AH, Walker CA. Rat brain amines, blood histamine
glucose levels in relationship to circadian changes in sleep ind
by pentobarbitone sodium. J Physiol 1969;202:133–46.

18] Gerashchenko D, Kohls MD, Greco M, Waleh NS, SalinPascu
Kilduff TS, et al. Hypocretin-2-saporin lesions of the lateral hypo
lamus produce narcoleptic-like sleep behavior in the rat. J Neu
2001;21:7273–83.

19] Huang Z-L, Qu W-M, Li W-D, Mochizuki T, Eguchi N, Wata
abe T, et al. Arousal effect of orexin A depends on activatio
the histaminergic system. Proc Nat Acad Sci USA 2001;98:9
70.
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