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Increases in arousal and activity in anticipation of a meal, termed
‘‘food anticipatory activity’’ (FAA), depend on circadian food-
entrainable oscillators (FEOs), whose locations and output signals
have long been sought. It is known that ghrelin is secreted in
anticipation of a regularly scheduled mealtime. We show here that
ghrelin administration increases locomotor activity in nondeprived
animals in the absence of food. In mice lacking ghrelin receptors,
FAA is significantly reduced. Impressively, the cumulative rise of
activity before food presentation closely approximates a Gaussian
function (r � 0.99) for both wild-type and ghrelin receptor knock-
out animals, with the latter having a smaller amplitude. For both
groups, once an animal begins its daily anticipatory bout, it keeps
running until the usual time of food availability, indicating that
ghrelin affects response threshold. Oxyntic cells coexpress ghrelin
and the circadian clock proteins PER1 and PER2. The expression of
PER1, PER2, and ghrelin is rhythmic in light–dark cycles and in
constant darkness with ad libitum food and after 48 h of food
deprivation. In behaviorally arrhythmic-clock mutant mice, unlike
control animals, there is no evidence of a premeal decrease in
oxyntic cell ghrelin. Rhythmic ghrelin and PER expression are
synchronized to prior feeding, and not to photic schedules. We
conclude that oxyntic gland cells of the stomach contain FEOs,
which produce a timed ghrelin output signal that acts widely at
both brain and peripheral sites. It is likely that other FEOs also
produce humoral signals that modulate FAA.
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Daily f luctuations of CNS arousal and activity require energy
output and reflect the need for energy input. Here, we

investigate mechanisms that constitute the intersection among
circadian time, eating behavior, CNS arousal, and metabolic
state. The body uses an endogenous circadian timing system,
termed ‘‘food-entrainable oscillators’’ (FEOs), to predict the
availability of food. These activate food-seeking behaviors and
enable the synthesis and secretion of enzymes necessary for
digestion before mealtime. For regularly scheduled daily meals,
the behavioral manifestation of this timing mechanism is the
expression of food anticipatory activity (FAA), reflected in an
increase in activity several hours before the appearance of food.
Food anticipatory behavior provides an experimentally tractable
window for exploring phenomena associated with anticipatory
behavior and the regulation of eating. Many historical lines of
evidence converge to indicate that a circadian rather than
homeostatic mechanism controls FAA (1). Among these, even
when food is withheld for several days and all other environ-
mental conditions are constant, FAA occurs at the time of day
that meals had been available previously. FAA survives ablation
of the suprachiasmatic nucleus, indicating that this behavior does
not require the master clock in the hypothalamus.

Understanding the nature and localization of FEOs has been
both controversial and elusive (2–4). In the search for a nervous
system site, it remains unresolved whether FEOs lie at one locus
or in a network of multiple loci, and whether they are localized

to the CNS or also include peripheral nervous system elements.
Multiple food-entrainable circadian oscillators have been dis-
covered in the brain and periphery (5), stimulating the search for
the localization and identification of FEOs regulating FAA.
Many brain areas have been implicated as the neural locus of
FEOs, but each of such claims has been challenged (1, 6). Most
recently, the dorsomedial hypothalamus (DMH) has been des-
ignated a site of FEOs, based on both an unbiased search for
brain region(s) that exhibit a rhythmic expression of the Period
genes (7) and on site-specific effects of a viral vector containing
the Bmal1 gene (8, 9). However, other work challenges such an
interpretation because complete DMH ablations do not elimi-
nate FAA (10). Although ablation studies suggest that there is
no single neural locus for FEOs, the data indicate several brain
sites where food-derived signals influence FAA. Examination of
FOS expression and local cerebral glucose utilization points to
involvement of a dynamic circuit (11, 12). Also, the earliest sign
of behavioral arousal preceding a change in meal time, measured
by FOS expression, occurs in the ventromedial hypothalamus
(VMH), suggesting that this hypothalamic brain region contrib-
utes to the increased activity seen in anticipation of food (13).

Prior searches for the peripheral loci of FEOs involved
adrenalectomy (14), subdiaphragmatic vagotomy (15), and cap-
saicin-induced vagal deafferentation (16), none of which abolish
FAA. In fact, the possibility of a peripheral locus was all but
dismissed after the demonstration that rhythmic expression of
Period1-luciferase in esophagus, stomach, liver, and colon re-
mained nocturnal during total food deprivation, indicating that
these oscillators are not self-sustained (17). Although such
studies lead to the unsatisfactory conclusion that FEOs and FAA
survive ablation of each one of the many brain regions and
peripheral organs tested, our experiments take into account the
foregoing data and lead to a very different conceptualization: we
envision a network of CNS sites at which timed secretion of
ghrelin and other signals could modulate FAA. We define FEOs
and their output signal by requiring that they meet the following
criteria: the signal must (i) antecede mealtime, (ii) stimulate
activity in the absence of food deprivation, (iii) promote eating
behavior, and (iv) elimination of the FEO output signal or its
receptor should eliminate or attenuate FAA. The FEOs that
produce this putative signal should be (v) under circadian
control, (vi) rhythmic in constant photic and nutrient conditions,
and (vii) be entrained to the timing of food presentation. Given
the evidence that some mutant mice lacking molecular compo-
nents of circadian clock exhibit FAA (18), the presence of known
clock genes/proteins is not a requirement for FEOs. Neverthe-
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less, circadian rhythmicity of clock genes within FEOs provides
evidence of the presence of oscillators.

In the present studies, we explore the possibility that ghrelin-
secreting cells of the stomach oxyntic glands are FEOs. Ghrelin,
a 28-amino acid endogenous ligand for growth-hormone secre-
tagogue receptor (GHSR) surges before mealtime (19–21). The
numerous E-box elements, known targets of circadian clock
proteins, present in the promoter region of the ghrelin gene (22)
likely play a role in the timing of ghrelin synthesis. Furthermore,
plasma levels of ghrelin fluctuate diurnally, with a peak in the
day and a trough at night (23), and exogenous ghrelin admin-
istration stimulates eating (24).

Results
Peripheral Ghrelin Administration During the Day Increases Anticipa-
tory Activity and Food Intake. Although ghrelin is known to
promote eating, a key question is whether it induces the in-
creased activity that precedes mealtime associated with FAA. To
assess the effects of ghrelin on activity in the absence of food
deprivation, we injected ad libitum-fed mice with saline or 10 �g
of ghrelin i.p. at zeitgeber time 6 (ZT6: lights on at ZT0, off at
ZT12) and removed their food from ZT6 to ZT8. General
locomotor activity and subsequent food intake were increased
after ghrelin treatment. Although it was not quantified, the
activity of the animals appeared to be food-oriented, because the
animals were seen digging in the bedding on the side of the cage
where the food hopper was located. Control undisturbed mice
showed little activity at that time of day (Fig. 1). Thus, ghrelin
stimulates both activity or arousal and feeding responses.

FAA Is Diminished in Ghrelin Receptor Knockout Mice. To examine the
role of ghrelin in FAA, we tested ghrelin receptor knockout
(GHSR�/�) and control (GHSR�/�) mice maintained in a 12:12 h
light–dark (12:12 LD) schedule, with food access restricted to
8 h—from ZT6 to ZT14—for 12 days. Next, mice were fed ad
libitum for 3 days, then food-deprived for 24 h. We found that
GHSR�/� mice had normal overall daily activity but reduced FAA.

Individual animal activity records (Fig. 2A) and group data
(Fig. 2B) indicate that the GHSR�/� mice started their activity
bout significantly sooner than did the GHSR�/� mice. There was
a remarkable regularity in the cumulative anticipatory activity of
the mice as a function of time. Results from both GHSR�/� and
GHSR�/� mice closely fit a Gaussian, with correlations between
each of the 2 sets of data and the fitted Gaussian � 0.99, and
indistinguishable from the Gaussian by using the sensitive
Kolmogorov–Smirnov test. The data from GHSR�/� mice had

the same shape of curve as controls, but the knockouts had lower
amplitude and started their activity bout later (Fig. 2C). The
daily initiation of the anticipatory response had a go, no-go
property in that once an animal started its daily anticipatory bout
of running (monitored in 10-min time bins), it continued to run
until food appeared (Fig. S1). Further analysis shows that the
anticipation ratio during food restriction and the persistence
ratio during food deprivation were lower in GHSR�/� than in
GHSR�/� mice (Fig. 2D), with no differences between groups in
amount of activity during food restriction. There was no signif-
icant change in body weight during the food-restriction period
[GHSR�/� weight, 29.6 � 1.1 g during ad libitum and 29.9 � 0.9 g
after food restriction; GHSR�/� weight, 30.0 � 2.4 g ad libitum
vs. 28.9 � 2.4 g after food restriction, F(3,30) � 0.08].

Fig. 1. Effect of administration of ghrelin on general activity and food
intake. Control animals were not injected or disturbed. Experimental animals
were given either saline or ghrelin at ZT6, and food was not available from ZT6
to ZT8. (Left) The amount of activity during the 2-h interval from ZT6 to ZT8.
(Right) Food intake in the injected animals from ZT8 to ZT9. *, P � 0.05.

Fig. 2. Running wheel behavior of wild-type and GHSR�/� mice during ad
libitum feeding, food restriction, and food deprivation conditions. (A) The bar
above the actograms shows the light–dark cycle; time of food availability is
shown in gray. Actograms depict activity of representative GHSR�/� and
GHSR�/� mice during ad libitum feeding (days 1–4), food restriction ZT6–ZT14
(days 4–15), ad libitum food availability (days 15–18), and food deprivation
(day 19). (B) Group activity profiles show the amount of wheel running during
the last 7 days of restricted feeding in GHSR�/� (black) and GHSR�/� (gray)
mice. The data are plotted in10-min bins (mean � SEM). **, P � 0.002,
difference between GHSR�/� and GHSR�/� in onset time of activity. (C) Line
graph of cumulative wheel-running activity (mean � SEM) from lights on (ZT0)
to time of food presentation (ZT6) shows that GHSR�/� mice (solid gray line)
ran 42.4% less than GHSR�/� (solid black line) mice. Superimposed are the
curves derived from the Gaussian function f(x) � e��2/2/�(2�) (dashed lines).
(D) The anticipation ratios during 7 days of restricted feeding (Top) and the
persistence ratio (Middle) on the day of food deprivation are shown for
GHSR�/� (gray bars) and control GHSR�/� (black bars) mice, with significant
differences between groups. (Bottom) Daily activity during the period of food
restriction. *, P � 0.02; **, P � 0.01
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Rhythms of Ghrelin, PER1, and PER2 in the Stomach. We found that
ghrelin-containing oxyntic cells expressed the clock proteins
PER1 and PER2 (see Fig. 3 and the high-power view in Fig. S2
A and B), whereas ghrelin adsorption controls and Per1,Per2
mutant mice lacked staining (Fig. S3). We then compared
rhythmicity in oxyntic cells in mice housed in a 12:12 LD cycle
and fed ad libitum to those in animals kept under constant
conditions. Peak and trough expressions of PER1 and PER2 in
the oxyntic cells occurred at ZT18 and ZT6, respectively (Fig. 3
A and B). Ghrelin expression is also rhythmic—high during the
day and low at night (as in rats; ref. 25)—and is in antiphase to
clock protein rhythms. In mice maintained in constant darkness
and fed ad libitum or food-deprived for 48 h, ghrelin and PER1
remained rhythmic (Fig. 3C). The results indicate that stomach
ghrelin cells contain the circadian molecular machinery. Fur-
thermore, we found that the behaviorally arrhythmic
mPer1,mPer2 double-mutant mouse lacked both rhythmic ex-
pression of oxyntic cell ghrelin and premeal decrease in stomach
ghrelin (Fig. S4).

Ghrelin, PER1, and PER2 Rhythms Are Controlled by Feeding Time. We
asked whether ghrelin, PER1, and PER2 rhythms in oxyntic cells
are entrained by time of feeding or by the temporal cues of the
LD cycle. In mice with food access restricted to the last 6 h of
the light period from ZT6 to ZT12 (food-restricted ZT6–ZT12),
the phase of the rhythms of all 3 proteins was 6 h earlier than the
one of animals fed at ZT12–ZT18 (Fig. 4). The precision of the
mechanisms generating the 6-h difference is such that use of 4
time points during 18 h was sufficient to produce a clear result.
This indicates that oxyntic cell rhythms are entrained by food-
related signals rather than by the LD cycle.

Discussion
Summary of Results. The results converge to show that stomach
oxyntic cells fulfill several essential criteria of an FEO, and the

findings provide an avenue for understanding the previous
literature on FAA. Ghrelin stimulates both the appetitive (an-
ticipatory locomotor behavior) and the consummatory compo-
nent (food intake). Administration of ghrelin in the absence of
food in a nondeprived animal increases activity/arousal and
increases subsequent food intake. In the absence of ghrelin
receptors, food anticipatory behavior is diminished. This sug-
gests that ghrelin increases the drive to consume food. Because
FAA is not completely abolished, either other ghrelin receptors
are activated in this GHSR�/� mouse or, more likely, oxyntic
cells are not the only FEOs. Both ghrelin and clock genes are
expressed rhythmically within oxyntic cells. The phase of this
rhythm is controlled by the time of food availability. Although
mice cannot be deprived for many days, in humans, ghrelin
release timed to previous mealtimes persists after 1 (26) or 3 (27)
days of fasting. In mutant mice lacking a functional circadian
clock, ghrelin and clock protein rhythms cease, and the premeal
decrease in glandular ghrelin content is abolished. The present
series
of studies suggest that ghrelin is a signal for FAA and that
the stomach oxyntic gland cells are FEOs. Discovery of the
brain mechanisms modulating ghrelin effects on activity and
eating will further the understanding of this system in the
generation of FAA.

Functions and Sites of Ghrelin Action. As expected for complex
physiological systems that coordinate circadian time, arousal,
and metabolism, the relevant regulatory endocrine and neuronal
functions are distributed. Ghrelin of gastric origin can signal the
brain through neural afferents from the periphery or by a direct
action in the CNS. Consistent with the former possibility, ghrelin
receptors are present in the vagus (28). There are, however,
conflicting results on whether or not the vagus plays a necessary
role in ghrelin-induced feeding (28, 29). Circulating ghrelin can
also reach the brain via circumventricular organs or by crossing

Fig. 3. Rhythmicity of ghrelin, PER1, and PER2 in oxyntic cells harvested at various ZTs and CTs in animals fed ad libitum or food-deprived. (A) Photomicrographs
of a cross-section through the stomach wall show expression of ghrelin, PER1, and PER2, stained with diaminobenzidine (DAB), at 2 times of day—ZT6 and
ZT18—in ad libitum-fed animals. (Scale bar: 20 �m.) (B) Quantification of ghrelin, PER1, and PER2 expression shows daily rhythms in these proteins. Note that
peak expression of ghrelin occurs at ZT6, in antiphase with peak expression of PER1 and PER2. (C) Expression of ghrelin and PER1 at CT6 and CT18 in animals
housed in DD for 48 h and then either fed ad libitum or food-deprived for 48 h. Note: Control sections are shown in Fig. S3. *, P � 0.05.
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the blood–brain barrier (BBB) (30). Neurons of the subfornical
organ (SFO), a circumventricular organ lacking a BBB, have
ghrelin receptors, and ghrelin affects the electrical activity of
SFO neurons (31). The SFO projects to hypothalamic nuclei,
such as the arcuate (32), paraventricular, supraoptic nuclei, and
lateral hypothalamus (33–35), and these are possible sites for the
effects of peripheral ghrelin on the brain.

Ghrelin receptors are found in a number of brain regions and
neural circuits implicated in FAA, locomotor activity, and/or
feeding. The arcuate nucleus contains ghrelin receptors, and
genetic or chemical ablation of agouti-related protein and neu-
ropeptide Y arcuate neurons inhibits ghrelin-induced feeding
(36, 37). The nucleus accumbens controls motivated behaviors
and reward, including food-associated reward (38). It receives
input from the ventral tegmental area (39), which contains
ghrelin receptors (40), and has been implicated in ghrelin-
induced feeding (41). Lesions of the nucleus accumbens core
attenuate FAA (42). The parabrachial–DMH–lateral hypothal-
amus (PBN-DMH-LH) circuit may serve as another pathway
upon which ghrelin acts to regulate FAA. The PBN, DMH, and
LH are all critical for the regulation of feeding, body weight, and
metabolism. These regions either have ghrelin receptors (40) or
express FOS after ghrelin administration (43), and ablation of
each of these regions attenuates or abolishes at least some index
of FAA (7, 9, 44, 45). The ventromedial nucleus of the hypo-
thalamus is also a good candidate for the effect of ghrelin on

FAA. It is the only nucleus (of 16 food- and arousal-related brain
sites) to show activation at the start of FAA (13). The VMH
contains ghrelin receptors (40, 46–49), and ghrelin application
increases the firing rate in a large proportion (�65%) of VMH
neurons in young rats brain slices (Yanagida et al; 50). Moreover,
microinjection of ghrelin into the lateral hypothalamus, the
medial preoptic area, or the paraventricular nucleus induces
wakefulness and eating (51). Finally, ghrelin application to a
brain slice phase shifts the suprachiasmatic nucleus (52).

Multiple Potential Signals for FAA. There are several possible
mechanisms that can account for the attenuated FAA in the
ghrelin receptor knockout mice, because numerous signals can
influence FAA, and many central and peripheral sites may serve
as FEOs. Pfluger et al. (53) suggest that novel ghrelin receptors
remain to be discovered. Among the hormones that influence
food intake, increase before meals, and could signal FAA are
apolipoprotein A-IV and corticosterone. Intestinal apolipopro-
tein A-IV is rhythmically released and is controlled by the timing
of meals, with levels increasing before meal onset. Adrenal
corticosterone levels are rhythmic and peak in anticipation of
feeding (54), but adrenalectomy does not abolish FAA (14, 55).
Multiple sites of action for ghrelin compounded by multiple
potential signals for FAA argue strongly for the existence of
distributed physiological systems—endocrine and neuronal—
that regulate the intersection among arousal and activity, met-
abolic state, and time of day to coordinate them adaptively.

Timing of Anticipatory Activity. Interestingly, we show that the daily
initiation of the anticipatory response has a go, no-go property
and that once the mice start their daily anticipatory bout of
running, they continue to run until food appears; this finding
lends itself to quantitative analysis of its organization and points
to possible loci for exploration of its neural basis. The cumulative
activity of GHSR�/� and GHSR�/� mice increases systemati-
cally as a function of time since lights on, as well as in advance
of the daily appearance of food. This pattern of responses of both
GHSR�/� and GHSR�/� mice closely fits a Gaussian curve (Fig.
2C). The group data indicated that once the animals started their
daily running bout, they continued to run until the food ap-
peared. Upon examination of individual animal’s data (Fig. S1),
the standard error around each data point was revealed to reflect
variability in the threshold for arousal and initiation of activity.
Because the binomial distribution of yes/no choices of a discrete
random variable approximates—with large Ns of choices—the
Gaussian, we note that the results are consistent with the
speculation that the mechanisms underlying these data include
a large number of individual neuronal go, no-go decisions with
an increasing proportion of go decisions as feeding time draws
near. The excellent fit of the data to a binomial distribution
suggests that the decision to activate this appetitive behavior can
be understood as a series of repetitive binary choices in which the
probability of a positive decision is only about half as large in the
ghrelin knockout animal.

Conclusion
The present results integrate information across several levels of
analysis to show that stomach gland oxyntic cells are loci of
FEOs. These cells contain the machinery that constitutes an
FEO: They bear circadian clock genes and ghrelin as their timed
output signal. Ghrelin affects both activity (in the absence of
food) and eating behavior. In the absence of the circadian clock
genes Per1 and Per2, ghrelin is no longer rhythmically expressed,
and the premeal glandular decrease is abolished. In the absence
of the ghrelin receptor, FAA is diminished but not lost, arguing
for the existence of other FEOs and output signals. At the
mechanistic level, it remains to be determined how gastric clock
genes regulate ghrelin synthesis/secretion and how/where ghrelin

Fig. 4. The time of food availability determines the phase of ghrelin, PER1,
and PER2 rhythms. The schematic shows the 12:12 LD cycle and the time of
food availability. The graphs show levels of oxyntic cell expression of ghrelin,
PER1, and PER2, respectively, for animals fed at either ZT12–ZT18 (black) or
ZT6–ZT12 (gray). *, P � 0.01.
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acts in the CNS to increase arousal related to food anticipation
in the CNS.

With respect to medicine and public health, the results point
to a role for the stomach in regulating the timing of meals, in
promoting anticipatory arousal, and in inducing eating behavior.
Obesity has been associated with a failure in the regulation of the
timing of food intake in night eating syndrome (56) and com-
pulsive overeating (57). Ghrelin administration triggers appetite,
and ghrelin levels in the blood rise before meals and drop
afterward (58). People given ghrelin injections feel voraciously
hungry, and they eat more buffet-style meals than otherwise
(59). In people who diet and lose weight, ghrelin levels are
elevated over their predieting baselines. In contrast, people with
morbid obesity treated with bariatric surgery produce less gh-
relin and more orexigenic gut peptides; they report feeling less
hungry, eat less, and lose weight (60). These studies converge
with our results to suggest that ghrelin has a role in the
anticipation of eating, including timing of meals, and long-term
regulation of body weight.

Materials and Methods
Animals and Housing. Animals were male C57BL/6 mice (Charles River Labora-
tories) and ghrelin receptor knockout (GHSR�/�) and control (GHSR�/�) mice
(gift from Tamas Horvath, Regeneron Pharmaceuticals, Tarrytown, NY) (Fig.
S5). They were housed at 21 � 1 °C in translucent propylene cages (29 � 19 �
12.5 cm) and adapted to a 12:12 LD (300 lux) schedule for 4 weeks before being
used in the experiments. To maintain constant conditions, we used constant
darkness (DD) with a dim red light (1 lux) and a white-noise generator (91-dB
sound pressure level). All animals were cared for in accordance with the
Columbia University Institutional Animal Care and Use Committee and Animal
Welfare regulations.

Experimental Design. Monitoring eating, general activity, and wheel running. To
explore the effect of ghrelin administration on activity and food intake (Fig.
1), male C57BL/6 mice weighing 30–36 g (n � 6) were implanted with a
transmitter (MiniMitter), and their general activity was monitored by using
Datacol 3 software (MiniMitter) (see SI Text). Two weeks later, they were
adapted to the procedure with 0.1 mL of saline i.p. (day 1, ZT4; day 2, ZT11; and
day 3, ZT0) and placed in a new cage. During the experiment, the mice received
(on different days) i.p. injections of either 0.1 mL of saline vehicle or 10 �g (300
nM) of ghrelin in 0.1 mL saline in random order at ZT6, with each animal
receiving each treatment twice. Animals were placed in a new cage (to prevent

access to spilled food). The food was replaced and weighed at ZT8, and then
weighed again at ZT9.

FAA was assessed by using wheel running in GHSR�/� (n � 8) and control
GSHR�/� (n � 9) mice maintained in a 12:12 LD cycle with food ad libitum and
housed in cages equipped with a running wheel. Food was first restricted to
ZT6–ZT14 for 12 days, then animals were fed ad libitum for 3 days, and finally
were food deprived for 24 h. Wheel-running data were collected by VitalView
(MiniMitter) and were quantified by Actiview (MiniMitter) and Microsoft
Excel. The ‘‘anticipatory ratio’’ and ‘‘persistence ratio’’ were calculated to
quantify the differences in FAA between the mouse strain and its persistence
under food deprivation (61). The anticipatory ratio was calculated as the
‘‘anticipatory activity’’ (mean number of wheel revolutions in the continuous
bout of activity preceding food presentation at ZT6) divided by the mean
number of wheel revolutions per day, averaged over the last 7 days of food
restriction. Persistence reflects the occurrence of anticipatory activity in the
absence of a feeding stimulus, and it reveals whether or not the rhythm is
self-sustaining. For each mouse, the persistence ratio on the day of food
deprivation was calculated as the number of wheel revolutions in the single
activity bout occurring at the time of prior food presentation, divided by the
total daily activity. Activity data were analyzed by ANOVA, followed by Tukey
test for pairwise comparisons or Student’s t test.
Protein rhythms. To determine whether ghrelin and PER1 and PER2 proteins
oscillate with a daily rhythm in an LD cycle, C57BL/6 mice were killed at 4 time
points: ZT 0, 6, 12, and 18 (n � 4 per time point). To establish whether rhythmic
expression of these proteins is maintained in constant conditions in ad libitum
feeding, mice were housed in LD and then in DD for 42 or 54 h before being
killed at circadian time (CT) 6 or 8, respectively (n � 4 per time point projected
from the LD cycle). To establish whether rhythmic expression is sustained
during food deprivation, C57BL/6 mice were maintained as above but were
food-deprived for 48 h before being killed at CT6 or CT18, respectively (n � 4
per time point). To determine whether the LD cycle or timing of food intake
entrains ghrelin, PER1, and PER2 expression, C57BL/6 mice maintained in a
12:12 LD cycle received food ad libitum for 2 weeks. Then, half of the animals
received food from ZT12 to ZT18 (n � 16), and the other half from ZT6 to ZT12
(n � 16) for 10 days. Animals were killed at ZT 0, 6, 12, and 18 (n � 4 per time
point per feeding condition). At ZT6 or ZT12, animals were killed before food
availability. Stomach sections were stained for ghrelin, PER1, and PER2, and
their expression was quantified as described in SI Text.
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