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Circadian characteristics of mice depleted with GPR7
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ABSTRACT

GPR7, now known as a receptor of neuropeptide B and neuropeptide W, is expressed in neurons
of the suprachiasmatic nucleus (SCN), the mammalian circadian center. By the quantitative in situ
hybridization, we demonstrated that GPR7 mRNA showed a significant circadian rhythm in the
SCN showing a peak at early subjective night in both light-dark and constant dark. We character-
ized the circadian feature of GPR7-knockout mice, but the period length and the phase-dependent
phase shift to light exposure were not disordered in GPR7-knockout mice. Moreover, the food-an-
ticipatory behavior in restricted feeding schedule was observed in this gene-deleted mouse similar
to wild-type. These results indicate that the role of GPR7 may be subtle or limited in relation to
the circadian clock despite its robust expression in the SCN.

Most organisms display a physiological and behav-
ioral rhythm with periods of nearly 24 hours. In
mammals, the central circadian oscillator is located
in the hypothalamic suprachiasmatic nucleus (SCN)
(12). Here the circadian rhythm is generated in the
oscillator cells by a transcription/translation based
autoregulatory negative feedback loop in which the
protein products of a set of clock genes inhibit their
own transcription (23, 26). In SCN, this cellular
rhythm is synchronized through the interaction of
oscillating cells (32), and entrained to the environ-
mental light-dark cycle by the photic and non-photic
signals (9, 12). Many receptors and their intracellu-
lar signal transductions may be enrolled in this in-
tercellular communication, and a G-protein-coupled
receptor GPR7 might be this candidate, since GPR7
is highly expressed in the SCN (13). GPR7 is origi-
nally described by O’Dowd et al. (1995) (21) as a
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receptor having close structural resemblance to both
the somatostatin-3 (SST3) receptor, and the p-, d-,
and k-opioid receptors. Recently, its two endoge-
nous ligands, neuropeptide B (NPB) and neuropep-
tide W (NPW), were identified (3, 6, 28, 30).
Although roles of this receptor on feeding, prolac-
tin-release and pain were reported (29), the roles of
GPR7 on biological rhythms have not been clarified.
In the present study, we demonstrated the circadian
change of GPR7 expression in the SCN, and further
examined the circadian characteristics of mice delet-
ed with GPR7 gene (10).

MATERIALS AND METHODS

Animals and behavioral rhythm monitoring. For ex-
amining the expression of GPR7, we purchased
male C57B16 mice at 6 weeks age (JAPS, Osaka,
Japan). Mice were housed in 12 h light/dark (LD)
cycles (fluorescent light, 300 lux) at least for 2
weeks at 22 + 2°C with freely provided diet and wa-
ter. Six mice were examined for assessing the brain
expression of GPR7 at ZT 16 (ZT stands for Zeitge-
ber time in a LD cycle; ZTO is light-on and ZT12 is
lights-off). For quantitative analysis of GPR7 in the
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SCN, mice were examined in the LD and in con-
stant darkness (DD) at every 4h (n=4-5 at each
time point for both experiments; total n = 58), start-
ing at ZTO or CTO (CT stands for circadian time;
CTO is subjective dawn and CT12 is subjective
dusk).

We examined the behavioral characteristics of
GPR7~ mice in relation to the wild-type mice (10).
Locomotor activity was detected by passive (pyro-
electric) infrared sensors (FA-05 F5B; Omron, Kyo-
to, Japan) (27). Period length was monitored at least
4 weeks in DD. Moreover, phase-dependent phase-
shift by the brief light exposure, and the effect of
restriction feeding (RF) were also examined. Mice
were entrained to a 12 h: 12 h LD cycles for at least
1 week before any experimental manipulation. All
data were monitored and analyzed by Chronobiolo-
gy kit (Stanford Software Systems, Stanford, CA).
The all experimental procedures were approved by
the Committee for Animal Research of Kobe Uni-
versity and the Animal experimentation Committee
of Kyoto University.

In situ hybridization. Mouse GPR7 cDNA fragment
(positions 330-768 (438 bp) of Gene Bank acces-
sion no. XM_136404; primers (5’-CGTGTTCAT
CCTCAACCTGGCTATC-3’ and 5’-GATGGTGGT
CACCGGGATGGCAAG-3’) was subcloned into the
pBluescript KS (—) vector (Stratagene, La Jolla, CA)
and sequenced to verify their identity and orienta-
tion. These cDNA fragment containing vectors were
linearized with restriction enzymes and used as tem-
plates for antisense cRNA probes. Radiolabeled
probes for GPR7 mRNA were made using *P-UTP
(New England Nuclear, Boston, MA) with a stan-
dard protocol for cRNA synthesis.

Mice were deeply anesthetized with ether, and in-
tracardially perfused with 10 mL of ice cold 0.1 M
phosphate buffer (PB) (pH 7.4), followed by 20 mL
of a fixative containing 4% paraformaldehyde in
0.1 M PB. For the mice housed in darkness, anes-
thesia was performed under safe dark red light. The
brains were removed, post-fixed in the same fixative
for 24 h at 4°C and placed in 0.1 M PB containing
20% sucrose for 48 h. These brains were frozen us-
ing dry ice and stored at —80°C until use. Mouse
brain sections were made 40 um in thickness by a
cryostat (Leica, Solms, Germany). To minimize
technical variations throughout the hybridization
procedure, sections from different experimental con-
ditions were gathered into one group and processed
simultaneously. In situ hybridization histochemistry
using the free-floating sections were performed ac-
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cording to the method detailed previously (27).
Briefly, tissue sections were processed with 1 pg/mL
proteinase K (0.1 M Tris-HCI, pH 8.0, 50 mM
EDTA, 10 min) at 37°C and 0.25% acetic anhydride
in 0.1 M triethanolamine for 10 min. The sections
were then incubated in the hybridization buffer (60%
formamide, 10% dextran sulphate, 10 mM Tris-HClI,
pH 8.0, 1 mM EDTA, pH 8.0, 0.6 M NaCl, 0.2%
N-laurylsarcosine, 500 mg/mL transfer RNA, 1 x
Denhardt’s solution and 0.25% sodium dodecyl
sulphate) containing the *P-UTP-labeled antisense
CcRNA probes for 16 h at 60°C. Sections for free
floating in situ hybridization were mounted onto
gelatin-coated microscope slides, air-dried, and de-
hydrated. These sections together with “C-acrylic
standards (Amersham, Buckinghamshire, U.K.) were
exposed to Biomax film (Kodak, Rochester, NY) for
five days and subjected to the image analysis
procedure.

Quantification of hybridization. The radioactivity of
each SCN on film was analyzed using a microcom-
puter interface to an image analysis system (MCID,
Imaging Research, St Catherines, Ontario, Canada)
after conversion into the relative optical densities
produced by the *C-acrylic standards. Data were
normalized with respect to the difference between
signal intensities in equal area of the SCN and the
corpus callosum. The intensities of the optical den-
sity of the sections from the rostral to the caudal
most part of the SCN (8 sections per mouse brain)
were then summed; the sum was considered to be a
measure of the amount of GPR7 mRNA in this re-
gion. The intensity values are presented as mean £
SEM (n =4-5). We indicate relative mRNA abun-
dance, which means that the peak intensity value in
the LD or DD condition was adjusted to 100. Data
were analyzed by one-way ANOVA followed by
Scheffe’s multiple comparisons.

Phase-response curve to the light pulse. For the
phase response curve, on the last LD cycle, mice re-
ceived a 30 min light pulse of 300 lux at designated
CT times (CT2, CT6, CT10, CT14, CT18, and
CT22). The mice remained in DD for at least 2
week after the pulse. The response to light from
ZT12-24 or 20-24 were tested by Student’s t-test.
The phase response curve was tested by two-way
ANOVA. Bonferroni post hoc tests were used for
the comparison between the values of wild-type and
GPR7 groups at the same time points. All statisti-
cal analyses were performed using GraphPad Prism
5.0 (GraphPad Software, La Jolla, CA).
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Entrainment to the food restriction. Age matched
mice were used. Mice were entrained in 12 h: 12 h
LD cycle for more than 7 days, and food was given
ad libitum before entering RF schedule. Lighting
conditions remained the same and water was freely
available throughout all experiments. On the first
day of RF, food was withdrawn for complete fast-
ing. Then, mice were allowed access to food for 4 h
from ZT5 to ZT9 for 7 consecutive days. On the
day 9, food was again withheld for the entire day.

RESULTS

Distribution of GPR7 mRNA in the mouse brain
Strong expression of GPR7 mRNA was found in
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sporadic regions of mouse brain (Fig. 1A). In hypo-
thalamus, GPR7 mRNA signals were found at high
level in the SCN, paraventricular nucleus (PVN),
supraoptic nucleus (SON), and hypothalamic dorso-
medial nucleus (DMH) (Fig. 1A, a-d). High level
signals were also found in central nucleus of the
amygdala (AmyCe), insular cortex (InsCx) and zona
incerta (ZI) in the forebrain (Fig. 1A, ¢ and d). In
the other area, GPR7 mRNA signals were found es-
pecially in superior colliculus (SC) and nucleus of
the solitary tract (NTS) in the midbrain and dorsal
horn of the spinal cord (DH) (Fig. 1A, e—g).

Circadian expression of GPR7 mRNA in the SCN
A robust circadian expression of GPR7 mRNA was
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GPR7 mRNA in the mouse brain. (A) Distribution of GPR7 mRNA in the mouse brain. Strong signals are distribut-

ed in specific regions of the brain. Weak signals diffusely detected in the brain are non-specific. AmyCe, central nucleus of
the amygdale; DMH, dorsomedial nucleus of the hypothalamus; DH, dorsal horn of the spinal cord; InsCx, insular cortex;
NTS, nucleus of the solitary tract; PVN, paraventricular hypothalamic nucleus; SON, supraoptic nucleus; SCN, suprachias-
matic nucleus; SC, superior colliculus; TPV, thalamic paraventricular nucleus; ZI, zona incerta. (B) Circadian expression of
GPR7 mRNA in the mouse SCN. Quantitative analysis of GPR7 mRNA in LD (left) and DD (right) conditions (mean + SEM,;
n = 4-5). Values were determined by quantitative in situ hybridization using isotope-labeled probes with the mean peak val-
ue being adjusted to 100. Representative in situ hybridization autoradiograms are shown in upper side. Numbers on each

autoradiogram indicate the sampling time (h).
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observed in both LD and DD conditions. By the
quantitative in situ hybridization, in LD condition,
signals showed a peak at ZT16 and a trough at ZT0-
ZT4 (ANOVA; F[5, 22]1=17.671, P <0.0001)
(Fig. 1B, left). In the DD condition, the signals of
GPR7 mRNA also showed a peak at CT12 and a
trough at CTO (ANOVA; F[5, 23] =65.354, P <
0.0001) (Fig. 1B, right). The maximum GPR7
MRNA level is about three fold-higher than the min-
imum under both LD and DD conditions.

Circadian behavior and its response to light in
GPR7" mice

To examine the effect of GPR7-defect on behavioral
rhythms, wild-type and GPR7~ mice (10) were
entrained in LD condition for at least 1 week, fol-
lowed by DD condition in which the circadian
period was measured. There was no significant
difference between wild-type and GPR7”" mice in
circadian period (23.74 £0.04 h in wild-type and
23.76 = 0.03 h in GPR7-knockout, P > 0.05, Student’s
t-test).

Next, we examined the effect of light (300-lux)
on the behavioral phase-shift of GPR7~ mice. First,
we tried the one day 12 h-extension schedule. Mice
were entrained in LD condition at least one week,
and then light period was extended to a 12 h after
the end of the scheduled lighting period for one day,
followed by exposing DD condition (Fig. 2A, up-
per). The average phase delays of wild-type and
GPR7-knockout were 4.68+0.27 h and 4.33
0.25 h respectively (P >0.05, Student’s t-test). Next,
we tried the 4 h-exposure of light on the time ex-
pected to have phase-advance. Concretely, in the
last light-day cycle, mice were exposed to 4 h light
pulse at ZT20-24. Wild-type and GPR7 " mice
were phase advanced with 0.21+0.13 h and 0.23 £
0.12 h, respectively, and there was no statistical sig-
nificant difference (P > 0.05, Student’s t-test).

To examine the phase-dependent phase-shift by
the exposure of light more precisely, we constructed
phase response curve (PRC) of wild-type and
GPR7” mice by light pulses (30 min, 300 lux) at
every 4 h circadian time. As shown in Fig. 2B, the
light pulse at the CT14 and CT18 produced phase
delays and at CT22 produced phase advance in both
wild-type and GPR7 "~ mice. PRC of GPR7 " mice
showed no difference to that of wild-type (P > 0.05,
two-way ANOVA).

Anticipation of feeding in restricted feeding sched-
ule in GPR7™" mice
Not only to light, circadian rhythms are entrained to
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non-photic stimuli including melatonin and feeding
(2, 4). Here, we examined the effect of RF on the
circadian rhythm in GPR7”~ mice. Behavioral activ-
ity under ad libitum feeding or 4 h RF in the middle
of the light phase (ZT5-9) was measured. A robust
increased food seeking activity was observed about
2 h before food preparation in wild-type mice within
a few days after start of RF schedule (Fig. 3, left).
This anticipatory behavior was also shown in the
GPR7™" mice (Fig. 3, right).

DISCUSSION

The present quantitative investigation has demon-
strated that GPR7 mRNA is rhythmically expressed
in the SCN in a circadian fashion. The mRNA ex-
pression level at a peak in subjective night was
about three fold higher than that at a trough in sub-
jective day. Although the generation mechanism of
this clear night-peak rhythm has not been clarified,
it is speculated that the core oscillation of clock
genes induces the circadian transcription of clock
controlled genes via the E-box, D-box, and RRE
(RORE Responsive Element) in their promoters (23,
26, 31). Since BMAL1, a representative night-peak
rhythmic gene (22), is known to show this charac-
teristic expression profile via its RRE site on its
promoter (25), similar mechanism is possible for
GPR7 gene. By the search of genomic sequence of
possible promoter region, we found one RRE site at
5,316-base upstream of the transcription initiation
site of GPR7 gene in mice, but this site is not evo-
lutionally conserved in the human GPR7 gene.
Thus, the mechanism of night-peak pattern of GPR7
in the SCN is not known at present, and the indirect
regulation of clock genes or regulation of signal
transduction molecules such as cAMP (24) should
be considered to understand the rhythmic nature of
GPRY7 transcripts.

Since the ablation of receptors which are ex-
pressed abundantly in the SCN such as VPAC2
shows the abnormality of rhythm (8), we examined
GPR7-knockout mice. However, the period length
of the knockout mice in constant dark conditions
was virtually the same as that of wild type. We next
characterized the effect of light-induced phase-shift.
First we characterized gross change of phase-
advance and phase-delay effects, by adopting the
schedules of 4 h light at ZT20/24 and 12 h exten-
sion light, respectively (5, 15). However, there were
no difference between GPR7 and wild type. For
the more precise evaluation of light effect on circa-
dian rhythm, we made a phase response curve to
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Fig.2 GPR7” mice behavioral response to light. (A) Response to light from ZT12—24 or 20-24. Double-plotted locomotor
activity rhythms of representative wild-type mice and GPR7~~ mice. Mice were initially entrained to a fixed 12 h LD cycle of
300 lux. Mice were then moved to DD after 12 h of light prolongation (ZT12—-24) or 4 h light pulse before dawn (ZT20-24)
at the last day of LD cycle. Locomotor activities were expressed in the histogram. Periods of darkness are indicated by grey
backgrounds. The red lines delineate the phase of activity onset after the light manipulation. The bar graphs at right show
mean + SEM of the phase shifts for each genotype. Positive values denote phase advances, whereas negative values de-
note phase delays. No significant difference P> 0.05, Student’s t-test). (B) Phase response curve (lower) and representative
actograms (upper) of wild-type and GPR7”" mice. Wild-type (filled diamond) and GPR7”" (unfilled square) mice were en-
trained to a fixed 12 h LD cycle of 300 lux. On their final LD cycle, the mice received a 30 min light pulse of 300 lux at des-
ignated CT times (CT2, 6, 10, 14, 18, 22) and subsequently maintained in DD for at least 14 days. The red lines delineate
the phase of activity onset before or after the light pulse. Values are presented as mean + SEM phase shift (in hours). Posi-
tive values denote phase advance, whereas negative values denote phase delays. n = 3-8 per group. No significant differ-
ence at all time points tested (P> 0.05, 2-way ANOVA).
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Fig.3 Food-anticipatory activity under restriction feeding in GPR7”" mice. Representative double-plot actograms show lo-
comotor activity of wild-type (left) and GPR7™ (right) mice, respectively. Wild-type and GPR7™~ mice were fed ad libitum
for 7 days then followed by fasting at day 8 and restriction feeding starting at day 9. Areas shaded with orange color in the
actogram indicate the time when food is available. The light phase (ZT0-12) and the dark phase (ZT12-24) are indicated

as top black and white bar respectively.

30 min light pulse (300 lux), but we found no dif-
ference of GPR7 ™ and wild-type mice.

Above findings demonstrate that there are no ab-
normalities for the generation and entrainment of
the circadian behavioral rhythms in GPR7~" mice in
spite of the high expression of GPR7 in the SCN.
Since GPR7™" mice are reported to show mild adult-
onset obesity (10), this gene deletion can surely
show some physiologically relevant phenotype for
energy metabolism. Thus, our present results indi-
cate that GPR7-deficiency is compensated by other
factors, or GPR7 receptor is functionally inactive.

As the candidates of compensatory substance, the
GPR8 is one candidate, because of its 60% amino
acid identity with showing the similar binding affin-
ity to NPB/NBW (13). However, GPR8 gene was
absent in rodent (13). Somatostatin receptors and
opioid receptors, which are abundantly expressed in
the SCN, might be other candidates since 40% of
sequence similarity was noted. However, since no
biochemical and pharmacological data are available
at present, this hypothesis remains to be proved in
future studies.

Since an autoradiographic study has shown that
high levels of *I-labeled NPB or NPW bindings
are detected in the SCN (11, 29), functional recep-
tors may be expressed in the SCN. However, there
are many evidences that they are functionally
inactive. First, the intracerebroventricular injection
of NPW induces c-fos in many brain structures
expressing GPR7, but never induces c-fos in the
SCN neurons (14). This suggests that SCN neurons
are unresponsive to NPW or that SCN neurons spe-
cifically use another signal cascade to transduce

GPR7-mediated signals. Second, it is possible of no
existence of endogenous ligands in the SCN and
nearby structure, since both NPB and NPW have
not been found in the SCN and nearby nuclei (11,
30). Third, it is also possible that GPR7 in the SCN
may be involved in unknown non-rhythmic func-
tions in the SCN.

Since we found no abnormality for circadian
rhythms and its entrainments to light, we broaden
the examination to the non-photic entrainment of
circadian rhythms (9). Here we examined prefeeding
activity during RF: if feeding is restricted to a sin-
gle meal scheduled at a fixed time for several days,
mice develop intense locomotor activity before this
mealtime (2), and this prefeeding activity persists
even when food is withheld for several days (18).
Several brain structures are involved in these phe-
nomena including dorsomedial hypothalamic nucle-
us (DMH) (7), limbic system (1), and SCN (16).
Although the primary brain locus for this phenome-
non is still in argue (19, 20), recent evidence sug-
gests the special role of DMH (7, 17, 20). Since
GPR7 is also strongly expressed in DMH as in
Fig.1, we examined the preceding activity to feed-
ing. When 4 h RF schedule was applied to GPR7 "
mice, anticipatory behavior was also observed in the
GPR7”" mice (Fig. 3. right). This strongly indicates
that GPR7 do not play a role in feeding induced en-
trainment.

In the SCN, GPR7 mRNA reveals significant cir-
cadian rhythmicity with night-peak pattern in con-
stant dark condition. However, there is no significant
difference about circadian rhythm phenotype be-
tween wild-type and GPR7-knockout mice. These
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results indicate that defect of GPR7 in the SCN will
be completely compensated by other factors, func-
tional ligands do not exist in nearby regions, or
NPB/NPW-GPR7 system will be involved in other
functions.

Acknowledgements

We thank Drs. Jeffrey M Friedman and Makoto Ishii
for providing us with the GPR7 deficient mice, Dr.
Toshio Terashima for supporting during the course
of the study, and Dr. Shigenobu Shibata for inspir-
ing discussion. This work was supported in part by
the Specially Promoted Research from the Ministry
of Education, Culture, Sports, Science and Technol-
ogy of Japan, and SRF.

REFERENCES

1.

2.

10.

11.

12.

Armstrong S (1980) A chronometric approach to the study of
feeding behavior. Neurosci Biobehav Rev 4, 27-53.

Boulos Z and Terman M (1980) Food availability and daily
biological rhythms. Neurosci Biobehav Rev 4, 119-131.

. Brezillon S, Lannoy V, Franssen JD, Le Poul E, Dupriez V,

Lucchetti J, Detheux M and Parmentier M (2003) Identifica-
tion of natural ligands for the orphan G protein-coupled re-
ceptors GPR7 and GPR8. J Biol Chem 278, 776-783.

. Cassone VM, Chesworth MJ and Armstrong SM (1986) En-

trainment of rat circadian rhythms by daily injection of mela-
tonin depends upon the hypothalamic suprachiasmatic nuclei.
Physiol Behav 36, 1111-1121.

. Debruyne JP, Noton E, Lambert CM, Maywood ES, Weaver

DR and Reppert SM (2006) A clock shock: mouse CLOCK
is not required for circadian oscillator function. Neuron 50,
465-477.

. Fujii R, Yoshida H, Fukusumi S, Habata Y, Hosoya M,

Kawamata Y, Yano T, Hinuma S, Kitada C, Asami T, Mori M,
Fujisawa Y and Fujino M (2002) Identification of a neuro-

peptide modified with bromine as an endogenous ligand for
GPR7. J Biol Chem 277, 34010-34016.

. Gooley JJ, Schomer A and Saper CB (2006) The dorsomedi-

al hypothalamic nucleus is critical for the expression of food-
entrainable circadian rhythms. Nat Neurosci 9, 398-407.

. Harmar AJ, Marston HM, Shen S, Spratt C, West KM,

Sheward WJ, Morrison CF, Dorin JR, Piggins HD, Reubi JC,
Kelly JS, Maywood ES and Hastings MH (2002) The VPAC
(2) receptor is essential for circadian function in the mouse
suprachiasmatic nuclei. Cell 109, 497-508.

. Hastings MH, Duffield GE, Smith EJ, Maywood ES and

Ebling FJ (1998) Entrainment of the circadian system of
mammals by nonphotic cues. Chronobiol Int 15, 425-445,
Ishii M, Fei H and Friedman JM (2003) Targeted disruption
of GPR7, the endogenous receptor for neuropeptides B and
W, leads to metabolic defects and adult-onset obesity. Proc
Natl Acad Sci USA 100, 10540-10545.

Jackson VR, Lin SH, Wang Z, Nothacker HP and Civelli O
(2006) A study of the rat neuropeptide B/neuropeptide W
system using in situ techniques. J Comp Neurol 497, 367—
383.

Klein DC, Moore RY and Reppert SM (1991) Suprachias-

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

363

matic Nucleus: The Mind’s Clock, Oxford University Press,
New York.

Lee DK, Nguyen T, Porter CA, Cheng R, George SR and
O’Dowd BF (1999) Two related G protein-coupled receptors:
the distribution of GPR7 in rat brain and the absence of
GPRS8 in rodents. Brain Res Mol Brain Res 71, 96-103.
Levine AS, Winsky-Sommerer R, Huitron-Resendiz S, Grace
MK and de Lecea L (2005) Injection of neuropeptide W into
paraventricular nucleus of hypothalamus increases food in-
take. Am J Physiol Regul Integr Comp Physiol 288, R1727—
R1732.

Masubuchi S, Kataoka N, Sassone-Corsi P and Okamura H
(2005) Mouse Periodl (mPER1) acts as a circadian adaptor
to entrain the oscillator to environmental light/dark cycles by
regulating mPER2 protein. J Neurosci 25, 4719-4724.
Mendoza J, Drevet K, Pevet P and Challet E (2008) Daily
meal timing is not necessary for resetting the main circadian
clock by calorie restriction. J Neuroendocrinol 20, 251-260.
Mieda M, Williams SC, Richardson JA, Tanaka K and
Yanagisawa M (2006) The dorsomedial hypothalamic nucle-
us as a putative food-entrainable circadian pacemaker. Proc
Natl Acad Sci USA 103, 12150-12155.

Mistlberger RE (1994) Circadian food-anticipatory activity:
formal models and physiological mechanisms. Neurosci
Biobehav Rev 18, 171-195.

Mistlberger RE (2006) Circadian rhythms: perturbing a food-
entrained clock. Curr Biol 16, R968-R969.

Moriya T, Aida R, Kudo T, Akiyama M, Doi M, Hayasaka N,
Nakahata N, Mistlberger R, Okamura H and Shibata S (2009)
The dorsomedial hypothalamic nucleus is not necessary for
food-anticipatory circadian rhythms of behavior, temperature
or clock gene expression in mice. Eur J Neurosci 29, 1447—
1460.

O’Dowd BF, Scheideler MA, Nguyen T, Cheng R, Rasmussen
JS, Marchese A, Zastawny R, Heng HH, Tsui LC, Shi X,
Asa S, Puy L and George SR (1995) The cloning and chro-
mosomal mapping of two novel human opioid-somatostatin-
like receptor genes, GPR7 and GPRS, expressed in discrete
areas of the brain. Genomics 28, 84-91.

Oishi K, Fukui H and Ishida N (2000) Rhythmic expression
of BMAL1 mRNA is altered in Clock mutant mice: differen-
tial regulation in the suprachiasmatic nucleus and peripheral
tissues. Biochem Biophys Res Commun 268, 164-171.
Okamura H (2004) Clock genes in cell clocks: roles, actions,
and mysteries. J Biol Rhythms 19, 388-399.

O’Neill JS, Maywood ES, Chesham JE, Takahashi JS and
Hastings MH (2008) cAMP-dependent signaling as a core
component of the mammalian circadian pacemaker. Science
320, 949-953.

Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D,
Albrecht U and Schibler U (2002) The orphan nuclear recep-
tor REV-ERBalpha controls circadian transcription within the
positive limb of the mammalian circadian oscillator. Cell
110, 251-260.

Reppert SM and Weaver DR (2002) Coordination of circadi-
an timing in mammals. Nature 418, 935-941.

Shigeyoshi Y, Taguchi K, Yamamoto S, Takekida S, Yan L,
Tei H, Moriya T, Shibata S, Loros JJ, Dunlap JC and
Okamura H (1997) Light-induced resetting of a mammalian
circadian clock is associated with rapid induction of the
mPerl transcript. Cell 91, 1043-1053.

Shimomura Y, Harada M, Goto M, Sugo T, Matsumoto Y,
Abe M, Watanabe T, Asami T, Kitada C, Mori M, Onda H
and Fujino M (2002) Identification of neuropeptide W as the



364

29.

30.

endogenous ligand for orphan G-protein-coupled receptors
GPR7 and GPRS. J Biol Chem 277, 35826-35832.

Singh G and Davenport AP (2006) Neuropeptide B and W:
neurotransmitters in an emerging G-protein-coupled receptor
system. Br J Pharmacol 148, 1033-1041.

Tanaka H, Yoshida T, Miyamoto N, Motoike T, Kurosu H,
Shibata K, Yamanaka A, Williams SC, Richardson JA, Tsujino
N, Garry MG, Lerner MR, King DS, O’Dowd BF, Sakurai T
and Yanagisawa M (2003) Characterization of a family of
endogenous neuropeptide ligands for the G protein-coupled
receptors GPR7 and GPR8. Proc Natl Acad Sci USA 100,

31.

32.

N. Uchio et al.

6251-6256.

Ueda HR, Chen W, Adachi A, Wakamatsu H, Hayashi S,
Takasugi T, Nagano M, Nakahama K, Suzuki Y, Sugano S,
lino M, Shigeyoshi Y and Hashimoto S (2002) A transcrip-
tion factor response element for gene expression during cir-
cadian night. Nature 418, 534-539,

Yamaguchi S, Isejima H, Matsuo T, Okura R, Yagita K,
Kobayashi M and Okamura H (2003) Synchronization of cel-
lular clocks in the suprachiasmatic nucleus. Science 302,
1408-1412.



