
Behavioral/Systems/Cognitive

Ghrelin Effects on the Circadian System of Mice
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The orexigenic peptide ghrelin stimulates both food intake and growth hormone release and is synthesized in the stomach and in
hypothalamic areas involved in feeding control. The suprachiasmatic nuclei of the hypothalamus (SCN) control most circadian rhythms,
although there is evidence that some oscillators, such as food-entrainable oscillators, can drive activity rhythms even after SCN ablation.
Ghrelin levels exhibit a circadian rhythm and closely follow feeding schedules, making this peptide a putative candidate for food-related
entraining signals. We examined the response of the SCN to ghrelin treatments in vitro, by means of electrophysiological and biolumi-
nescence recordings, and in vivo, by assessing effects on the phase of locomotor activity rhythms. Ghrelin applied at circadian time 6 in
vitro to cultured SCN slices induced an �3 h phase advance. In addition, ghrelin phase advanced the rhythm of PER2::LUC
(Period2::Luciferase) expression in cultured SCN explants from mPer2Luc transgenic mice. In vivo, intraperitoneal administration of
ghrelin or a synthetic analog, growth hormone-releasing protein-6 (GHRP-6), to ad libitum fed animals failed to alter circadian phase.
When injected after 30 h of food deprivation, GHRP-6 induced a phase advance compared with saline-injected animals. These results
indicate that ghrelin may play a role in the circadian system by exerting a direct action on the SCN and that the system as a whole may
become sensitive to ghrelin and other feeding-related neuropeptides under conditions of food restriction.
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Introduction
Biological rhythms in most organisms are driven by an extraor-
dinary league of clocks, mastered by the suprachiasmatic nuclei
(SCN) of the hypothalamus in mammals (Klein et al., 1991; Antle
and Silver, 2005). Light is the most relevant cue for circadian
entrainment, although nonphotic stimuli also function as Zeit-
gebers or time givers. Daily feeding can entrain free-running
rhythms, both by acting on the SCN (Stephan, 1986; Abe et al.,
1989; Mistlberger, 1993) and, as demonstrated in animals with
SCN ablation, in an anatomically separate area called the food-
entrainable oscillator (Holmes and Mistlberger, 2000; Stephan,
2002; Davidson, 2006). Hypocaloric feeding phase advances
three circadian outputs in mice: locomotor activity rhythm, pi-
neal melatonin, and SCN vasopressin, suggesting that metabo-
lism is able to modulate circadian rhythmicity (Mendoza et al.,
2005a). Behavioral and molecular studies indicate that the SCN
can be entrained to food availability under different conditions
(Stephan, 1986; Abe et al., 1989; Mistlberger,1993; Challet et al.,
1996, 1997; Marchant and Mistlberger, 1997; Castillo et al., 2004;
Mendoza et al., 2005b).

Besides the SCN, the arcuate nuclei (Mistlberger and Antle,
1999), the paraventricular nuclei (Kalra et al., 1999; Currie et al.,
2005), the dorsomedial hypothalamus (Gooley et al., 2006;
Landry et al., 2006), and the digestive system (Davidson et al.,
2003) have also been suggested to be important for food
entrainment.

An important substance associated with hunger is ghrelin, an
orexigenic peptide identified as the endogenous ligand for the
growth hormone (GH) secretagogue receptor (Kojima et al.,
1999). Ghrelin stimulates GH secretion and promotes wakeful-
ness, weight gain, and adrenocorticotropic hormone and cortisol
release in humans and rodents (Frieboes et al., 1995; Wren et al.,
2000; Diano et al., 2006; Szentirmai et al., 2007). Peripheral
ghrelin levels rise sharply before main meals and decrease once
the animal has been fed, most strikingly under restricted feeding
conditions (Sugino et al., 2002; Kalra et al., 2003; Bodosi et al.,
2004). Under fasting conditions, plasma ghrelin peaks match the
previous pattern of daily meals in humans (Natalucci et al., 2005).
Peripheral ghrelin from the digestive system may reach the CNS
to act as a potential feedback signal for the SCN (Banks et al.,
2002; Li et al., 2006; Theander-Carrillo et al., 2006). Ghrelin may
also be synthesized in the hypothalamus (for review, see Horvath
et al., 2001). Ghrelin-immunoreactive neurons are present in the
paraventricular, dorsomedial, ventromedial, and arcuate nuclei,
areas important for circadian output (Cowley et al., 2003; Yi et al.,
2006).

Contrary to the well documented effects of ghrelin on appe-
tite, GH release (van der Lely et al., 2004) and the sleep–wake
cycle (Weikel et al., 2003; Bodosi et al., 2004), little is known
about the effects of ghrelin on circadian rhythms. As a peripheral
and central hormone directly implicated in appetite and feeding-
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related activity, ghrelin is a good candidate signal for food en-
trainment. We combined electrophysiological recordings, biolu-
minescence detection, and in vivo behavioral measures to
determine whether ghrelin acts on the circadian system of mice at
the level of the SCN.

Materials and Methods
Animals
Mice used in all studies were adult animals derived from our in-house
colonies. Experiments used male C57BL/6J mice or male and female
mPer2 Luc (mPeriod2Luciferase) mice [bred from founders courtesy of Dr.
Erik Herzog (Washington University, St. Louis, MO), derived from mice
from the colony of Dr. J. Takahashi (Northwestern University, Evanston,
IL)]. All mice were group housed in colony rooms under a 12 h light/dark
(LD) cycle with food and water available ad libitum, unless otherwise
noted.

Our research was in accordance with the Policies on the Use of Ani-
mals and Humans in Neuroscience Research (Society for Neuroscience,
1995) and with the regulations of the Institutional Animal Care and Use
Committee of Smith College, an Association for Assessment and Accred-
itation of Laboratory Animal Care-certified facility.

Peptides
Ghrelin (rat, octanoylated) and des-n-octanoyl ghrelin (rat) were sup-
plied by Global Peptides (Fort Collins, CO), and growth hormone-
releasing protein-6 (GHRP-6) was obtained from Phoenix Pharmaceu-
ticals (Belmont, CA).

Electrophysiological studies
For electrophysiological studies, Zeitgeber time was defined as ZT 12
being the projected time of lights off in the animal room. Adult male
C57BL/6J mice were administered an overdose of halothane and decap-
itated during the light period of the 12 h LD cycle. Hypothalamic slices
(500 �m) containing the SCN were placed in a gas-fluid interface slice
chamber (Medical Systems BSC with Haas top), continuously bathed (1
ml/min) in artificial CSF (ACSF) containing the following (in mM): 125.2
NaCl, 3.8 KCl, 1.2 KH2PO4, 1.8 CaCl2, 1 MgSO4, 24.8 NaHCO3, and 10
glucose. ACSF, pH 7.4, was supplemented with an antibiotic (gentami-
cin, 50 mg/L) and a fungicide (amphotericin, 2 mg/L) and maintained at
34.5°C. Warm, humidified 95% oxygen/5% carbon dioxide was contin-
uously provided. Ghrelin was applied as a microdrop (200 �g in 200 nl of
ACSF) directly onto the SCN.

Extracellular single-unit activity of SCN cells was detected with glass
micropipette electrodes filled with ACSF, advanced through the slice
using a hydraulic microdrive. The signal was further amplified and fil-
tered and was continuously monitored by an oscilloscope and audio
monitor. Firing rate was analyzed using data acquisition software and a
customized program for calculation of descriptive statistics. A number of
experiments in each condition were recorded “blind,” and the person
recording data had no knowledge of the treatment. One slice was re-
corded from each animal. Results were analyzed as described previously
(Yannielli and Harrington, 2004) to determine the ZT of peak firing rate
on the second day in vitro.

mPER2::LUC bioluminescence
For bioluminescence studies, we used adult male and female mPer2Luc

mice, either homozygous or heterozygous for the gene (Yoo et al., 2004).
Animals were killed during subjective day (between ZT2 and ZT10) by an
overdose of halothane and decapitated, and brains were rapidly removed.
Brains were placed in cold HBSS (Invitrogen, Carlsbad, CA), and coronal
sections (300 �m) were made on a vibratome. Hypothalamic sections
were trimmed to the SCN and the optic chiasm and were placed on
Millicell organotypic culture plate inserts (Millipore, Billerica, MA) in a
35 mm Petri dish with 1.2 ml of culture media [DMEM (Fisher, Fairlawn,
NJ) supplemented with 0.35 g/L sodium bicarbonate, 10 mM HEPES, pH
7.2, B27 (2%; Invitrogen), 0.1 mM luciferin (Promega, Madison, WI),
and antibiotics (25 U/ml penicillin, 25 �g/ml streptomycin)] (for addi-
tional methodological details, see Yamazaki and Takahashi, 2005). Cul-
tures were maintained at 35.8°C, and bioluminescence was measured

using a photomultiplier tube (Hamamatsu, as supplied by Actimetrics
Lumicycle System, Evanston, IL). Samples were treated with 200 nl of
either ghrelin (1 �g/�l in ACSF) or ACSF.

Tissue samples were monitored using an automated turntable device
using an analysis program integrating photon counts over 1 min intervals
with six such samples acquired each hour. The program fits a low-order
polynomial to estimate the slowly changing baseline, which is then sub-
tracted from the raw data. A sine wave with an exponential decay term is
then fit to the data to estimate period. Phase is measured as the maximum
of the baseline-subtracted data, after smoothing by a median smoother.
� 2 periodograms indicate statistical significance of rhythmicity.

Animal behavior
Food intake test. Mice were placed individually in plastic cages, and food
intake was calculated for the 24 h period before the treatment, by weigh-
ing the food pellets before and after this interval (day 0). At ZT 6 the next
day (day 1), animals were injected intraperitoneally with ghrelin (5 �g/
animal), GHRP-6 (50 �g/animal), or saline. Food pellets were then
weighed every 30 min.

Recording of locomotor activity. Mice were housed in individual cages
equipped with running wheels, and their locomotor activity was mea-
sured using either Clocklab (Actimetrics, Evanston, IL) or software for
data acquisition and analysis developed in our laboratory. After a mini-
mum of 7 d entrainment to 12 h LD, animals were placed into constant
darkness (DD). On day 5–7 of DD, animals received intraperitoneal
injections of ghrelin, des-n-octanoyl ghrelin, GHRP-6, or saline at circa-
dian time (CT) 6 – 8. After treatment, animals were left undisturbed to
evaluate circadian phase shifts. Some animals were eventually treated
again, following a counterbalanced design. Light intensities during the
light and dark periods were set at 50 and �0.05 lux, respectively (dark
experiments were performed under a dim red light source). The phase
shifts in locomotor activity rhythm under DD conditions were calculated
by two observers blind to experimental manipulations and were based on
the distance between the two regression lines fit to daily onset of loco-
motor activity for at least 7 d before and after stimulation, excluding the
2 d immediately after treatment. CT 12 was defined as the time of activity
onset. Ghrelin was administered at a dose chosen from previous studies
in which intraperitoneal administration increased both food intake and
plasma ghrelin concentrations (5 �g/mouse or 1.6 nmol GHRP-6: 50
�g/mouse) (Wren et al., 2000; Wang et al., 2002; Ruter et al., 2003). As a
control, we used 5 �g/mouse des-n-octanoyl ghrelin (Hosoda et al.,
2000a), a compound that has been reported to have no endocrine effects
on growth hormone receptors (Hosoda et al., 2000b).

Food deprivation schedule. These experiments were conducted using
GHRP-6 as an analog of ghrelin. Animals kept under DD were treated as
described previously, except that, on day 0, food (but not water) was
removed at CT 6 for 30 h. Animals were injected intraperitoneally with
GHRP-6 (5 or 50 �g/mouse in 100 �l saline) or 100 �l saline at CT 6 of
the next day (day 1). At CT 12 of day 1, food was restored ad libitum as
before. Phase shifts were calculated as stated above.

Data analysis. Group differences were statistically analyzed by Stu-
dent’s t tests or ANOVA procedures when necessary. The criterion for
statistical significance was p � 0.05.

Results
In vitro experiments
Our first approach to study the effect of ghrelin on the circadian
system of mice was conducted in vitro, by recording the electrical
activity rhythm of coronal sections containing the SCN. Ghrelin
treatment at ZT 6 on the first day in vitro induced a 3 h phase
advance in the rhythm of spontaneous firing measured on the
second day in vitro compared with ACSF-treated slices (ghrelin-
treated slices peak time, 3.6 � 0.1 h; n � 6) (Fig. 1). The same
effect was found previously in ghrelin-treated slices from ham-
sters (Yannielli et al., 2005). Ghrelin treatment at ZT 14 on the
first day in vitro did not shift the phase of the firing rate rhythm
recorded on the second day in vitro (peak time, 6.6 � 0.1 h; n � 4)
relative to ACSF-treated slices (peak time, 6.67 � 0.2 h; n � 5).
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To further test the role of ghrelin in molecular timekeeping on
intact SCNs, we recorded real-time circadian gene expression in
transgenic mice with an mPER2::LUC fusion protein as a re-
porter. Recordings of bioluminescence from organotypic SCN
cultures revealed precise circadian cycles of gene expression, as
reported previously (Yoo et al., 2004). Ghrelin applied directly to
the SCN cultures during the subjective day (relative to the time of

peak expression considered as CT 11) significantly phase ad-
vanced the rhythm of PER2::LUC expression (Fig. 2B). In con-
trast, the phase of ACSF-treated cultures remained unaffected
(Fig. 2A). These experiments were performed at the appropriate
CT once the SCN tissue was stabilized and clearly cycling; how-
ever, application of ghrelin at the time of dissection appeared to
also advance the rhythms of SCN cultures (Fig. 2C). This effect
was not statistically significant and was likely attributable to one
outlier within the ghrelin-treated cultures (Fig. 2D).

In vivo experiments
Our data strongly suggest the possibility of a direct action of
ghrelin on the SCN of mice. To evaluate the role of ghrelin on the
circadian system in vivo and under physiological conditions,
three separate experiments were performed. First, we tested the
more conspicuous effect of peripheral ghrelin administration,
i.e., to increase food intake. We found a strong effect of systemic
ghrelin (5 �g/animal) or GHRP-6 (50 �g/animal) on food intake
30 min after its injection, which was independent of the amount
of food consumed in the previous 24 h (Fig. 3). Visual observa-
tions indicated that ghrelin or GHRP-6 acted quickly (between 5
and 15 min after the injection) and that, at these doses, we saw no
evident side effects, such as sedation or changes in locomotion
levels.

Second, we tested ghrelin applied to ad libitum fed mice
housed with running wheels. Ghrelin did not have any phase-
shifting effect at CT 6 (12.2 � 2.2 min; n � 8), although some
animals did show a strong suppression of their wheel-running activ-
ity. In these cases, locomotor activity was restored within 1 d after the
treatment without any significant changes in the phase. Administra-
tion of the control compound des-n-octanoyl ghrelin did not elicit
significant phase shifts at CT 6 (24.8 � 11 min; n � 6).

Finally, we tested the effect of GHRP-6, a synthetic and more
accessible peptide with the same orexigenic effects as ghrelin
(Lawrence et al., 2002). Injection of GHRP-6 did not alter phase
when injected into ad libitum fed mice (Fig. 4). Under food-
deprivation conditions, conversely, 50 �g (but not 5 �g) of
GHRP-6 induced a significant phase advance of the free-running
rhythm (Fig. 4). Almost all animals under food deprivation
showed an increase in wheel-running activity after injection of
GHRP-6 at CT 6.

Discussion
Our results demonstrate that ghrelin applied directly onto the
SCN in the subjective day in vitro can phase advance circadian
rhythms, similar to other previously described nonphotic stim-
uli. SCN-driven electrical activity rhythm was significantly phase
advanced compared with ACSF-treated slices in our electrophys-
iological studies. This effect has also been observed in ghrelin-
treated slices from hamsters (Yannielli et al., 2005). Moreover, in
the present work, we demonstrate that cycling of a PER2::LUC
fusion protein that reflects an intrinsic component of the circa-
dian clock machinery is also significantly phase advanced by gh-
relin applied during subjective day on SCN explants. These data
strongly suggest that there is a direct effect of ghrelin on the clock
mechanism in the SCN. Supporting this, Zigman et al. (2006)
reported that ghrelin receptor mRNA is strongly expressed in the
mouse SCN. Thus, the present study suggests a direct phase-
shifting effect of ghrelin on receptors in the SCN.

Interestingly, ghrelin or its analog GHRP-6 administered in
vivo failed to induce any significant change in the phase of the
wheel-running rhythms of mice under both continuous dark and
ad libitum feeding conditions. However, a consistent effect of

Figure 1. A–C, Results from electrophysiological experiments demonstrating phase-
advancing effects of ghrelin administered in the mid-subjective day (B) when compared with
control cases (A) or samples in which ghrelin was administered in early subjective night (ZT 14;
C). Each point indicates the average firing rate of an individual SCN neuron recorded from an SCN
slice on day 2 in vitro. The n indicates the number of SCN slices recorded in each condition.
Zeitgeber time is relative to the animal’s previous housing LD cycle, with ZT 12 defined as the
time of lights off.
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systemic administration of ghrelin was to completely or partially
suppress wheel running after the injection, without affecting the
rhythm parameters or wheel-running levels afterward, indicating
a direct inhibitory effect of this peptide on locomotor activity
(Tang-Christensen et al., 2004). When the experiment was re-
peated after a food-deprivation regimen (30 h total), GHRP-6
treatment induced a small phase advance and a brief period of up
to 1 h of increased locomotor activity. The GHRP-6 phase shift
could be mediated by the increased locomotor activity or reflect
an increased sensitivity of the system to behavioral manipula-
tions. Indeed, saline treatment in fasted animals yielded very vari-
able results, which may also reflect the sensitivity of the system
under the food-deprivation condition.

Alternatively, it seems plausible that the circadian system may

start to respond to food-related cues such
as peripheral ghrelin administration only
after other regularly potent and com-
manding cues are absent, namely, light
and ad libitum food availability. Consis-
tent with this hypothesis, a 48 h fast poten-
tiates induction of c-Fos protein in the
ventromedial arcuate after systemic ad-
ministration of GHRP-6 (Luckman et al.,
1999), suggesting that, in ad libitum fed
animals, arcuate nuclei cells show a re-
duced sensitivity to endogenous growth
hormone secretagogues or they are under
the tonic inhibitory influences of other
factors.

Although the mechanism explaining
why food deprivation unmasks the phase-
shifting capability of ghrelin in vivo is un-
clear, it is tempting to speculate that an
upregulation of central receptors might be
at least partially responsible for this effect.
Indeed, feeding status affects not only gh-
relin secretion but also the expression of its
receptor in the CNS (Nogueiras et al.,
2004; Sun et al., 2004; Tups et al., 2004). In
particular, ghrelin receptor levels were in-
creased eightfold in the rat hypothalamus
after 48 h of fasting (Kim et al., 2003), in-
dicating that there is a finely tuned regula-
tion of ghrelin and its receptor contribut-
ing to energy balance mechanisms.

The SCN coordinates the timing of en-
ergy metabolism, including feeding and
drinking rhythms and glucose and corti-
costerone secretion, among other meta-

bolic signals. In this sense, it is reasonable to expect feedback
from the periphery to the clock pacemaker, as happens with
many other stimuli. There are several ways by which circulating
ghrelin could affect hypothalamic areas. Ghrelin can reach the
brain across the blood– brain barrier (Banks et al., 2002), with
hypothalamic levels increased after peripheral injections of ra-
diolabeled ghrelin (Diano et al., 2006). Ghrelin secreted by the
stomach could eventually affect central sites via a vagal cholin-
ergic efferent pathway (Date et al., 2002; Li et al., 2006). In this
sense, the peak of circulating ghrelin in anticipation of main meal
episodes could act on the circadian clock.

Primary hypothalamic targets of ghrelin are NPY/agouti-
related protein arcuate neurons, and feeding behaviors exerted by
ghrelin are related to this area (Kamegai et al., 2000; Chen et al.,
2004; Mondal et al., 2005). The arcuate is characterized by recep-
tors for peripherally active hormones, including ghrelin (Cowley
et al., 2003; Mondal et al., 2005). It has been reported that the
blood– brain barrier border could actually lie at the area between
the median eminence and the distal part of the arcuate, indicating
that the proximal arcuate could be exposed to circulating neuro-
active substances (Shaver et al., 1992). Recently, a reciprocal link-
age between the ventromedial arcuate to the SCN was established
by means of anterograde and retrograde tracing techniques (Yi et
al., 2006). Thus, the fact that the SCN receives an input from the
arcuate suggests at least an indirect communication between the
general circulation and the SCN. Peripheral ghrelin administra-
tion rapidly alters synaptic organization of hypothalamic neural
circuits underlying feeding (Pinto et al., 2004), suggesting that

Figure 2. Results from mPER2::LUC bioluminescence experiments demonstrating the phase-advancing effects of ghrelin
administered in the subjective day. A, SCN bioluminescence rhythm with an ACSF application on day 18. B, SCN sample with
ghrelin application on day 40 (asterisk). After several days of transients, there is a phase advance in the acrophase of the rhythm.
C, Summary of the phase shift results from applications of ghrelin or ACSF on either the day of dissection (Day 1 in vitro) or from
established cycling SCN cultures (Stable in vitro). Asterisk indicates p � 0.01. D, Phase shift measured from SCN cultures treated
with either ghrelin or ACSF at time of dissection on day 1. Error bars show mean � SEM, and dots show peak time of each
individual culture. Groups are not statistically different, but, if the one outlier is removed from the ghrelin-treated group, a t test
is significant ( p � 0.01).

Figure 3. Ghrelin and GHRP-6 stimulate feeding. Food intake was measured 60 min after
injection with ghrelin, GHRP-6, or vehicle and is expressed as percentage of food intake in 60
min with respect to the previous 24 h food intake for that mouse. Mean � SEM is shown; p �
0.05, ANOVA with Dunnett’s test versus control.
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this peptide might induce rapid rewiring of circuits to allow en-
trainment to restricted feeding.

It has been reported that food restriction is able to phase shift
clock gene expression in peripheral organs such as the liver,
whereas the same genes at the level of the SCN pacemaker remain
unaffected (Damiola et al., 2000). Recent studies have shown that
SCN output might also be entrained by food restriction, although
this depends on the caloric intake and the specific experimental
design (Castillo et al., 2004; Mendoza et al., 2005a). It is possible
that peripheral ghrelin may act as an intermediary between pe-
ripheral gastric activity and the master circadian clock (Dallman,
2003). Circulating ghrelin levels as well as gastric ghrelin mRNA
expression have been reported to increase after fasting and de-
crease rapidly after refeeding (Tschop et al., 2000). Ghrelin stim-
ulates eating when injected into the arcuate and paraventricular
nuclei (Currie et al., 2005), and we have shown here that ghrelin
resets the SCN clock when applied directly to SCN tissue during
the subjective day. Moreover, gastric ghrelin has been found to
affect gastric per1 and per2 expression, suggesting that it can also
be considered as a signal regulating peripheral oscillators (Silver
et al., 2005). The role of this peptide as a meal-related Zeitgeber
remains to be established in well known models of food-
entrainable oscillators. It would be interesting to see whether

SCN-lesioned animals can be entrained by daily ghrelin admin-
istration or whether ghrelin-deficient animals can be entrained
by daily food restriction.

In summary, the present results support the hypothesis that
metabolic cues such as ghrelin could influence circadian phase
under conditions of restricted or no food availability, which may
resemble natural conditions for most animals. Our experiments
demonstrate that the isolated SCN can directly respond to
ghrelin.
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