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Abstract

Ghrelin is an orexigenic hormone produced by the stomach. Ghrelin, however, may also be a modulator of the circadian system
given that ghrelin receptors are expressed in the master clock, the suprachiasmatic nucleus (SCN) and several outputs of this
region. To investigate this, we performed analyses of running wheel activity and neuronal activation in wild type (WT) and growth
hormone secretagogue receptor-knockout (GHSR-KO) mice under various lighting conditions. GHSR-KO and WT mice were
maintained under constant dark (DD) or constant light (LL) with ad libitum access to food before being placed on a schedule of
temporally restricted access to food (4 h/day) for 2 weeks. There were no differences between KO and WT mice in free-running
period under DD, but GHSR-KO mice required more days to develop a high level of food anticipatory activity, and this was lower
than that observed in WT mice. Under LL, GHSR-KO mice showed greater activity overall, lengthening of their circadian period,
and more resistance to the disorganisational effects of LL. Furthermore, GHSR-KO mice showed greater activity overall, and
greater activity in anticipation of a scheduled meal under LL. These behavioral effects were not correlated with changes in the cir-
cadian expression of the Fos, Per1 or Per2 proteins under any lighting conditions. These results suggest that the ghrelin receptor
plays a role in modulating the activity of the circadian system under normal conditions and under restricted feeding schedules,
but does so through mechanisms that remain to be determined.

Introduction

The circadian system controls daily rhythms of rest and activity,
hormones, and motivated behaviors like feeding. Light is the pri-
mary synchroniser of the master circadian clock, the suprachiasmatic
nucleus (SCN) (Reppert & Weaver, 2002). However, feeding also
synchronises circadian rhythms (Stephan, 2002). Nocturnal rodents
given food for only a few hours during daylight show increased
activity prior to food availability (Stephan, 2002). This type of tem-
porally restricted feeding (RF) schedule synchronises circadian oscil-
lators in the limbic forebrain (Amir et al., 2004; Lamont et al.,
2005; Waddington Lamont et al., 2007) and can induce a diurnal
rhythm of clock gene protein expression in the dorsomedial nucleus
of the hypothalamus (DMH; (Verwey et al., 2007).
Ghrelin is a stomach peptide that acts in the brain to regulate energy

balance (Kojima et al., 1999; Tschop et al., 2000; Toshinai et al.,
2001). Ghrelin is secreted in response to fasting and hypoglycemia,
and causes feeding when administered either peripherally or centrally
(Tschop et al., 2000; Toshinai et al., 2001). Importantly, plasma

ghrelin levels increase before, and are rapidly reduced following, a
meal, suggesting a role in meal initiation (Cummings et al., 2001;
Toshinai et al., 2001; Sanchez et al., 2004; Drazen et al., 2006).
The effects of ghrelin are mediated through the growth hormone

secretagogue receptor (GHSR), found in brain regions associated with
feeding and the regulation of circadian rhythms. For example, the
message for GHSR is found in the SCN of rats, primates and, to a
lesser extent, mice (Guan et al., 1997; Mitchell et al., 2001; Zigman
et al., 2006). Ghrelin receptors are also found in brain regions stimu-
lated in anticipation of scheduled meals (Angeles-Castellanos et al.,
2004). These data suggest that ghrelin may play a role in circadian
timing mechanisms, particularly entrainment to food availability. The
latter hypothesis has been supported by studies showing that GHSR-
knockout (KO) mice show attenuated anticipatory locomotor activity
on an RF schedule (Blum et al., 2009; LeSauter et al., 2009), and
cFOS expression is reduced in many brain areas in response to RF
(Blum et al., 2009; Lamont et al., 2012). Moreover, and in spite of
evidence for the presence of the ghrelin receptor in the circadian sys-
tem, the role of ghrelin on circadian rhythms remains to be studied in
detail. Here we looked for the presence of GHSR in the circadian sys-
tem of mice using GHSR-KO mice with a LacZ reporter inserted into
the promoter of the GHSR gene. To further investigate the circadian
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phenotype of animals lacking the ghrelin receptor, analyses of run-
ning wheel activity and neuronal activation were performed under
various lighting conditions. KO and WT mice were placed under a
12 : 12 h light : dark schedule (LD), constant darkness (DD) or
constant light (LL); they were killed at different intervals to observe
circadian rhythms of cFos expression. We also examined circadian
rhythms of GHSR-KO and WT mice under conditions of DD and
LL, and the ability of these animals to entrain to scheduled meals
under these lighting conditions.

Materials and methods

Animals

Mice with targeted mutations to the ghrelin receptor gene (GHSR-
KO) and their WT littermates were bred at the Carleton University
Department of Neuroscience animal facilities. Mice originated from
heterozygous breeding pairs obtained from Regeneron Pharmaceuti-
cals (Tarrytown, New York, NY, USA). These mice were generated
using a mixed C57BL/6J and DBA strain as background and the cod-
ing region of the ghsr locus was precisely deleted and replaced with
an in-frame lacZ reporter gene (Abizaid et al., 2006; Diano et al.,
2006). All animals had free access to tap water at all times and to food
unless otherwise specified. Prior to the beginning of the experiments,
animals were group-housed under an LD cycle with the onset of light
set at 08:00 h [zeitgeber time (ZT) 0], with light intensity ranging
between 120 and 180 lux at cage level. Research was conducted
according to the guidelines of the Canadian Council on Animal Care
and approved by Carleton University’s Animal Care Committee.

Experiment 1: anatomical analysis of circadian brain
oscillators under different lighting conditions

Location of GHRS receptors: beta-galactocidase staining

GHSR-KO mice (n = 2) living on an LD schedule were taken from
their home cage at ≈ ZT 4–6, overdosed with sodium pentobarbital
and perfused using a 2% paraformaldehyde solution. The brains
were postfixed overnight in 2% paraformaldehyde, sliced into 50-
lm sections on a Vibratome, and stained using the beta-galactoci-
dase staining method described previously (Diano et al., 2006).
Briefly, sections were thoroughly rinsed with 10 mM phosphate-buf-
fered saline (PBS; in mM: NaCl, 137; KCl, 2.7; Na2HPO4, 8;
KH2PO4, 2.6), rinsed once quickly in cold PBS plus 2 mM MgCl2
(PBS-MgCl2), then incubated in PBS-MgCl2 for 10 min at 4 °C.
Permeability was then increased by incubating in cold PBS with
detergent (0.01% sodium desoxycholate and 0.02% NP40) for
10 min at 4 °C, and placed in staining solution for 4 h at 37 °C in
the staining solution containing (in mM) K3Fe(CN)6, 25; K4Fe(CN)6,
25; MgCl2, 2 in PBS with 1 mg/mL of X-Gal.

Activation of circadian oscillators under LD: immunocytochemistry

For the LD condition, WT and GHSR-KO mice (n = 4 per group
per time point) were taken from their home cage at ZT 0, ZT 6,
ZT 12 or ZT 18. Pairs of animals consisting of one WT and one
KO were injected with an overdose of sodium pentobarbital and per-
fused with 100 mL of saline (0.9%) followed by 100 mL of 4%
paraformaldehyde. Brains were postfixed in 4% paraformaldehyde
overnight and transferred to a 1% sodium azide solution until being
sectioned at a thickness of 60 lm using a Vibratome. Sections were
then cryoprotected in Watson’s solution and frozen. One out of four

60-lm sections containing the hypothalamus were processed for
cFos immunocytochemistry as described previously (Abizaid et al.,
2005). Separate sections through the SCN were processed for PER-
IOD1 (PER1) or PERIOD2 (PER2) as described previously (Amir
et al., 2004). Images from different hypothalamic nuclei were cap-
tured with a digital camera connected to an Olympus microscope
(Olympus Canada, Markham, ON, Canada), and analysed using
Image XSM software (v. 1.91, 2010,http://www.liv.ac.uk/~sdb/Imag-
eSXM/). A total of seven or eight sections through each hypotha-
lamic nucleus were used for cell quantification, and the mean
number of cFos-immunoreactive cells for each hypothalamic nucleus
of all animals, and of PER1- or PER2-immunoreactive cells for each
SCN, were used to obtain group means and SEMs. An experimenter
blind to the treatment groups performed all cell counts. Differences
in these cell counts between groups and over circadian time were
analysed using independent group two-way ANOVAs, with ZT and
genotype as the grouping variables, using Prism 5 for Mac OSX (v.
5.0c, 2009, GraphPad Software, Inc., La Jolla, CA, USA).

Activation of circadian oscillators under DD and LL: determination
of circadian time (CT) and immunocytochemistry

A total of 62 WT and GHSR-KO mice were transferred from the
colony room to individual cages equipped with an activity wheel
(Lafayette Instruments, Lafayette, IN, USA), and connected to a
computer running Activity Wheel Monitor Software Running
(Lafayette Instruments). Wheel activity was measured in 6-min bins
throughout the experiment. Mice were housed in DD or LL for a
minimum of 10 days, before being killed at one of four CT points
(n = 3 or 4 animals per light cycle, genotype and time point)
equally distributed over the rest–activity cycle. Circadian times were
calculated using the last 10 days (2400 bins) of activity and produc-
ing an actogram, using Plot (R. Refinetti; http://www.circadian.org/
softwar.html). Period length and acrophase were calculated using the
Tau (v. 6.5, Mar. 2006) and Acro (v. 3.5, Jan. 2004) programs
(R. Refinetti; http://www.circadian.org/softwar.html), using a v2 peri-
odogram procedure and a fitted cosign wave function, respectively.
These variables were used to produce an eye-fitted line projecting
the time of activity offset (defined as CT0), the midpoint of the rest
period (CT6), activity onset (CT12) or the mid-point of the active
period (CT18). Whenever possible, pairs of animals consisting of
one WT and one KO were killed at the same time by injection with
an overdose of sodium pentobarbital and processed for immunocyto-
chemistry as described above.

Circadian behaviour under DD and LL: activity analysis

All animals in this experiment were kept under DD or LL for at least
10 days, but some animals were kept for > 10 days due to the vary-
ing amounts of time required to assign animals to the appropriate CT
time. Therefore, in order to standardise the behavioural analysis, cal-
culations for activity levels (number of wheel revolutions), tau (Tau
v. 6.5; Refinetti, 2006) and acrophase (Acro v. 3.5; Refinetti, 2004)
were made on the first 2400 bins (10 days) of activity.

Experiment 2: analysis of wheel-running and feeding
behaviour under different lighting conditions

Circadian behaviour under DD and LL: activity analysis

A total of 22 GHSR WT and KO mice were individually housed in
running wheel-equipped cages (Lafayette Instruments). All animals
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were allowed to acclimate to the equipment and lighting schedule
under ad libitum feeding conditions for several days before begin-
ning scheduled feeding (see below). A total of 10 animals (five
WTs and five KOs) were exposed to an LD schedule (lights on at
02:00, lights off at 14:00 h) for 14 days followed by a 6-h delay of
the LD (on at 08:00, off at 20:00 h), a few days of a 25-h day, and
finally 24-h exposure to LL for ≈ 45 days (30 days ad libitum food
access, followed by 16 days restricted feeding). Additional GHSR
KO and WT mice (n = 6/group) were placed in DD for 28 days
(14 days ad libitum, 14 days restricted feeding).

Entrainment to feeding schedules

For the LL condition, KO and WT mice were given temporally
restricted access to food for a 4-h period at the same time each day
for the last 16 days of LL. Body weights were recorded every
2–3 days during lighting manipulations and daily during scheduled
feeding. After ≈ 1 month on an LL schedule, food was removed
and returned the following day between 11:00 and 15:00 h. For the
DD condition, WT and KO mice were exposed to 14 days of DD
before undergoing a temporally restricted feeding schedule for
14 days in DD. During the first day of limited access, food was
available for 8 h, starting during the inactive period, and on subse-
quent days food was removed 2 h earlier than on the previous day
until the target duration of 4 h access per day was reached. Food
was weighed daily during this period.
The amount of daily food anticipatory activity for animals housed

in LL or DD was calculated by summing the total number of wheel
revolutions in the 4 h immediately prior to food access and averag-
ing across days. Past research suggests that entrainment to feeding
occurs within ≈ 1 week (Blum et al., 2009), so only the first 7 days
of scheduled feeding were compared. All data are presented as
mean � SEM. Statistical differences between groups were deter-
mined by unpaired one-tailed Student’s t-tests or two-way ANOVA

followed by Bonferroni post hoc tests. Differences between geno-
types over days were analysed using a mixed design ANOVA with
genotype (KO vs. WT) as the between-groups variable and days as
the within-groups variable.

Results

GHSR-KO mice were more active than WT mice under LL
conditions

KO animals showed greater daily activity (expressed as wheel revo-
lutions per day) than WT mice in LL (KO = 4371 � 1204,
WT = 2868 � 476, t29 = 2.3, P < 0.05). Genotypes did not differ

in terms of running-wheel activity in DD (KO = 14 752 � 1472,
WT = 11 918 � 1287, t29 = 1.5, P > 0.05; see Fig. 1).
An analysis of tau and acrophases showed no significant differ-

ences between KO and WT mice, using independent t-tests (see
Fig. 2).

GHSR-KO mice displayed rhythmic wheel-running activity
under LD lighting cycles

On an LD cycle, GHSR-KO and WT mice did not differ in terms of
circadian period or acrophase (t8 = 0.3, P > 0.05; t8 = 1.0,
P > 0.05). Both GHSR-KO and WT mice showed a circadian period
of ≈ 24 h and a time of acrophase ≈ 18:00, ≈ 4 h into the dark
cycle (see Fig. 3 and Table S1). Furthermore, as can be seen in
Fig. 4, GHSR-KO mice showed greater average daily activity over-
all than WT mice in LD (t26 = 9.7; P < 0.0001).

GHSR-KO mice showed circadian alterations and were more
active than WT mice under LL conditions

GHSR-KO and WT mice were switched from a regular LD cycle to
LL, and this produced different responses between these two groups
of mice. In the days following the switch, GHSR-KO mice showed
an average period that was ≈ 30 min longer than that of WT ani-
mals (t8 = 2.1; P < 0.05). Similarly, acrophases occurred ≈ 2 h later
in GHSR-KO mice compared to WTs (t8 = 2.8; P < 0.05; see
Fig. 3 and Table S1). This difference was no longer significant after
> 1 month in LL (P > 0.05; see Table S1). Interestingly, after a
month of LL conditions, nearly all of the WT animals (four of five)
were arrhythmic while three of the five KO animals still had signifi-
cant periods and acrophases. However, a v2 analysis did not reveal
a significant difference in the probability of rhythmicity between
these two groups (v21 = 0.7292, n = 14, P = 0.39). It is important
to note that locomotor activity was higher in GHSR-KO mice than
in their WT littermates throughout the duration of the LL manipula-
tion. While locomotor activity decreased overall in both groups
throughout the 30-day LL period, voluntary activity continued to be
higher in GHSR-KO mice. T-tests of the total activity for the first
10 days in LL (t18 = 5.5, P < 0.0001) and after 30 days in LL
(t18 = 9.6, P < 0.0001) show that KO animals were significantly
more active that WT animals throughout LL exposure (see Fig. 4).

KO animals anticipated a restricted feeding schedule in LL

Both GHSR-KO and WT mice entrained to a 24-h feeding schedule
under conditions of LL (see Fig. 5 and Table S1). In terms of circa-
dian variables, the genotypes did not differ (t7 = 0.25; P > 0.05);

Fig. 1. Average � SEM total daily running wheel activity for KO (white bars) and WT (shaded bars) animals during 10 days in LL (left panel), or DD (right
panel). T-tests reveal that KO animals had greater total running wheel activity than WT animals in LL (*P < 0.05) but not DD. See text for details.
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Fig. 2. Graphs showing average � SEM period length in h (top panels) and time of acrophase � SEM in 24-h clock time (bottom panels) of KO (left panels,
open squares) and WT (black circles) mice during 10 days exposure to LL (left panels), or DD. Period and acrophase did not differ between KO and WT
animals in either lighting condition.

Fig. 3. Representative actograms from KO (top panels) and WT (bottom panels) mice during exposure to LD (left panels) and during the first 10 days of expo-
sure to LL. Black lines represent the approximate circadian period, and approximate acrophases are indicated by arrows. Period and acrophase did not differ
between WT and KO animals in LD, but did differ significantly in the first 10 days of exposure to LL.

Fig. 4. Average � SEM total daily running wheel activity KO (white bars) and WT (shaded bars) animals during 14 days of LD, during the first 10 days in
LL, and after 30 days in LL. KO animals showed greater total activity in LD and LL (*P < 0.05), although all animals showed decreased activity in LL relative
to LD. See text for details.
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both showed periods that were almost exactly 24 h during the last
10 days of the 16-day scheduled feeding period (see Table S1).
However, as Fig. 5 shows, acrophases did significantly differ
between the two groups (t7 = 4.1; P < 0.001), with GHSR-KO ani-
mals showing peak activity ≈ 1 h (11.47 h) into the feeding period,
while WT animals did not show peak activity until several hours
later, near the time of food removal (14.24 h). Values do not
include data from one KO animal, due to equipment failure during
the last 10 days of recording (see Table S1).
Total daily running activity in KO animals continued to be greater

than WTs during the LLRF period (see Fig. 6). ANOVA revealed a
main effect of genotype (F1,152=28.02, P < 0.0001), with greater
total activity in the KO group, but no main effect of day or
day 9 genotype interaction. Bonferonni analysis showed no signifi-
cant differences between KO and WT animals on any individual
day of RF.
An analysis of the running-wheel activity in the 4 h immediately

before food access also showed much greater activity in KO ani-
mals, with ANOVA showing a main effect of genotype (F1,152=23.64,
P < 0.0001) but no main effect of day, day 9 genotype interaction,
nor any differences in post hoc analyses (see Fig. 11). A t-test of
the first 7 days of activity during this anticipatory period shows
greater activity in KO animals (t12 = 3.4; P < 0.01).
This increase in energy expenditure in KO animals was not com-

pensated for in terms of food intake, as there were no differences

between KOs and WTs in terms of body weight (KO, 33 + 0.96;
WT, 34 + 0.90 g; t16 = 1.1, P > 0.05) or amount of food eaten
(KO=5.1 g + 0.21; WT=5.1 g + 0.19; t28 = 0.095, P > 0.05) over
the course of the experiment in LL.

WT animals were more active and developed anticipatory
activity more quickly in DD than did KO mice

In the first phase of the experiment in DD, WT animals showed
greater activity in DD than did KOs. Averages of daily number of
wheel revolutions were 16 482 � 1049 for WT mice vs.
12 607 � 771 for KO mice (t22 = 3.0, P < .05). In DD, the free-
running periods of GHSR-KO and WT animals, 23.95 and 23.75 h
respectively, did not differ (t10 = 0.48, P > 0.05), nor did the acro-
phases (t10 = 1.2, P > 0.05)., which were 24.22 h for KO animals
and 23.12 h for WT animals (see Table S2).
Over the course of the feeding experiment, the genotypes did not

differ in body weight (KO, 28 + 0.19; WT, 28 + 0.19 g; t30 = 0.16,
P > 0.05), nor daily food intake (KO, 5.0 + 0.20; WT,
5.1 + 0.18 g; t30 = 0.23, P > 0.05). As can be seen in Fig. 12, both
GHSR-KO and WT mice entrained to a 24-h feeling schedule while
in DD. Both genotypes showed periods that were nearly 24 h
(t10 = 1.2, P > 0.05) during the last 10 days of the scheduled feed-
ing period (see Fig. 7 and Table S2). Acrophases occurred shortly
before the beginning of the feeding period in KO animals (KO,

Fig. 5. Representative actograms from KO (left) and WT (right) mice after ≈ 30 days of exposure to LL under ad libitum feeding conditions, followed by LL
on an RF schedule. Grey boxes indicate the time during which food was available. Approximate acrophases during the last 10 days of LL under ad libitum
feeding and during the last 10 days of RF are indicated by arrows. Period and acrophase did not differ between WT and KO animals during the last 10 days in
LL. Acrophase (but not period) differed significantly during the final 10 days of exposure to RF. See text for details.

Fig. 6. Average � SEM total daily running wheel activity (left panel) and activity in the 4-h period immediately prior to food access (center panel) for WT
(black circles) and KO (white squares) animals during exposure to LL on an RF schedule (LLRF). Baseline days 1 and 2 are the final 2 days of ad libitum
access to food. The following day (RF1), food was removed, then presented at the same time and available for 4 h each day for 16 days. KO animals showed
greater activity than WTs throughout the RF period (right panel, *P < 0.05). See text for details.
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07.51 h) and ≈ 1 h after food availability in WT animals (WT,
09.55 h), but did not differ statistically significantly (t10 = 0.99,
P > 0.05; see Fig. 7).
Total daily running activity during the RF period in DD (see

Fig. 8) showed the opposite effect to that seen in LL, with a main
effect of genotype (F1,170 =21.90, P < 0.0001), revealing greater
total activity in the WT group, but post hoc tests were not signifi-
cant. There was a trend for a main effect of day (F16,170 = 1.67,
P = 0.058), but no day 9 genotype interaction for total activity (see
Fig. 8, left panel). An analysis of the running-wheel activity in the
4 h immediately before food access also showed greater anticipatory
activity in WT animals for a couple of days before KO animals
reached the same level. ANOVA revealed a main effect of day
(F16,160 = 7.64, P < 0.0001), no effect of genotype interaction, but
a trend for a day 9 genotype interaction (F16,160 = 6.55,
P = 0.088). Post hoc analyses showed a significant difference
between WT and KO animals on day 5 of the restricted feeding
schedule (see Fig. 8, central panel). A visual inspection of the data
suggested that the difference between the two genotypes occurred
only within the first week after beginning scheduled feeding, so this
analysis was rerun with only the first 7 days. Under these condi-
tions, the interaction between day and genotype achieved signifi-
cance (F9,90 = 2.11, P = 0.037). A t-test of the first 7 days of
activity during the 4-h pre-meal period showed a strong trend

towards greater activity in WT animals than in KOs (t12 = 1.6,
P = 0.06; see Fig. 8).

Ghrelin receptors were found throughout outputs of the SCN

Figure 9 shows histochemical expression of the LacZ reporter gene
on the GHSR promoter, indicating the location of the ghrelin recep-
tor. Staining was seen in hypothalamic outputs of the SCN such as
the subparaventricular zone (SPVZ) (Fig. 9A), DMH (Fig. 9E and
G), paraventricular nucleus of the hypothalamus (PVN; Fig. 9C and
D) and arcuate nucleus (ARC; Fig. 9E and H), while the SCN
(Fig. 9A), ventromedial hypothalamus (VMH) (Fig. 9E and G) and
lateral hypothalamus (LH; Fig. 9E and F) had staining that was dis-
cernable but less robust. The paraventricular nucleus of the thalamus
(PVT; Fig. 9B) also showed intense staining. X-gal staining was
found throughout the extent of the brain, in fore-, mid- and hind-
brain regions (data not shown) described previously using mice of
the same transgenic line (Abizaid et al., 2006; Diano et al., 2006).

GHSR-KO mice displayed rhythmic Per 1 and Per2 expression in
SCN, and Fos expression in the hypothalamus, under LD

There were no differences between GHSR-KO and their WT litter-
mates in their circadian patterns of PER1 and PER2 protein expres-

Fig. 8. Average � SEM total daily running wheel activity in DD (left panel) and activity in the 4-h period immediately prior to food access (central panel) for
WT (black circles) and KO (white squares) animals during exposure to DD on an RF schedule (DDRF). Baseline days 1 and 2 are the final 2 days of ad libi-
tum access to food. The following day, food was removed, then presented at the same time and available for 4 h each day for 16 days. WT animals showed
greater food anticipatory activity on day 5 of RF (*P < 0.05). WT animals showed a trend toward greater total activity throughout the RF period (right panel;
†P < 0.1). See text for details.

Fig. 7. Representative actograms from KO (left) and WT (right) mice after ≈ 14 days of exposure to DD under ad libitum feeding conditions, followed by
14 days on an RF schedule. Grey boxes indicate the time during which food was available. Approximate acrophases during the last 10 days of DD under ad
libitum feeding and during the last 10 days of RF are indicated by arrows. Period and acrophase did not differ between WT and KO animals. See text for
details.
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sion in the SCN (P > 0.05), nor in the circadian patterns of Fos
expression in different hypothalamic regions (see Figs 10 and 11).

GHSR-KO and WT mice displayed rhythmic Fos expression in
the SCN under LL and DD

Quantification of the cFos protein immunoreactivity in the hypotha-
lamic nuclei and the PVT showed rhythmic expression in many
brain regions studied. A two-way ANOVA of cFos expession in the
SCN showed a significant effect of CT (F3,23 = 3.2, P < 0.05), but
no effect of genotype and no CT 9 genotype interaction. Similarly,
two-way ANOVAs showed significant effects of CT for the PVN
(F3,23 = 4.6 P < 0.05), LH (F3,23 = 5.5, P < 0.05), DMH
(F3,23 = 4.7, P < 0.05) and PVT (F3,23 = 3.8, P < 0.05), but no
effects of genotype or genotype 9 CT interactions. Significant
rhythms were not observed for the SPVZ, VMH or ARC. There
were no differences between genotypes, nor any genotype 9 time
interaction (see Fig. 12).
Quantification of the cFos protein immunoreactivity under DD in

the hypothalamic nuclei and the PVT showed rhythmic expression
in the SCN and LH, but not in other brain areas studied (Fig. 13).

A two-way ANOVA of cFos expression showed a significant effect of
CT in the in the SCN (F3,22 = 12, P < 0.05), and LH (F3,22 = 3.3,
P < 0.05), but no effect of genotype or CT 9 genotype interaction.
Significant effects of CT were not observed for the other areas, nor
were there differences between genotypes, or any genotype 9 time
interaction (see Fig. 5).

Discussion

The results of these experiments support the idea that GHSR-KO
mice have subtle differences in their circadian rhythms, particularly
under conditions that uncouple or dysregulate the master circadian
clock, such as LL and food entrainment. In DD, when the master
clock is free to run according to its own endogenous period, circa-
dian rhythms of cFos expression in the SCN and wheel-running
activity periods were very similar for both GHSR-KO and WT mice.
Both genotypes showed entrainment to temporally limited food
access in DD, as has been shown before under LD conditions (Blum
et al., 2009; LeSauter et al., 2009). Interestingly, GHRS-KO mice
do seem to show the same delay to food entrainment and reduced
anticipatory locomotor activity that was seen previously in animals

A B

C D G

F

H

E

Fig. 9. Photomicrographs of the brains of GHSR-KO mice (n = 2) stained using the beta-galactocidase staining procedure. Teal blue spots show the presence
of beta-galactocidase as the result of activation of the GHSR promoter, indicating the location of the ghrelin receptor (indicated by black arrows). (A) SCN and
SPVZ; (B) PVT; (C) PVN; (D) PVN at higher magnification; (E) LH, DMH, VMH, and ARC; (F) LH; (G) DMH and VMH; and (H) ARC. Scale bars as indi-
cated in the Fig.
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on an LD schedule. In the present study, as in our previous experi-
ment in LD (Blum et al., 2009), WT animals housed in DD began
to show high levels of anticipatory activity soon after beginning the
scheduled feeding paradigm. By day 4 and particularly day 5 of
scheduled feeding of this experiment, WT animals show high levels
of activity in the 4 h prior to food availability while KO animals
matched this only on day 6. However, previous experiments have
also shown that the amount of anticipatory activity is reduced in
GHSR-KO animals on an LD cycle (LeSauter et al., 2009). In DD,
this was supported at the trend level.
The real surprises in this study were the differences between

GHSR-KO and WT animals that emerged under LL. In terms of

cFOS activation, they did not differ. The SCN and several other
brain areas showed circadian rhythms of immunoreactivity that did
not differ between groups. Where striking differences did emerge
was in the differential effect of LL on the amount of running-wheel
activity. In experiment 1, KO animals showed greater activity than
WT mice in LL but not in DD. After 10 days in LL, KOs ran
≈ 4300 wheel revolutions per day vs. 1500 revolutions per day in
WT mice. In contrast, after 10 days in DD, KO and WT mice did
not differ, with KO mice running ≈ 14 000 revolutions per day
compared to WTs that ran ≈ 12 000 per day (see Fig. 1). In experi-
ment 2, a separate group of KO animals were more active overall,
showing greater activity levels in both LD and LL (see Fig. 4). WT

Fig. 10. Graphs and photomicrographs showing immunocytochemistry for PER1 and PER2 proteins in the SCN of GHSR-KO and WT mice. Analysis of the
PER1 and PER2 proteins showed rhythmic expression of both PER1 and PER2 in these mice but no difference between genotypes nor any genotype 9 time
interaction.

Fig. 11. Graphs showing numbers of cFOS-immunoreactive cells for GHSR-KO and WT mice housed on an LD cycle. Analysis of the cFos protein quantifica-
tion in the hypothalamic nuclei and the PVT showed rhythmic expression in all brain regions studied except for the SPVZ, which showed a trend for rhythmic
expression. There were no differences between genotypes nor any genotype 9 time interaction.
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animals showed very little activity under LL, dropping from
≈ 10 000 wheel revolutions per day in LD down to ≈ 200 in LL.
KO animals were more active but showed the same dramatic
decrease in amount of activity, falling from 20 000 wheel revolu-
tions per day to ≈ 200–800 after 30 days in LL (see Fig. 9). In a
separate group of animals exposed to DD this effect was reversed,
with WTs showing more wheel revolutions than KOs.
This difference in the amount of overall activity in KO mice

between LD and LL may be accounted for, in part, by the inhibitory
effects of ghrelin on spontaneous locomotor activity. High activity
levels in ghrelin-KO and GHSR-KO mice have been reported previ-
ously, and this has been linked to increased energy expenditure in
animals from the same strain that we used in the current study
(Wortley et al., 2005; Pfluger et al., 2008). Conversely, GHSR-KO

animals on a high-fat diet actually showed reduced activity com-
pared to their WT littermates (Zigman et al., 2005), but these ani-
mals were on a different genetic background than our own, which
may account for the difference in activity levels. In fact, GHSR-KO
mice on the purely C57BL/6J background failed to show any antici-
patory activity after 2 weeks on a restricted feeling schedule (Davis
et al., 2011), whereas our animals on the mixed C57BL/6J-DBA
background do develop anticipatory behavior under a variety of
lighting conditions, but at a slower rate than WT animals in LD
(Blum et al., 2009) and DD (present study). This suggests that these
strain effects may have a profound effect on circadian phenotype.
This raises the question of what role ghrelin ordinarily plays in the

circadian system that could account for this accentuation of activity in
LL. Ghrelin receptors are expressed in thalamic and hypothalamic

Fig. 12. Graphs showing numbers of cFOS-immunoreactive cells for GHSR-KO and WT mice housed on an LL cycle for a minimum of 10 days. Analysis of
the cFos protein immunoreactivity in the hypothalamic nuclei and the PVT showed rhythmic expression in many brain regions studied. Significant rhythms were
not observed for the SPVZ, VMH or ARC. There were no differences between genotypes nor any genotype 9 time interaction.

Fig. 13. Graphs showing numbers of cFOS-immunoreactive cells for GHSR-KO and WT mice housed on a DD cycle for a minimum of 10 days. Analysis of
the cFos protein immunoreactivity in the hypothalamic nuclei and the PVT showed rhythmic expression in only the SCN and LH. Significant rhythms were not
observed for the SPVZ, PVN, DMH, VMH, ARC or PVT. There were no differences between genotypes, nor any genotype 9 time interaction.
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nuclei that are major outputs of the SCN master clock, such as the
PVT, SPVZ, DMH and LH. Their absence in GHSR-KO animals may
alter any modulatory influences ghrelin ordinarily has on the behav-
ioral consequences of changes to the outgoing signals from the SCN
(Watts & Swanson, 1987; Watts et al., 1987; Moga et al., 1995; Leak
& Moore, 2001). Certainly a role for the DMH in food entrainment
has been proposed (Gooley et al., 2006; Mieda et al., 2006) and
debated (Landry et al., 2006, 2007; Moriya et al., 2009), and new evi-
dence for a strong interaction between the DMH and SCN is emerging
(Acosta-Galvan et al., 2011). However, the hyperactivity in LL
emerged in the GHSR-KO animals even before restricted feeding
began, suggesting other brain areas my also be important. The PVT,
for instance, is a major relay for circadian information, receiving infor-
mation not only from the SCN but also from the SPVZ, intergenicu-
late leaflet and retina (Watts et al., 1987; Moga et al., 1995; Moore
et al., 2000). Thus, the absence of ghrelin action in the PVT could
potentially change the normally inhibitory effects of light on behavior.
The second place where there was a differential effect of LL was

on circadian period. This was not a consistent effect. In experi-
ment 1, where wheel-running activity was measured in order to
select an appropriate CT time for killing, animals were taken from
their home cage in the animal colony and placed in LL or DD for
only 10 days. Under these conditions, the taus for LL and DD did
not differ between KO and WT animals. Although periods were
slightly longer for KOs than WTs in LL, this was not significant.
The situation in experiment 2 was quite different. In this experi-

ment, 10 mice were placed in running wheels for a period of several
months and studied under several different lighting conditions,
including a few days on a 25-day cycle. Thus after a brief exposure
to 25-h days, followed by LL, both KO and WT mice showed a
lengthening of their circadian period. However, GHSR-KOs showed
an average period that was ≈ 30 min longer than that of WTs after
10 days in LL. This effect was no longer apparent after 30 days in
LL, but by that time circadian behavior rhythms had become less
coherent for KO animals and especially for WT animals, the major-
ity of which were arrhythmic. This is consistent with studies show-
ing that long-term exposure to LL disrupts the synchrony among
SCN clock cells (Ohta et al., 2005).
Although both groups do show robust entrainment to food that is

able to reestablish a significant 24-h circadian period, and also a sig-
nificant acrophase, the timing of the acrophase is not consistent
between WTs and KOs after food entrainment, with KOs showing
peak activity during the time when food is available, while WTs
show peak activity near the end of the time of food access. The tim-
ing of the acrophase of activity was also later in WT animals in DD,
although not significantly so. This suggests that KO animals have an
alteration in the phase relationship between the timing cue provided
by food availability and the behavioral activation that results in antic-
ipatory running behavior. The ghrelin-mimetic drug growth-hormone
releasing peptide 6 (GHRP-6) has been shown to inhibit light-
induced cFos expression in the SCN and attenuate a light induced
phase shift (Yi et al., 2006; Yi et al., 2008), suggesting that ghrelin
can act as a non-photic stimulus to alter the timing of light-signaled
behaviour. Therefore, it is not surprising that the absence of ghrelin
could alter the timing of activity, especially in LL, where photic Zeit-
gebers are also absent. In this situation, the absence of ghrelin activ-
ity at the GHRS receptor did not have a significant effect on
comsummatory behaviour, as the two groups ate the same amount of
food and there were no differences in body weight.
One question that must be addressed is the surprising lack of

food anticipatory activity in WT mice housed in LL. Indeed, food
anticipatory activity has been previously demonstrated in rats

housed in LL (Bolles & Stokes, 1965; Edmonds & Adler, 1977a,b;
Lamont et al., 2005). In Lamont et al. (2005), no attempt was made
to quantify the amount of anticipatory activity, but certainly overall
activity levels were very low after an extended period in LL, as can
be seen in the actograms presented in that article. Species differ-
ences may account for the lack of food anticipatory activity
observed in the present study in WT mice. In one study using spiny
mice, Acomys cahirinus, wheel-running activity was reduced dra-
matically in LL compared to LD and only two of the 11 mice stud-
ied actually showed entrainment to a restricted feeding schedule
under LL, although all 11 had shown significant food anticipatory
activity on an LD schedule prior to exposure to LL (Chabot et al.,
2012). In the current experiment, 30 days in LL reduced daily activ-
ity levels in WT mice to fewer than 200 wheel revolutions per day,
as compared to 600 in KO mice. With such a low level of activity
in WT mice, it may simply be difficult to detect food anticipatory
activity in these animals. Sampling of brain and peripheral tissues
for clock gene protein and RNA at different time points during the
temporal feeding period would have demonstrated whether central
and peripheral circadian oscillators were entrained to the time of
food availability, although the large number of animals required for
this type of study was prohibitive. Alternately, a circadian-controlled
measurement that is suppressed by light to a lesser degree, such as
body temperature, may have been useful in detecting food anticipa-
tion in these mice. Regrettably, these data were not collected.
Together, these data provide further support for the hypothesis

that ghrelin plays a role in the food-entrainable clock, but also sug-
gest that there may be an interaction between the effect of light and
ghrelin that extends beyond a simple deficit in the ability of GHSR-
KO animals to entrain to scheduled feeding. In conclusion, life-long
insensitivity to ghrelin has subtle but demonstrable effects on
behavioural activation and the power of food to synchronise the cir-
cadian organisation of voluntary activity.

Supporting Information

Additional supporting information can be found in the online
version of this article:
Table S1. Summary data of period and acrophase (in hours) for indi-
vidual animals under LD, LL with ad libitum feeding and 10 and
30 days, and LL with temporally restricted access to food (LLRF).
Table S2. Summary data of period and acrophase (hours) for individ-
ual animals under DD with ad libitum feeding and DD with tempo-
rally restricted access to food (DDRF).
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