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Methamphetamine-induced, suprachiasmatic nucleus-
independent circadian rhythms of activity and mPer gene
expression in the striatum of the mouse
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Abstract

While the suprachiasmatic nucleus (SCN) coordinates the majority of daily rhythms, some circadian patterns of expression are
controlled from outside of the SCN. These include responses to daily methamphetamine (MAP) injection, or daily restricted
feeding. The mechanisms underlying these SCN-independent circadian rhythms are unknown. A circadian oscillation in the
expression of mPer1 and/or mPer2, mouse period, in the SCN is considered necessary to generate an SCN-dependent circadian
rhythm. Therefore, in this experiment, we examined the association between mPer gene expression and the MAP-induced,
SCN-independent circadian rhythm. Acute injection of MAP caused an elevation of mPer!, mBmall, and mNpas2 gene
expression in the striatum and mPer7 in the liver. Daily MAP injection at a fixed time for 6 days shifted the rhythmic mPer? and
mPer2 expression in the striatum from a nocturnal to a diurnal rhythm, but failed to affect that in the SCN. Although lesion of the
SCN ‘flattened’ mPer gene oscillation in the striatum and liver, daily MAP injection caused both behavioural and mPer gene
expression rhythms. Daily MAP injection at variable injection intervals (12-36 h) for 6 days, however, failed to produce mPer
gene rhythm in the striatum. Dalily repeated MAP signals may strengthen the oscillatory force of SCN-independent circadian
behavioural and molecular rhythms. The present results suggest that daily oscillation of mPer genes outside the SCN is closely
associated with the regulation of SCN-independent rhythms. Thus, the present experiment highlights strongly the important role

of clock gene expression, in the brain, that undetlies the circadian behavioural rhythm,

Introduction

The suprachiasmatic nucleus (SCN) contains a master pacemaker that
regulates behavioural and physiological circadian rhythms (King &
Takahashi, 2000). Destruction of the SCN abolishes the rhythms of
many physiological functions. Outside of the SCN, there are at least
two types of oscillations; a food-associated oscillation produced by
daily restricted feeding and a methamphetamine (MAP)-associated
oscillation produced by daily injection of MAP (Shibata et al., 1995).
Locomotor activity increases before feeding time or fixed injection
time under scheduled daily restricted feeding or daily injection of
MAP, respectively [(for review, see Mistlberger, 1994) Shibata et al.,
1994, 1995]. This food-anticipatory activity rhythm appears even if
the SCN is lesioned, but does not appear in the absence of a circadian
(24 h) feeding schedule (Stephan et al., 1981; Mistlberger &
Marchant, 1995). Therefore, this food-anticipatory activity rhythm
is considered an SCN-independent circadian rhythm. Although we
demonstrated previously that the MAP-anticipatory activity rhythm
was attenuated by either dopamine D, and D, receptor antagonists or
an NMDA receptor antagonist (Shibata et al., 1995), the site of action
of MAP has not yet been elucidated.

Recently, it has been established that a number of putative clock
genes such as: Perl, Per2, Per3, clock, Bmall, Tim, Cryl and Cry2
are expressed in the SCN. Studies on the molecular aspects of clock
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genes have produced a functional model of circadian rhythms (for
review, see Dunlap, 1999; Reppert & Weaver, 2001). Restricted
feeding rapidly entrains the Per gene expression rhythm in the liver
(Damiola ef al., 2000; Hara er al., 2001; Stokkan et al., 2001) as well
as clocks in the cerebral cortex and hippocampus, but not the SCN
(Wakamatsu ef al., 2001). Based on these facts, it has been suggested
that SCN-independent circadian oscillators exist in the peripheral
organs and those areas of the brain other than SCN. Recently, we
reported that acute injection of MAP increased mPerl gene
expression in the striatum, and this expression was augmented by
repeated injection of MAP — much like sensitization. (Nikaido et al.,
2001). Our expectation was that results would indicate that daily
injections of MAP can entrain the SCN-independent circadian
oscillation of clock gene expression in the brain and peripheral
organs. Therefore, we investigated whether the MAP-induced
circadian rhythm was associated with circadian expression of mPer
genes in the striatum, a representative of the brain clock, and/or the
liver, a peripheral clock, using SCN-lesioned arrhythmic animals.

In addition, to better understand the mechanism of MAP-induced
oscillation, we examined the acute effect of MAP on mBmall and
mNpas2 gene expression in the striatum and liver. Npas2 possesses
high homology to CLOCK, and coexpression of Npas2 and Bmall
activates transcription of the Perl, Per2, and Cryl genes, suggesting
that Npas2 actually forms part of this peripheral molecular clock in
the mammalian forebrain and periphery but not in the SCN (Reick
et al., 2001).
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Materials and methods

Animals

Male ddY mice (Takasugi, Saitama, Japan), 4-6 weeks of age, were
used in all experiments. Mice were maintained under a [2-h
light : 12-h dark cycle and allowed free access to food and water.

Locomotor activity measurement

To assess locomotor activity, mice were housed individually in
transparent plastic cages (31 X 20 X 13 em). Motor activity was
measured using an infrared area sensor (Omron F5B, Tokyo, Japan).
All activity was measured and activity count was recorded by our
own specially designed computer software. The number of move-
ments were then stored on disk at 6-min intervals.

Sampling procedure

Mice were anaesthetized deeply with ether and perfused intracar-
dially with ice-cold saline to remove excess blood. A sample
(approximately 100 mg wet weight) was removed from the liver to
measure liver clock gene expression by RT-PCR. The liver sample
was frozen in liquid nitrogen and stored at —80 °C until RNA
isolation. Mice were then intracardinally perfused with 0.1 M
phosphate buffer (PB) (pH = 7.4) containing 4% paraformaldehyde
(PFA) (total 25 mL for 10 min). Brains were removed, postfixed in
0.1 M PB containing 4% PFA for 24 h at 4 °C, and transferred into
20% sucrose in 0.1 M PB for 72 h at 4 °C. Brain slices (40 pm thick)
including the striatum, temporal cortex, and the SCN were made
using a cryostat (Microm, HMS05E, Walldorf, Germany) and placed
in 2 X standard saline citrate until processing for hybridization

In situ hybridization

In situ hybridization was used to determine the quantity of mPerl,
mPer2 or mBmall, mNpas2 mRNA expression in the various brain
areas. Slices were treated with | ug/mL proteinase K in 10 mM
Tris—HCI buffer (pH = 7.5) containing 10 mm EDTA for 10 min at
37 °C, followed by 0.25% acetic anhydride in 0.1 M triethanolamine
and 0.9% NaCl for 10 min The slices were then incubated in
hybridization buffer (60% formamide, 10% dextran sulphate, 10 mMm
Tris-HCI, pH =74, 1 mm EDTA, 0.6 M NaCl, 1X Denhardt’s
solution (0.02% Ficoll, 0.02% polyviny!l pyrolidone, 0.02% bovine
serum albumin), 0.2 mg/mL transferRNA, 0.25% sodium dodecyl
sulphate) containing **P-labelled cRNA probes for 16 h at 60 °C.
Radioisotope [RI: a[**PJUTP (PerkinElmer Life Sciences, Boston,
MA)] -labelled antisense ¢cRNA probes were made from restriction
enzyme-linearized ¢cDNA templates [nucleotide positions: mPerl]
(538-1752), mPer2 (1-638), mBmall (1656-2259) (kindly provided
by Dr Okamura, Kobe University, Kobe, Japan), and mNpas2
(672-1164)]. After high-stringency posthybridization wash in
2X standard saline citrate—50% formamide, slices were treated with
RNaseA (10 pg/mL) for 30 min at 37 °C. Slices were then washed in
2X standard saline citrate-50% formamide, and were air-dried.
Images were visualized by autoradiogram using BioMax MR film
(Eastman, Kodak, Rochester, NY) and analysed with an image
analysing system (MCID, Imaging Research Inc., St. Catherines, ON,
Canada) after conversion into optical density by !4C_autoradiographic
microscales (Amersham Pharmacia Biotech, Ltd, Little Chalfont,
Buckinghamshire, UK). Details of measurement are described in
Nikaido er al. (2001). For data analysis, we subtracted the intensities
of the optical density in the corpus callosum from those in the SCN
and striatum of each section and regarded this value as the net
intensity of these areas. The intensity values of the sections from the
rostral-caudal part of the SCN and striatum (3-5 sections per mouse

brain) were then summed; the sum was considered to be a measure of
the amount of mPerl, mPer2, mBmall and mNpas2 mRNA in this
region. The mean values were calculated for 3-7 animals from each
experimental group.

RNA isolation and reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA from the liver sample was extracted using ISOGEN
Reagent (Nippon Gene, Tokyo, Japan), and the remaining DNA was
removed completely by RNase-free DNase treatment. Total RNA
(100 ng) was reverse transcribed and amplified using the Superscript
One-Step RT-PCR System (Invitrogen, CA) and a GeneAmp PCR
System 9700 (Applied Biosystems, CA) with the following specific
primer pairs designed based on published data on the mPerl, mPer2,
mBmall, mNpas2, and a-actin genes in GenBank:

e mPer] [289 bp]:

5-CAAGTGGCAATGAGTCCAACG-3’ (forward) and
5-CGAAGTTTGAGCTCCCGAAGT-3 (reverse);

® mPer2 [38] bp]:

5-CAGACTCATGATGACAGAGG-3’ (forward) and
5-GAGATGTACAGGATCTTCCC-3’ (reverse);

e mBmallb {344 bp]:

5"-CACTGACTACCAAGAAAGTATG-3’ (forward) and

5’- ATCCATCTGCTGCCCTGAGA-3’ (reverse);

® mNpas2 [243 bp]:

5-CTCAGTGGTCAGTTACGCAG-3’ (forward) and
5-TGGAGGTGGGTTCTGACATG-3 (reverse);

® [-actin [452 bp]:

5-GAGGGAAATCGTGCGTGACAT-3’ (forward)

and 5-ACATCTGCTGGAAGGTGGACA-3" (reverse).

PCR was executed under the following conditions: cDNA synthe-
sis at 50 °C for 30 min followed by 94 °C for 2 min, PCR
amplification for 28 cycles with denaturation at 94 °C for 15 s,
annealing at 55 °C for 30 s, and extension at 68 °C for 1 min The
target clock gene cDNA was coamplified with the Bactin cDNA in a
single PCR tube. A semiquantitative RT-PCR method was used for
measuring the expression level of mRNA. All PCR products were
under linear amplification from cycle 26-30, however, from the 32nd
cycle there was a plateau in product levels (data not shown).
Therefore, we obtained PCR products in the 28th cycle for
quantification. The PCR products were electrophoresed on a 3%
agarose gel, stained with ethidium bromide and analysed by an
EDAS-290 system (Eastman, Kodak, Rochester, NY). The intensity
of PCR product of the target gene was normalized to the intensity of
P-actin. The amplitude (ratio of the peak and trough) and phase
determined by this method were reproducible in another experiment
(Ohdo er al., 2001). This reproducibility suggests that the present
experimental conditions can detect a circadian change in mPer] and
mPer2 gene expression in the mouse liver.

Drug and injection schedule

Methamphetamine HCl (Dainippon Pharmaceutical. Co., Osaka,
Japan), dissolved in saline, was injected i.p. daily at a fixed time
(ZT 7, ZT, Zeitgeber time; ZT O is defined as the lights-on time and
ZT 12 as the lights-off time) for 6 consecutive days and withdrawn
on day 7 and 8. The increase in activity from ZT 6-ZT 12 on the day
injection was withdrawn was identified as MAP-associated activity,
as demonstrated in a previous report (Shibata ez al., 1995). We used
intact vs SCN-lesioned mice and either saline or MAP injection to
examine the effect of daily MAP injection on the day-night rhythm of
mPer expression in the brain and liver. These animals were deeply
anaesthetized with ether and killed at ZT 20 on day 6 and ZT 2, 8 and
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14 on day 7. To examine the developmental time-course when striatal
mPer gene expression produces a new diurnal rhythm, we killed
animals on day 4 after 3-day injection of MAP. To examine the
importance of a fixed time schedule for producing circadian
oscillation, daily MAP injection was conducted randomly for
6 days, and then animals were killed at ZT 8 on day 7. In addition,
for a better understanding of the mechanism under lying MAP-
induced oscillation, we examined the acute effect of MAP on mPer/,
mPer2, mBmall, and mNpas2 gene expression in the striatum and
liver.

As a previous study demonstrated that a 2-mg/kg dose of MAP was
enough to cause mPerl gene expression and sensitization in mice
(Nikaido et al., 1999, 2001) and anticipation in rats (Shibata et al.,
1995), this dose was selected for the present study.

SCN lesion

Bilateral thermal lesion of the SCN was performed as described
previously (Wakamatsu et al., 2001). Mice were deeply anaesthetized
with ketamine (50 mg/kg i.p.) and xylazine (20 mg/kg i.p.), and a
stainless steel electrode (0.35 mm inner diameter) was inserted into
the SCN (0.5 mm posterior and 0.0 mm lateral to bregma at a depth
5.3 mm below the skull surface) using a thermal lesion device (RFG-
4 A, Muromachi Medical Co, Tokyo, Japan). A lesion was made by
maintaining a temperature of 55 °C for 15 s via a current path. A
sham operation was performed by exposing the skull and drilling a
hole on the skull surface (0.5 mm posterior and 0.0 mm lateral to the
bregma), without inserting the lesion electrode. After recovery from
anaesthesia, animals were moved to a locomotor activity device. One
month after surgery, we selected animals with complete lesions of the
SCN, once arrhythmicity was confirmed, using a chi-square period-
ogram {Sokolove & Bushell, 1978) in the range of 20-28 h. All SCN-
lesioned animals with a confirmed loss of rhythmic activity were used
in this study. The lesion sites were confirmed histologically at the
end of the experiment. We excluded the data from SCN-lesioned
animals exhibiting a significant (P < 0.05) 24 h oscillation rhythm by
chi-square periodogram and incomplete SCN lesion by cresyl violet
staining. .

Statistics

Results are expressed as the mean * SEM. The significance of
differences between groups was determined by one-way analysis of
variance followed by a Mann—~Whitney U-test. To compare the daily
clock gene expression rhythm between saline and MAP-injected
groups, two-way analysis of variance was applied.

Results

Effect of daily MAP injection on locomotor activity and mPer in
the striatum and SCN

Intact mice were injected daily with MAP (2 mg/kg, i.p.) at ZT 7 for
6 days. On day 7, locomotor activity was calculated for an entire day
without MAP injection. Compared with daily saline-injected animals,
these mice exhibited high locomotor activity from ZT 6 to ZT 12.
Thus, an anticipatory activity rhythm resulted with daily MAP
injection (Fig. 1A). There were significant differences in locomotion
from ZT 6-ZT 12 between saline- and MAP-pretreated groups on
day 7 (Fig. 1A). Intact mice were injected daily with MAP at ZT 7
for 6 days, then expression of mPerl and mPer2 in the striatum and
SCN were examined at ZT 20 on day 6 and ZT 2, 8 and 14 on day 7.
In the striatum (Fig. 2A), mPer gene expression was high at ZT 14 in
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saline-treated mice and high at ZT 8 in MAP-treated mice. Thus,
daily injection of MAP shifted from a nocturnal pattern of mPer/ and
mPer2 gene expression to a diurnal pattern in the striatum (P < 0.01
for saline- and MAP-injected groups by two-way ANOVA), whereas
mPer gene expression in the SCN was higher at ZT 8 than at ZT 20
in both saline- and MAP-injected groups (Fig. 2B).

In the next experiment, we examined the time frame for the
establishment of MAP-induced anticipatory locomotor activity and
the shift of striatal mPer gene expression rhythm. On day 4. after
three-day injection of MAP or saline, anticipatory locomotion was
increased, and the expression of mPer! and mPer? at ZT 8
significantly increased in MAP-pretreated animals (data not shown).

Effect of varied intervals of MAP injection on mPer gene
expression in the striatum and SCN

A food anticipatory activity rhythm does not appear without a
circadian (24 h) feeding schedule (Stephan et al., 1981; Mistlberger
& Marchant, 1995). One possibility is that anticipatory locomotion
increase and mPer gene expression in the striatum result from daily
MAP injection at a fixed time. To confirm this idea, we injected mice
with MAP at variable injection intervals (12-36 h, average 24 h)
(Fig. 3A). Anticipatory locomotor activity was not observed under
these conditions (data not shown), and there were no significant
differences in mPerl and mPer2 expression in the striatum (Fig. 3B}
and SCN (Fig. 3C) between saline-injected and MAP-injected groups
at ZT 8.

MAP-induced anticipatory locomotion and mPer gene
expression in the striatum and liver of SCN-lesioned mice

A behavioural study revealed that daily injection of MAP (2 mg/kg) at
ZT 7 for 6 days elicited anticipatory locomotor activity around ZT 9—
12 on day 7 in SCN-lesion mice with a previously verified arrhythmic
behavioural rhythm (Fig. 1B). Saline injection, on the other hand, did
not induce an anticipatory behavioural rhythm (Fig. 1B). Thus, daily
injection of MAP at a fixed time of day is important to produce an
anticipatory activity rhythm even in SCN-lesioned arrhythmic mice.
Another group of SCN-lesioned mice were injected daily with saline or
MAP at ZT 7 for 6 days, and mPer gene expression was examined at
ZT 20 on day 6 and ZT 2, 8 and 14 on day 7. Daily rhythms of mPer
gene expression disappeared in the striatum of saline-injected SCN-
lesioned mice, whereas daily MAP injection caused a significant
circadian rhythm of mPer gene expression in the striatum with a peak
at ZT 8 (Fig. 4) (P < 0.01, 2-way ANOVA).

In the liver of intact animals, a pattern of mPer/ and mPer2 gene
expression was observed with the peak expression occurring at ZT 14
for both genes (Fig. 5A). Daily saline injection into SCN-lesioned
mice did not lead to daily expression of either the mPerl or mPer2
gene in the liver (Fig. 5B) (P > 0.05, one-way ANOVA). On the other
hand, the MAP-injected liver exhibited a significant daily rhythm of
mPerl and mPer2 expression with a peak at ZT 8 (Fig. 5B)
(P < 0.05, one-way ANOVA), and significant differences between the
saline- and MAP-injected groups were observed (P < 0.05, two-way
ANOVA).

Acute effect of MAP on clock gene expression in the striatum,
SCN and liver

In order to elucidate the oscillation mechanism of mPer! and mPer2
gene expression in the striatum and liver, but not the SCN, the acute
effect of MAP on clock gene expression was examined in these areas
using intact mice. Our previous findings revealed that 5 mg/kg of
MAP increased mPerl but not mPer2 gene expression in the striatum
60 min but not 120 or 240 min after injection (Nikaido et al., 2001).
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FiG. 1. Anticipatory locomotor activity in intact (A) and suprachiasmatic nucleus (SCN)- lesioned (B) mice (4-7 animals per group) after daily injection of
methamphetamine (MAP). Upper panel shows double-plotted actograms of locomotor activity in saline- or MAP (2 mg/kg)-injected mice at ZT 7 for 6 days.
Vertical arrows indicate the time of injection. Lower panels summarize anticipatory activity. Vertical values show the anticipatory activity (%) {{(activity
counts from every 3 h)/(activity count for a full day)] X 100} the day before (day 0) or after (day 7) 2 mg/kg injections of saline (open circles) or MAP
{filled circles). As SCN-lesioned mice exhibited arrhythmic activity, anticipatory activity values (%) were higher in lesioned animals than in intact mice.
Before injection on day 0, there were no differences in anticipatory activity values between the saline and MAP groups of either intact or SCN-lesioned ‘mice.
On day 7, after 6-day injection of saline or MAP, anticipatory activity values for the MAP group were significantly higher than those of the saline group

(*P < 0.05, Mano—Whitney U-test) in both intact and SCN-lesioned mice.

In the present experiment, we examined the effect of MAP (2 mg/kg)
on mBmall and mNpas2 gene expression in the striatum and found
that MAP injected at ZT 7 increased gene expression of mBmall
(Fig. 6A) 2 h later and mNpas2 (Fig. 6B) 4 h later. Interestingly, in
the liver, MAP injection increased the expression of mPerl but not
mPer2 60 min after injection (Fig. 5C). In the case of the liver,
however, MAP did not affect mBmall or mNpas2 gene expression at
any time after injection (data not shown). In support of our previous
results (Nikaido er al., 2001), MAP did not affect any type of clock
gene expression in the SCN.

Discussion

In the present study, periodic injection of MAP produced a persistent
increase in locomotor activity the day after termination of MAP
treatment. Thus, daily MAP injection at a fixed time resulted in an
anticipatory activity rhythm in mice. Both mPer] and mPer2 gene
expression exhibited a nocturnal rhythm in the mouse striatum with
peaks around ZT 11-ZT 15, while mPer expression in the SCN
exhibited clear diurnal rhythms similar to those reported in previous
papers (Albrecht er al., 1997; Tei et al., 1997; Takumi et al., 1998).
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(A) or open columns (B)] or MAP (2 mg/kg) {filled circles (A) or filled columns (B)] for 6 days in intact mice. The representative film autoradiograms are
shown above each graph and the mRNA expression levels are plotted over the course of a full day after quantitative analysis. In the saline-injected mice,
there were clear daily rhythms of mPerl and mPer2 expression in the striatum, both of which peaked at ZT 14. On the other hand, a daily rhythmic
expression of mPerl and mPer2 with a peak at ZT 8 was observed in the striatum of MAP-injected mice. In the SCN, there were no significant differences in
mPer gene expression patterns between the saline- and MAP-injected animals. **P < 0.01 difference from the saline-injected group by Mann-Whitney U-test.
*P < 0.01 difference between saline- and MAP-injected groups by two-way ANOVA. Scale bars, 7 mm (A); | mm, (B).

When we examined the expression pattern of mPerl and mPer2 on
day 7 after 6 days of MAP injection, in striatal areas, mPer/ and
mPer2 peak expression had moved to the daytime at ZT 8. Thus, the
present result demonstrated strongly that clock gene expression is
initiated into at least one cycle by MAP delivery, corresponding with
behavioural data. On the other hand, the expression pattern of mPerl!
and mPer2 in the SCN was unaffected by daily MAP injection.
Scheduled MAP injections did not cause additional new peaks at
ZT 8 but instead moved these nocturnal peaks to ZT 8, indicating
that the MAP-entrained oscillation of locomotor activity is closely

associated with circadian expression of these genes in the striatum but
not in the SCN.

At present, the mechanism underlying the anticipatory expression
of mPerl and mPer2 in thé brain of the mouse injected daily with
MAP remains unknown. Further experiments are required to clarify
whether the elevated mRNA expression at ZT 8 is the cause or result
of MAP-entrained oscillation. We demonstrated in previous studies
that MAP coadministered with the D,/D, receptor antagonist,
haloperidol, the D, receptor antagonist, SCH23390, or the NMDA
receptor antagonist, MXK-801, inhibited the development of
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MAP-induced anticipatory locomotor activity and mPer/ gene
expression in the striatum (Shibata er al., 1995; Nikaido et al.,
2001). In addition, Honma & Honma (1995) reported that the free-

A Injection and sacrificed time schedule
ZT
1° 12 . 0
2[:?
31:::”
Day 4:;—
B —
6[::“;::':_
71::__

B Striatum

70, (3)
560] (3)

mPer2

| 9 3)
(3) 3)

mPer1 mPer2

FIG. 3. Repeated MAP injection at random times failed to affect the mPer
mRNA expression pattern in the striatum and SCN. (A) Schematic graph
showing the injection and decapitation time schedule. Arrows for days |
through 6 show the injection time and the arrowhead on day 7 when the
animals were killed (ZT 8). mPer/ and mPer2 gene expression levels in the
striatum (B) and the SCN (C)at ZT 8 on day 7 after random daily injection
of saline (open columns) or MAP (2 mg/kg) (filled columns). Note that
there were no significant differences in expression levels in the striatum and
SCN between the two groups. Numbers in parentheses indicate the number
of animals.
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FIG. 4. Expression pattern of mPer/ (A) and mPer2 (B) in the striatum of
SCN-lesioned mice on day 7 after daily injection of saline (open circles) or
MAP (2 mg/kg) (filled circles) (7 animals per point) for 6 days. The
representative film autoradiograms are shown above each graph and the
mRNA expression levels are plotted over the course of a full day after
quantitative analysis. In the saline-injected mice, there were no significant
daily rhythms of mPerl and mPer2 expression in the striatum. In contrast,
daily MAP treatment produced a daily rhythm of mPerl and mPer2 gene
expression that peaked at ZT 8. **P < 0.01, *P < 0.05 difference from the
saline-injected group by Mann-Whitney U-test. ™p <0.01 difference
between the saline- and MAP-injected groups by two-way ANOVA. Scale
bars, 7 mm (A and B).

FIG. 5. Effect of MAP treatment on mPer] and mPer2 expression levels in the mouse liver. (A) Daily expression rhythm of mPerl (open circles) and mPer2
(open triangles) (4 animals per point) mRNA in the liver of intact mice with a peak at ZT 14. (B) mPer! (left panel) and mPer2 (right panel) expression
pattern on day 7 in the liver of SCN-lesioned mice after daily treatment with saline (open circles) or MAP (2 mg/kg) (filled circles) (7 animals per point) at
ZT 7 for six consecutive days. In the saline-injected mouse with a lesioned SCN, there is no daily rhythmic expression of mPer! and mPer2 in the liver. In
the MAP-injected mouse with an SCN lesion, a daily rhythmic expression of mPerl and mPer2 appeared and peaked at ZT 8. *P < 0.05 vs saline injection,
Mann-Whitney U-test. *P < 0.01 *P < 0.05 vs time in MAP-injected groups by one-way ANOVA. (C) Acute effect of MAP (2 mg/kg) on mPerl and mPer2
gene expression levels in the liver of intact mice. Saline (open columns) or MAP (2 mg/kg) (filled columns) (4 animals per point) was injected at ZT 8, and
animals were killed 1, 2 or 4 h after injection. *P < 0.05 vs saline injection, Mann-Whitney U-test. The mRNA expression (upper panel of each graph) was
demonstrated by RT-PCR and signals were performed for the semiquantitative analysis.
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FIG. 6. Acute effect of MAP on striatal mBmall (A)and mNpas2 (B)gene
expression. Representative film autoradiograms are shown above each graph
and the mRNA expression levels are plotted over a designated course of
time after injection. Saline (open circles) or MAP (2 mg/kg) (filled circles)
(4 animals per point) was injected at ZT 7, and animals were killed 1, 2 or
4 h after injection. *P < 0.01 vs saline injection, by Mann-Whitney U-test,
Scale bars, 8 mm (A and B).

running rhythm induced by ingested MAP was reset by haloperidol.
Taken together, these results suggest that both D, and NMDA
receptor subtypes are involved in the appearance of MAP-associated
behavioural rhythms and mPer gene expression. Previous studies
have demonstrated that both D, and NMDA receptor subtypes
contribute to the behavioural sensitization induced by chronic
MAP administration (Ujike et al., 1989; for a review, seeSripada
et al., 2001). Further, one of our recent studies demonstrated the

sensitization phenomenon in relation to the free-running rhythm
induced by ingested MAP (Nikaido et al., 1999). The amplitude of
mPer{ and mPer2 expression in the striatum at ZT § increased
following daily MAP injection, suggesting that the daily entrainment
signals associated with MAP injection may strengthen oscillatory
force. Therefore, there may be common neuronal mechanisms
between sensitization and anticipation that are induced by repeated
MAP injection.

Interestingly, varied intervals of MAP injection did not increase
mPerl and mPer2 expression in the striatum at ZT 8 on the day
injection was withdrawn. Similarly, the food-anticipatory activity
rhythm appeared even when the SCN was lesioned but did not appear
without a circadian (24 h) feeding schedule (Stephan 2t al., 1979a;
Stephan er al., 1979b; Mistlberger & Marchant, 1995). Thus, 24-h
intervals of stimuli application are necessary to produce both a food-
associated activity rhythm and also a MAP-associated rhythm as an
SCN-independent circadian rhythm.

Little is known of the mechanistic site that mediates the generation
and entrainment of this MAP-entrained oscillation, and the brain site
for food-entrained oscillation remains unidentified (Choi et al., 1998:
Mistlberger, 1994). If compared to the brain regions examined in the
present experiments, the MAP-entrained oscillation of mPerl and
mPer2 is closely associated with the striatum and liver and poorly
associated with the SCN. Therefore, tentatively speaking, the brain
and peripheral clock system may be important sites related to the
MAP-entrained oscillation. This conclusion is supported by a recent
report demonstrating that ingested MAP caused a free-running
locomotor rhythm with a change in phase of Per gene expression
in the cortex and striatum but not in the SCN of rats (Masubuchi ef al.,
2000).

A core clock mechanism in the mouse SCN appears to involve a
transcriptional feedback loop in which CLOCK and BMAL]1 function
as positive regulators and Per and Cry genes participate in negative
feedback (Dunlap, 1999; Reppert & Weaver, 2001). Interestingly,
acute MAP injection increased the striatal expression of mPerl
60 min later, and mBmall and mNpas2 2-4 h later, whereas in the
liver, MAP increased only mPerl gene expression. NPAS2 possesses
high homology to CLOCK and coexpression of NPAS2 and BMAL1
activates transcription of the Perl, Per2, and Cryl genes, suggesting
that NPAS?2 probably operates as a function of the molecular clock in
regions of the mammalian forebrain like the striatum but not the SCN
(Reick et al., 2001). Therefore, possibly mPer! and mPer2, or other
clock genes in which the expression is regulated through the E-box,
are not only controlied by CLOCK:BMAL1 but also other factors
such as NPAS2:BMALL! in the striatum and liver. A recent finding
denoted that the presence of NADH and NADPH facilitates the
dimerization of BMAL1:CLOCK (Rutter et al., 2001). The redox
state may be the main signal triggering oscillation in the striatum.
Possibly the MAP-induced increase of mBMALI and mNPAS2
regulates mPer! and mPer2 gene expression in the striatum but not
the liver and SCN, and starts the oscillation of an SCN-independent
rhythm. '

Circadian oscillation of mPerl and mPer2 gene expression in the
liver after 6 days of MAP injection may be controlled secondarily by
a brain clock as MAP injection never produced mBmall and mNpas2
gene expression in the liver. Although the induction mechanism
underlying the induction of mBmail and mNpas2? genes in the
striatum should be clarified through further experimentation, the
MAP-induced increase in the expression of these genes may be an
important signal that starts the oscillation of an SCN-independent
rhythm.
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It is well known that MAP increases cAMP response element
binding protein (CREB) phosphorylation in the striatum (Muratake
et al., 1998). Yamaguchi et al. (2000) reported that the promoter for
the mPerl gene contains four CRE sites, suggesting that the CREB-
CRE transcriptional pathway has the capacity to activate Per/ gene
expression. These results suggest that the PERI produced by MAP
interacts with Per2 promoter regions to start the oscillation of Per2
gene expression. In fact, there is indication of interactions among
PERI1, PER2 and PER3 (Yagita er al., 2000). This possibility.
however, was not supported by a recent mPerl knockout experiment
in which the mPerl gene was not essential for either circadian core
oscillation in the SCN or the light-induced phase shift in behavioural
rhythm (Cermakian et al., 2001; Zheng et al., 2001). Therefore, the
mPerl gene expression in the striatum and liver from acute MAP
injection may not be associated with oscillation of an SCN-
independent rhythm. Such inconsistency with acute induction of
mPerl and oscillation of mPer] and mPer2 has already been
observed using rat-1 cells (Balsalobre er al., 2000).

In summary, the present results suggest strongly that daily MAP
stimulation causes circadian oscillation in not only the behavioural
rhythm, but also molecular rhythms in the striatum and liver, without
participation of an SCN clock rhythm.
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ABSTRACT

The suprachiasmatic nucleus {SCNj, locus of the central circa-
dian clock, consists of two neuronal populations (i.e., a light-
recipient ventral SCN subpopulation directly entrained by light
and a dorsal SCN subpopulation with an autonomous oscilla-
tory function possessing an indirect or weak light response).
However, the mechanism underlying the transmission of photic
signals from the ventral to dorsal SCN remains unclear. Be-
cause gastrin-releasing peptide (GRP), expressed mainly in the
ventral SCN, exerts phase-shifting actions, loss of the GRP
receptor intuitively implies a reduction of photic information
from the ventral to dorsal SCN. Therefore, using GRP receptor-
deficient mice, we examined the involvement of GRP and the
GRP receptor in light- and GRP-induced entrainment by the
assessment of behavioral rhythm and induction of mouse-

Period (mPer) gene in the SCN, which is believed to be a critical
for photic entrainment. Administration of GRP during nighttime
dose dependently produced a phase delay of behavior in wild-
type but not GRP receptor-deficient mice. This phase-shift by
GRP was closely associated with induction of mPer? and
mPer2 mRNA as well as ¢-Fos protein in the dorsal portion of
the SCN, where the GRP receptor was also expressed abun-
dantly. Both the light-induced phase shift in behavior and the
induction of mPer mRNA and c-Fos protein in the dorsal SCN
were attenuated in GRP receptor-deficient mice. Our present
studies suggest that GRP neurons in the retinorecipient ventral
area of the SCN convey the photic entrainable signals from the
ventral SCN to the dorsal SCN via induction of the mPer gene.

Daily behavioral and physiological rhythms persist under
conditions absent of environmental time cues, suggesting the
existence of endogenous time-keeping systems and daily
light/dark cycle entrains the self-oscillating circadian
rhythms to the environmental 24-h period. The suprachias-
matic nucleus (SCN) was found to harbor the central circa-
dian pacemaker in mammals (for review, see Ralph et al,,
1990). Photic signals for entrainment reach the SCN mainly
via a monosynaptic afferent from the retina, the retinohypo-
thalamic tract (RHT), by using glutamate as a major neuro-
transmitter (for review, see Inouye and Shibata, 1994). In
accordance with the characteristics of expressed neuropep-
tide or innervation, the SCN is divided into ventral and

This study was partially supported by grants 11170248, 11233207,
11145240 awarded from the Japanese Ministry of Education, Science, Sports
and Culture (to S.S.) and from the Science and Technology Agency of Japan
and the Japan Science and Technology Corporation (to K.W.) and by Grant-
in-Aid for Encouragement of Young Scientists 11771503 from the Japan Soci-
ety for the Promotion of Science (to T.M.).

dorsal subpopulations. The dorsal SCN undergoes a strong
autonomous oscillation possessing a weak and/or indirect
light responsiveness, whereas the ventral, innervated by glu-
tamatergic afferents from the RHT, plays a crucial role in
photic entrainment with a weakly oscillating function (Shi-
bata et al., 1984). In the ventral SCN, the N-methyl-p-aspar-
tate (NMDA) receptor, a subtype of glutamate receptors, is
thought to mediate photic entrainable signals because an
NMDA receptor blockade suppressed photic induction of im-
mediate early genes in the ventral but not in the dorsal SCN
(Abe et al., 1991). However, it remains to be clarified how
light for entrainment conveys signals from the ventral to
dorsal subpopulation of the SCN.

Gastrin-releasing peptide (GRP) may be a possible candi-
date for neurotransmitters involved in transmission to the
dorsal SCN based on the following reports. First, the cell
somata of GRP neurons were restricted to the ventral SCN,
whereas the fibers extended into the dorsal portion (Gun-

ABBREVIATIONS: SCN, suprachiasmatic nucleus; RHT, retinohypothalamic tract; NMDA, N-methyl-p-aspartate; GRP, gastrin-releasing peptide;
Per, Period; LD, light-dark; ZT; zeitgeber time; CT, circadian time; DD, constant darkness; PB, phosphate buffer; PFA, paraformaldehyde; PVN,

hypothalamic paraventricular nucleus; PBS, phosphate-buffered saline.
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dlach and Knobe, 1992; Silver et al., 1999) where they could
communicate with other types of SCN neurons by using GRP
as a synaptic transmitter (van den Pol and Gores, 1986;
Mikkelsen et al., 1991; Romijn et al., 1997). Second, light-
induced expression of ¢-Fos protein, corresponding to neuro-
nal activation, was observed substantially within GRP neu-
rons but moderately within other neurons of the SCN
(Earnest et al., 1993; Aioun et al., 1998). Finally, GRP ad-
ministration into the SCN during “subjective night” (Subjec-
tive night means the time when the animal’s physiology is
under nighttime condition without environmental time cue;
therefore, it means active time for nocturnal mice.) could
elicit a light-like phase shift in behavioral (Albers et al,
1991; Piggins et al., 1995) as well as firing rhythms in the
SCN slice (McArthur et al., 2000). Therefore, we could pos-
tulate that GRP mediates the photic signal initially received
in ventral portions to dorsal portions of the SCN where the
core oscillating system is involved.

It is becoming abundantly clear that the core clock mech-
anism in the SCN involves a transcriptional and transla-
tional negative-feedback loop (for review, see Dunlap, 1999)
in which the transcription of three Period genes [mouse-
Period (mPer); mPer] (Shigeyoshi et al., 1997; Sun et al,
1997), mPer2 (Shearman et al., 1997), mPer3 (Takumi et al.,
1998; Zylka et al., 1998)] are driven by the CLOCK:BMAL1
complex and negatively regulated directly by the Period pro-
teins and the products of two cryptochromes genes (Cryl and
Cry2) (Kume et al.,, 1999). In terms of photic entrainment,
reportedly a transient increase in Perl and Per2 mENA in
the SCN is elicited substantially in the ventral SCN via
NMDA receptor activation, and moderately in the dorsal
SCN upen photic stimulation during subjective night (Shear-
man et al., 1997; Shigeyoshi et al., 1997; Moriya et al., 2000).
In addition, we demonstrated that the photic induction of Per
genes is causally involved in photic entrainment, because an
antisense oligonucleotide targeting either mPerl (Akiyama
ot al., 1999) or mPer2 (Wakamatsu et al., 2001) mRNA in-
hibits the light- or glutamate-induced phase shift in behavior
as well as in neuronal firing in the SCN slice preparation.

To clarify the mechanisms underlying photic entrainment
in the dorsal SCN, we first examined the effects of GRP on
the expression of mPer! and mPer2 as well as ¢-Fos protein in
the SCN with respect to topographical characteristics of the
expression. We used both wild-type and GRP receptor-defi-
cient mice (Wada et al., 1997) to confirm receptor specificity
for actions of GRP on mPer and ¢-Fos. Finally, to elucidate
the role of the GRP receptor in photic signaling within the
SCN, we investigated the topographical difference in the
photic induction of mPerl, mPer2 mRNA, and c-Fos between
wild-type and GRP receptor-deficient mice. Moreover, we
examined GRP- and light-induced behavioral phase shifts in
wild-type and GRP receptor-deficient mice to confirm that a
change in Per gene expression in the SCN is associated with
overt behavioral entrainment.

Experimental Procedures

Animals. Male GRP receptor-deficient mutant mice and their
wild-type littermates were used for behavioral studies and quanti-
tative analysis of mPerl, mPer2 mRNA and c-Fos protein expression.
The GRP receptor gene is located on chromosome X in both mice and
humans (Maslen and Boyd, 1993). Therefore, hemizygous male (—/
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Y)(GRP receptor-deficient mice) and wild-type male (+/Y) were pro-
duced by mating heterozygous female mice (+/—) with C57BL/6J
males and used for experiments. Male C57BL/6J mice were also used
for the quantitative analysis of GRP receptor mRNA because both
GRP receptor-deficient mice (~/Y) and their wild-type littermates
(+/Y) were maintained on a C57BL/6J background. Mice were
housed in temperature-controlled animal quarters (23 + 2°C) under
a 12:12-h light-dark (LD) cycle before use in the experiments. We
used “zeitgeber time” (ZT) to reflect the time of day under LD con-
ditions (ZT0 or ZT12 was lights-on or -off time under LD conditions,
respectively). In the experiment under constant darkness condition,
circadian time (CT) was defined instead of ZT, and CT12 referred to
the onset of activity for nocturnal mice. Food and water were given
ad libitum. Animals were treated in accordance with the Law (No.
105) and Notification (No. 6) of the Japanese Government.

Materials. GRP was obtained from Peptide Institute, Inc. (Osaka,
Japan) and dissolved in sterile water and stocked at - 20°C until use
for the experiments.

Intracerebroventricular Injection. Mice were deeply anesthe-
tized with ketamine (50 mg/kg i.p.) and xylazine (20 mg/kg i.p.) and
stereotaxically implanted with a 22-gauge stainless steel cannula
(total length, 6.0 mm). Stereotaxic coordinates were as follows: 0.52
mm posterior and 1.1 mm lateral to the bregma, and 2.2 mm ventral
to the skull surface. After 10 days of recovery from surgery under LD
conditions, animals were anesthetized with ether for 30 s and a
27-gauge injection cannula (total length, 6.5 mm) was inserted. Drug
or saline (total volume, 4 ul; injection duration, 2 min) was admin-
istered by a 10-ul Hamilton syringe under dim red illumination (<1
lux) to mice gently restrained by hand. After injection, the injection
cannula was left in position for 15 s to facilitate drug diffusion.

Recording of Locomotor Activity Rhythm. Mice were housed
individually in transparent plastic cages (31 X 20 X 13 ¢m) and their
locomotor activity was measured using an area sensor (F5B; Omron,
Kyoto, Japan) located 30 cm above the surface of the cage. Each area
sensor was previously calibrated using the same animals for consis-
tency. Locomotor activity was continuously recorded in 6-min epochs
by personal computer.

To examine the locomotor activity rhythm under LD followed by
constant darkness (DD) conditions, mice were first maintained un-
der LD conditions for at least 2 weeks then released into DD condi-
tions for 1 month. Light intensities during the light period and dark
period were set at 50 lux and less than 0.05 lux, respectively. The
period of locomotor activity rhythm under DD conditions was calcu-
lated by using a x? periodogram in the range of 20 to 28 h. To
evaluate the response to photic stimuli or GRP injection, mice were
maintained under DD conditions for at least 10 days and either
exposed to a light pulse (30 or 300 lux) for 15 min or administered an
i:c.v. injection of GRP or saline at CT16. The drug and vehicle groups
were crossed over and animals were given the opposite drug treat-
ment. Each animal received no more than four i.c.v. injections. The
phase shift in locomotor activity rhythm under DD conditions was
calculated based on the distance between the two regression lines
drawn from daily onset of locomotor activity for at least 7 days before
and after light pulse.

Brain Sampling Procedure for In Situ Hybridization and
Immunohistochemistry. In the experiments for gene expression in
the SCN, we used a systematic and routine procedure, in which the
drug injection or light pulse is given to animals 52 h after release
from LD into DD conditions (2 days after releasing into DD), whereas
behavioral experiments were performed at least 10 days after release
into DD conditions. We used “projected ZT” as the time of treatment
under DD conditions (projected ZTO or ZT12 was lights-on or -off
time before release into DD conditions); therefore, 52 h after release
into DD conditions refers to projected ZT16. Our previous reports
demonstrated that light pulse-induced Per induction in the SCN of
the animals that had been kept in DD for 2 days was well associated
with light-induced phase response in activity rhythm measured vn-
der DD conditions for long term (Shigeyoshi et al., 1997; Moriya et
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al., 2000). Furthermore, we could not detect any significant differ-
ence in the amount of mPerl or mPer2 mRNA induction in the SCN
in the response to light pulse (300 lux for 15 min) or GRP injection
(15 nmol) at CT16 between mice that had been kept in DD for 2 and
10 days [light pulse-elicited induction (nCi/g), (mPerl) 2 days:
121.46 = 7.72 (n = 3), 10 days: 114.38 = 0.97 (n = 3), p > 0.05,
(mPer2) 2 days: 255.5 + 9.99 (n = 3), 10 days: 285.5 + 18.57 (n = 3),
p > 0.05] [GRP-elicited induction (nCi/g), (mPerl) 2 days: 86.15 =
1.47 (n = 3), 10 days: 92.43 + 2.14 (n = 3), p > 0.05, (mPer2) 2 days:
94.63 + 5.45 (n = 3), 10 days: 112.42 * 4.44 (n = 3), p > 0.05).
Therefore, we believe that the duration after release into DD may not
make a significant difference in the gene induction in the SCN or
behavioral phase shift in response to light or the drug at least under
our experimental conditions. At the appropriate time, mice were
deeply anesthetized with ether and intracardially perfused with
chilled saline (25 ml) followed by 0.1 M phosphate buffer (PB), pH
7.4, containing 4% paraformaldehyde (PFA; 25 ml). Brains were
removed, postfixed in 0.1 M PB containing 4% PFA for 24 h at 4°C,
and transferred into 20% sucrose in 0.1 M PB for 72 h at 4°C. Slices
30 pm thick, including the SCN, were made using a cryostat
(HM505E; Microm, Walldorf, Germany) and divided into three equal
groups from rostral to caudal parts for the measurement of mPerl,
mPer2 mRNA and c-Fos protein (as described below).

In Situ Hybridization with Radioisotope-Labeled cRNA
Probe. In situ hybridization was executed to determine the quantity
of Per and GRP receptor mBNA expression in the SCN by using
mPerl and mPer2 cRNA probes and mice GRP receptor cRNA probes,
respectively [nucleotide positions: mPerl (538-1752), mPer2 (1-638),
GRP receptor (822-1700; GenBank accession no. M57922.1)]. Slices
made as described above were placed in 2x standard saline citrate
and were treated with 1 pg/ml proteinase K in 10 mM Tris-HCl
buffer, pH 7.5, containing 10 mM EDTA for 10 min at 37°C, followed
by treatment with 0.25% acetic anhydride in 0.1 M triethanolamine
and 0.9% NaCl for 10 min. The slices were then incubated in hybrid-
ization buffer [60% formamide, 10% dextran sulfate, 10 mM Tris-
HCl, pH 7.4, 1 mM EDTA, 0.6 M NaCl, 1X Denhardt’s solution
{0.02% Ficoll, 0.02% polyvinyl pyrrolidone, 0.02% bovine serum al-
bumin), 0.2 mg/m! tRNA, and 0.25% SDS] containing **P-labeled
¢RNA probes for 16 h at 60°C. Antisense cRNA probes labeled with
[0-3PJUTP (PerkinElmer Life Sciences, Boston, MA) were made
from restriction enzyme-linearized cDNA templates. After high-
stringency posthybridization washes with 2X standard saline ci-
trate/50% formamide, slices were treated with RNaseA (10 pg/ml) for
30 min at 37°C. Images were visualized by autoradiogram and Bio-
Max MR film (Eastman Kodak, Rochester, NY), and analyzed using
an image analyzing system (MCID; Imaging Research Inc., St.
Catherines, ON, Canada) after conversion into absorbance by "C
autoradiographic microscales (Amersham Pharmacia Biotech, Ltd.,
Little Chalfont, Buckinghamshire, UK). For data analysis, we sub-
tracted the intensities of absorbance of the corpus callosum from
those of the SCN or the hypothalamic paraventricular nucleus (PVN)
in each section and regarded this value as the net intensity in the
SCN or the PVN, respectively. To evaluate the mRNA expression in
the “entire” SCN, the intensity values of sections from the most
rostral to the most caudal part of the SCN (four sections per mouse
brain) were then summed; the sum was considered to be a measure
of the amount of mRNA in the entire SCN. The amount of mRNA in
the PVN was also measured as same as in the SCN. To examine the
subnuclear distribution of mRNA (the ventral versus the dorsal
SCN) in response to light or GRP injection, we used emulsion auto-
radiography. Mounted slices after exposure to X-ray film were
dipped into emulsion (NTB2; Eastman Kodak; diluted 1:1 with dis-
tilled water), air-dried for 3 h, and stored in light-tight slide boxes at
4°C for 3 weeks. The slides were developed with a D19 developer
(Eastman Kodak) then fixed with Fyjifix (Fujifilm, Tokyo, Japan)
and counterstained with cresyl violet. Digital images of autoradio-
grams were made using an optical microscope equipped with charge-
coupled device camera and the area (the number of pixels) of silver

TABLE 1

Period (h) of locomotor activity rhythm in wild-type mice and GRP
receptor-deficient mice under LD followed by DD conditions

Photic . Wild-T GRP Receptor-Deficient
Conditlion Days for Analysis Micle (n y:p%) Micip(n = 8)1
LD LD last 6 days 24.02 + 0.02 24.02 + 0.04
DD DD 1-10 days 23.81 + 0.03 23.80 + 0.04
DD 11-20 days 23.82 + 0.03 23.84 + 0.03
DD 21-30 days 23.89 + 0.04 23.86 = 0.04

grains was analyzed by Scion Image Beta 4.02 (Scion Corporation,
Frederick, MD). First, we selected one slice of the caudal SCN that
exhibited the strongest mRNA intensity among the all slices of each
animal. Then a digital image of the SCN area was visualized at the
threshold level of 100 and the number of pixels inside the ventral or
dorsal half of the SCN (defined as upper and lower halves of the SCN
separated at a midpoint between the top and bottom of the SCN
based on the cresyl violet counterstaining) were counted and ex-
pressed as a relative value. An SCN outline was drawn by an ob-
server without knowledge of the treatment conditions.

¢-Fos Immunohistochemistry. Brain slices made as mentioned
previously were incubated for 48 h with anti-Fos antibody (Ab-5;
Oncogene Research Products, Cambridge, MA) diluted to 1:20000
with 0.01 M phosphate-buffered saline (PBS), pH 7.4, containing 1%
normal goat serum and 0.3% Triton X-100 at 4°C. All slices were
then washed three times with 0.01 M PBS (10 min each) and incu-
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Fig. 1. Phase delays of behavioral activity rhythm by i.c.v. injection of
GRP in wild-type (Wild) and GRP receptor-deficient mice (Deficient)
under DD conditions. A, representative double-plotted actograms dem-
onstrating that an i.c.v. injection of GRP (15 nmol) phase-delayed the
locomotor activity rhythm in wild-type mice yet did not affect this rhythm
in GRP receptor-deficient mice. Time of day is indicated horizontally and
consecutive days vertically. Each white star indicates the time of GRP or
saline injection. Mice were maintained under DD conditions for at least
10 days and administered an'i.c.v. injection of GRP or saline at CT16. B,
dose dependence for phase-shifting effects of GRP on behavioral activity
rhythm. The degree of phase shift in each mouse was calculated from the
distance between the two regression lines drawn from daily onset of
locomotor activity for at least 7 days before and after light pulse (as
drawn in Fig. 1A) and was averaged in each group. The minus values
indicate the phase delay of behavioral rhythm and this value is thought
to reflect the degree for resetting of circadian clock in response to drugs.
n = 4 to 14; *, p < 0.05 versus saline group (one-way analysis of variance
followed by Dunnett’s test).
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bated for 1 h with biotinylated anti-rabbit goat antibody (diluted to
1:200 with PBS containing 1% normal goat serum and 0.3% Triton
X-100; Vectastain, Burlingame, CA). The slices were again washed
three times with 0.01 M PBS and incubated for 1 h in an avidin-
biotin complex solution (ABC kit; Vectastain). After three washes
with 0.01 M PBS, slices were visualized with diaminobenzidine chro-
mogen and mounted on gelatin-coated glass slides. The slices were
counterstained with methyl green to identify the anatomical location
of the SCN. All procedures were performed at room temperature
except for the incubation with a primary antibody. The number of
cells expressing Fos immunoreactivity was counted by Scion Image
Beta 4.02. Briefly, a digital image of the SCN area was visualized at
the threshold level of 160 and the number of particles (minimum and
maximum particle sizes are 10 and 40 pixels, respectively) inside the
bilateral SCN border was counted. The measurement was done in
the entire SCN (four sections from the most rostral to the most
caudal part of the SCN) or the ventral half and the dorsal half of the
caudal SCN as described previously. Average cell numbers in the
bilateral SCN per one slice were calculated.

Statistical Analysis. The values are expressed as means =*
S.E.M. For statistical analysis, one-way analysis of variance followed
by Dunnett’s test or Student’s unpaired ¢ test was applied.
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Results

Free-Running Rhythm of Wild-Type and GRP Recep-
tor-Deficient Mice under DD Conditions. To gain an
understanding of the basic nature of the circadian clock in
GRP receptor-deficient mice, we compared the locomotor ac-
tivity rhythms of wild-type and GRP receptor-deficient mice
under LD and DD conditions. Both wild-type mice and GRP
receptor-deficient mice showed an LD-entrained behavioral
rhythm, and locomotor activities were restricted to the dark
period (Table 1). Under DD conditions lasting 1 month, both
types of mice exhibited a stable free-running rhythm, and
there was no observably significant difference in the period of
the activity rhythm during the first 10 days (days 1-10), next
10 days (days 11-20), or last 10 days (days 21-30) (Table 1).
Thus, the circadian oscillatory nature seemed to be unaltered
in GRP receptor-deficient mice.

GRP-Induced Phase Shifts in Behavioral Activity. In
the next experiment, we tried to confirm that an i.c.v. injec-
tion of GRP could phase-shift the locomotor activity rhythm
in mice via GRP receptor activation using both wild-type

c-Fos

Fig. 2. Induction of mPerl and mPer2
mRNA and c-Fos protein in the SCN
by an ic.v. injection of GRP in wild-
type (Wild) and GRP receptor-defi-
cient mice (Deficient). A, representa-
tive emulsion autoradiograms or
photographs showing that an i.c.v. in-
jection of GRP elicited the induction of
mPerl, mPer2, and ¢-Fos in the dorsal
portion of the SCN of wild-type, but
not GRP receptor-deficient mice. After
release into DD for 2 days, mice were
injected with GRP (15 nmol) or saline
at projected ZT16 and then perfused
intracardially with 4% PFA 90 min
after drug injection. Scale bar, 0.5
mm. B, quantitative analysis of mPer
mRNA and c¢-Fos protein in the entire
SCN. The intensities of the expression
were measured in the entire SCN (sec-
tions from the most rostral to the most
caudal part of the SCN) with film au-
toradiograms (mPerl and mPer2
mRNA) or the immunohistochemical
photographs (c-Fos protein). Wild,
wild-type mice; Deficient GRP recep-
tor-deficient mice. n = 3 to 6; *x, p <
0.05 versus saline group (unpaired

C"F OS Student’s ¢ test); #, p < 0.10 versus
saline group (unpaired Student’s ¢
test).

* [ saline
T
0

Wild Deficient
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mice and GRP receptor-deficient mice. An i.c.v. injection with
GRP (15 nmol) at CT16 produced phase delays of locomotor
activity rhythm in wild-type mice maintained under DD con-
ditions, whereas saline treatment failed to affect the phase in
activity (Fig. 1A). This phase-shifting action of GRP demon-
strated clear dose dependence (Fig. 1B). A 15-nmol dose of
GRP could elicit sufficiently significant phase delays, at
which the magnitude of the average delays was 26.7 * 6.8
min. In contrast, injections of GRP (15 nmol) or saline did not
affect the phase of activity in GRP receptor-deficient mice
(Fig. 1).

Induction of mPer mRNA and c¢-Fos Protein in the
SCN after i.c.v. Injection of GRP. The level of both mPerl
and mPer2 mRNA was low at projected ZT17.5 (1.5 h after
injection of drugs at projected ZT16) in saline-injected mice
(Fig. 2A). GRP injection at a dose of 15 nmol at projected
Z7T16 on 2 days after releasing into DD condition caused a
substantial increase in the levels of mPer] mRNA in the SCN
of wild-type mice, whereas GRP receptor-deficient mice were
unaffected (Fig. 2, A and B). mPer2 mRNA level in the SCN
of wild-type mice, but not of GRP receptor-deficient mice, also
increased after the i.c.v. injection of GRP (15 nmol), but this
increase was insignificant (p = 0.09). Based on the emulsion
autoradiograms of all examined slices, it seems that an i.c.v.
injection of GRP caused mPerl and mPer2 induction mainly
in the dorsal portion of the SCN (Fig. 2A). GRP injection also
induced mPerl and mPer2 in the PVN, the periventricular
nuclei, and cerebral cortex, but not in the supraoptic nuclei
(data not shown).

As shown in Fig. 2, a number of c-Fos protein-positive cells
in wild-type mice increased in the SCN after GRP injection at
projected ZT16 on 2 day after releasing into DD condition. In
contrast, very scattered c-Fos-positive cells were observed in
the SCN of saline-treated wild-type mice or GRP receptor-
deficient mice administered GRP (15 nmol). GRP-induced
expression of c-Fos protein in wild-type mice was observed
substantially in the dorsal portion of the caudal SCN and
moderately throughout the entire rostral SCN and the ven-
tral portion of the caudal SCN. GRP administration also
increased c-Fos expression in the ependymal cells surround-
ing the third ventricle, whereas this induction was moder-
ately observed in GRP-treated GRP receptor-deficient mice
and wild-type mice injected with saline, but not in wild,
intact animals (no injection with saline nor GRP), indicating
the nonspecific actions of i.c.v. injection itself but not of GRP
injection.

Topographical Expression of GRP Receptor in the
SCN. Because GRP-elicited induction of mPerl and mPer2
mRNA and c-Fos protein in the SCN was limited to the dorsal
subpopulation of the SCN, we next investigated the topo-
graphical characteristics of the expression of GRP receptor
mRNA in the SCN. Quantitative in situ hybridization anal-
ysis revealed a substantial expression of GRP receptor
mRNA in the SCN during the night time (ZT16) compared
with that in the PVN [SCN, 185.84 + 13.85 (nCi/g) (n = 3);
PVN, 75.92 = 1.77 (nCi/g) (n = 3)]. Emulsion autoradiograms
showed that the GRP receptor was expressed abundantly in
the dorsal portion of the caudal SCN and moderately in the
rostral SCN and ventral portion of the caudal SCN (Fig. 3).
This distribution pattern was highly consistent with the to-
pographical features of GRP-elicited mPer mRNA and c-Fos
protein expression in the SCN (Fig. 24).

Light Pulse-Induced Phase Shifts of Activity Rhythm
in GRP Receptor-Deficient Mice. To clarify the involvement
of GRP and its receptor in the photic resetting mechanism of the
circadian clock, the phase changes of locomotor activity in re-
sponse to brief light pulse were compared between wild-type
and GRP receptor-deficient mice under DD conditions. In wild-
type mice, 15-min light pulse at CT16 caused an apparent
phase delay in activity in a light intensity-dependent manner
(Fig. 4). In contrast, the degree of phase shifting by bright light
pulse (300 lux) was significantly attenuated in GRP receptor-
deficient mice, although we could not find any significant dif-
ference in phase delays by low intensity (30 lux) of light pulse
between wild-type and GRP receptor-deficient mice. There was
no difference in the degree of phase delay between low- (30 lux)
and high (300 lux)-intensity light pulse in GRP receptor-defi-
cient mice (Fig. 4).

Light Pulse-Induced Expression of mPer mEBNA and
c-Fos Protein in the SCN of GRP Receptor-Deficient
Mice. We measured the amount of mPer mRNA in the SCN
90 min after light pulse onset, because previous work dem-
onstrated that the peak time of both mPer! and mPer2 in-
duction occurred approximately 90 min after photic stimula-

Low

High

» rostral

caudal

Fig. 3. Topographical analysis for GRP receptor expression in the SCN.
Low-power (left) and high-power (right) emulsion autoradiograms show-
ing the rostro-caudal distribution of GRP receptor mRNA in the SCN.
C57BL/6J mice were perfused intracardially with 4% PFA at ZT16. Note
that the GRP receptor signal expressed by silver grain was especially
restricted to the dorsal portion of the caudal SCN. Scale bars (in both low-
and high-power autoradiograms), 0.5 mm.
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tion (Shigeyoshi et al., 1997). Substantial induction of mPerl
and mPer2 mRNA was observed in the SCN of both wild-type
and GRP receptor-deficient mice receiving a brief light pulse
(300 lux) for 15 min at projected ZT16 on 2 day after releasing
into DD condition (Fig. 5A). Quantitative analysis in the
entire SCN revealed that photic induction was significantly
(mPer2; p < 0.05) and partially but insignificantly (mPerlI;
p > 0.05) diminished in GRP receptor-deficient mice (Fig.
5B). In emulsion autoradiograms, a reduced photic induction
of both mPer] and mPer2 in GRP receptor-deficient mice was
observed relatively in dorsal area of the caudal SCN but not
in rostral SCN and the ventral halves of the caudal SCN (Fig.
5A). Furthermore, a semiquantitative analysis using emul-
sion autoradiograms revealed that the diminishment in pho-
tic induction of mPer? and mPer2 mRNA in GRP receptor-
deficient mice was apparent in the dorsal portion in
comparison with the ventral SCN (Fig. 6). Figure 5 also
shows the distribution of c-Fos-positive cells in the SCN 90
min after brief light pulse (300 lux) for 15 min at projected
ZT16 on 2 day after releasing into DD condition. In wild-type
mice, c-Fos-positive cells were abundant in the ventral por-
tion and evident but not abundant in the dorsal SCN. In
contrast, c-Fos-positive cells were relatively limited to the
ventral portion of the SCN and weakly observed in the dorsal
portion of the caudal SCN of GRP receptor-deficient mice
(Fig. 6).

A

Deficient

Light intensity (lux)

30 300
4
0.5
A 1 Wild
’ '2 * # Deficient

Fig. 4. Attenuated phase shift of locomotor activity rhythm in GRP
receptor-deficient mice in response to brief light pulse under DD condi-
tions. A, representative double-plotted actograms demonstrating a phase
shift of locomotor activity rhythm in wild-type (Wild) and GRP receptor-
deficient mice (Deficient) by bright light pulse (300 lux) at CT16. Each
white star indicates the time of light pulse. Mice were maintained under
DD conditions for at least 10 days and exposed to a light pulse at CT16.
B, quantitative analysis of the degree of phase shifts induced by dim (30
lux) or bright (300 lux) light pulse at CT16 in wild-type (Wild) and GRP
receptor-deficient mice (Deficient). The phase shifts were calculated and
averaged as described in the legend for Fig. 1. n = 16; *, p < 0.05 versus
wild-type mice (unpaired Student’s ¢ test).
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Discussion

We previously demonstrated that transient induction of
both mPerl and mPer2 serves as a critical step for photic
entrainment of the circadian clock in the SCN, because the
suppression of mPer] or mPer2 gene expression in the pres-
ence of an antisense oligonucleotide inhibits the light- or
glutamate-induced phase shift of behavioral rhythm and fir-
ing rhythm in the SCN (Akiyama et al., 1999; Wakamatsu et
al., 2001). In the present study, we demonstrated that central
administration of GRP did elicit mPer] mRNA induction,
especially in the dorsal SCN, as well as the relative small but
significant phase shift in behavioral activity rhythm similar
to light-elicited phase shift. These actions of GRP on mPerl
mRNA and the behavioral rhythm must be caused by the
transmitter-receptor interaction between GRP and the GRP
receptor, because GRP failed to affect mRNA induction and
the phase in behavioral rhythm in GRP receptor-deficient
mice in this way. On the other hand, GRP administration
also caused a weak but insignificant increase in mdPerZ
mRNA. Therefore, the entrainable action of GRP may be
mediated via a strong induction of mPer, but not via a weak
induction of mPer2. Similarly, the adenylate cyclase activa-
tor forskolin reportedly elicited an acute induction of Perl,
but not Per2, mRNA to begin the circadian oscillation in the
transcription of Perl, Per2, or an output gene such as dbp in
cultured fibroblast cells (Yagita and Okamura, 2000). How-
ever, we cannot rule out the possibility that GRP-induced
expression of mPer2 was either so slow or fast that we could
not detect the actions of GRP on mPer2 expression at the
sampling time point (90 min after injection) used in this
study.

We recently reported that NMDA, which elicits a light-type
phase shift in vitro (Shibata et al., 1994) and in vivo (Mintz
et al., 1999), caused substantial expression of Perl and Per2
mRNA in the SCN of hamsters (Moriya et al., 2000). Fur-
thermore, Nielsen et al. (2001) demonstrated that a low
concentration (1 nM) of pituitary adenylate cyclase-activat-
ing polypeptide, which caused a phase shift similar to light
(Harrington et al., 1999), increased Perl and Per2 mRNA in
the SCN in vitro during subjective night. These reports taken
together with our findings suggest that neurotransmitters or
neuropeptides such as glutamate, pituitary adenylate cycla-
se-activating polypeptide, or GRP, capable of evoking a light-
type phase-resetting, have an inductive action on the Per
gene in SCN neurons possessing common mechanisms. This
action then leads to photic entrainment of the circadian
clock.

We also demonstrate that GRP receptor signaling is indeed
involved in the photic resetting of the circadian clock because
the phase delays elicited by high intensity (300 lux) of light
pulse were significantly attenuated in GRP receptor-defi-
cient mice. We could not exactly explain the reason of no
difference in phase delays by low intensity (30 lux) of light
pulse between wild-type and GRP. receptor-deficient mice.
Some qualitative differences were reported between low- and
high-intensity light in terms of immediate-early gene induc-
tion in the SCN (Guido et al., 1999). Furthermore, several
reports demonstrated that low-intensity light activated more
restricted neurons in the SCN, whereas the activation of
widespread neural population in the SCN was observed upon ,
bright light stimulation (Dkhissi-Benyahya et al., 2000).
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Taken together with these reports, we speculate that GRP
signaling may work only when bright light entrains the cir-
cadian clock in the SCN.

Corresponding with attenuation of the light-elicited phase
shift of behavior in GRP receptor-deficient mice, the present
results demonstrated an attenuated photic induction of
mPerl and mPerZ2, especially in the dorsal SCN. Therefore,
we also propose that GRP and its receptor signaling play a
role in light-induced Per mRNA expression in the SCN as
well as the behavioral phase shift produced by light.

We also found that the expression pattern of ¢-Fos protein
upon photic stimulation or GRP administration correlated
well with that of Per mRNA in the SCN, suggesting that the
induction mechanism of the Per and c-fos genes by either
light stimuli or GRP uses common signaling pathways in
part. Furthermore, a behavioral study with an antisense
oligonucleotide against the c-fos and jun-B genes revealed
that transcription of these immediate-early genes was re-
quired for photic entrainment of the circadian clock (Wollnik
et al., 1995). Thus, the resetting action of GRP on the circa-
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dian clock may be mediated by the cooperative works of both
Per and c-fos gene induction in SCN neurons.

In contrast to the attenuated responses of activity rhythm
or mPerl or mPer2 mRNA induction to light stimulation in
GRP receptor-deficient mice, these mutant mice exhibited a
stable activity rhythm, which did not differ from that of
wild-type mice, under LD or DD conditions. Circadian oscil-
lating nature itself is known to be cell autonomous, because
a suppression of synaptic transmission by tetrodotoxin failed
to affect the phase of circadian rhythm driven within the
SCN neurons (Welsh et al., 1995). Taken together, GRP and
its receptor are involved in the photic entrainment pathway
but not in the circadian oscillating machinery in the SCN.

As described previously, the SCN consists of two neuronal
subpopulations, a light-responsive ventral subpopulation
with a weak oscillatory function, and a light-unresponsive
dorsal subpopulation with a strong autonomous oscillatory
function (Shibata et al., 1984; Yan et al., 1999). In hamsters
and mice, a light pulse during subjective night causes an
increase in Perl and Per2 mRNA or ¢-Fos protein substan-
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Fig. 5. Light pulse-induced mPerl, mPer2 mRNA, and c-Fos protein expression were partially attenuated in GRP receptor-deficient mice. A,
representative emulsion autoradiograms (mPerl and mPer2) and photographs (¢c-Fos protein) in wild-type (Wild) and GRP receptor-deficient mice
(Deficient). After release into DD for 2 days, mice were exposed to a brief light pulse (300 lux) at projected ZT16 and then perfused intracardially with
4% PFA 90 min later. Note that both mPer mRNA and c-Fos protein in the dorsal SCN were diminished in GRP receptor-deficient mice. B, quantitative
analysis of mPer mRNA and c¢-Fos protein in the entire SCN with film autoradiograms (mPer! and mPer2 mRNA) or the immunohistochemical
photographs (c-Fos protein). n = 4 to 9; *, p < 0.05 versus wild-type mice (unpaired Student’s ¢ test).



tially in the ventral subdivision, whereas the remaining dor-
sal SCN neurons are only moderately responsive to the light
stimulus (Shigeyoshi et al., 1997; Moriya et al., 2000). We
have recently shown that activation of the NMDA receptor is
involved in the photic induction of Perl and Per2 in the
ventral portion of the hamster SCN. This involvement is
supported by the finding that NMDA receptor blockade sub-
stantially suppressed the photic induction of Perl and Per2
mRNA in the ventral portion of the SCN, but not in the dorsal
subpopulation (Moriya et al., 2000). Thus, light signals en-
train the ventral neurons in the SCN via NMDA receptor
activation, which leads to acute induction of the Perl and
Per2 genes. On the other hand, GRP induces Per mRNA as
well as c¢-Fos protein in the dorsal portion of the SCN. It
should be noted that the degree of phase shift elicited by GRP
is small (less than 0.5 h) by comparison with that induced by
light (in the present study) or by other receptor agonists such
as melatonin (Benloucif and Dubocovich, 1996), serotonin
agonist (Tominaga et al., 1992), and neuropeptide Y (Albers
and Ferris, 1984) (usually 0.6—2.0 h). It may account for this
relative small phase shift by GRP that exogenous GRP acti-
vates neurons located only in the dorsal, but not ventral SCN
and that endogenous GRP would mediate some portion of the
photic signal from the ventral SCN to the dorsal SCN. We
also demonstrated that photic induction of mPerl, mPer2
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mRNA, and c-Fos protein was attenuated, especially in the
dorsal SCN, in GRP receptor-deficient mice. Furthermore,
cell somata and fibers of GRP-positive neurons were abun-
dantly expressed in the ventral and dorsal SCN, respectively.
Therefore, this finding, taken together with our previous
report (Moriya et al., 2000), suggests that the photic induc-
tion of Perl and Per2 mRNA in the ventral SCN is mediated
via the glutamate-NMDA receptor pathway and photic in-
duction in the dorsal SCN relates to activation of the GRP
receptor pathway, which is secondarily cascaded by RHT
activation via a multisynaptic transmission within the SCN
(Jiang et al., 1997). The present observation of the abundant
expression of GRP receptor mRNA in the dorsal SCN
strongly supports the above-mentioned working hypothesis.

In summary, our pharmacological analysis using GRP re-
ceptor-deficient mice elucidated that GRP and its receptor
activation are certainly involved in the photic entrainment of
the circadian clock, especially in the dorsal subpopulation of
the SCN. This action is mediated in the SCN neurons via the
induction of Per and c-fos.
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PITUITARY ADENYLATE CYCLASE-ACTIVATING POLYPEPTIDE
PRODUCES A PHASE SHIFT ASSOCIATED WITH INDUCTION OF mPer
EXPRESSION IN THE MOUSE SUPRACHIASMATIC NUCLEUS

Y. MINAMI. K. FURUNO, M. AKIYAMA, T. MORIYA and S. SHIBATA"
Department of Pharmacology and Brain Science, School of Human Sciences. Waseda University, Tokorozawa,
Saittama 359-1192, Japan

Abstract-—The main mammalian circadian pacemaker is located in the suprachiasmatic nucleus of the hypothalamus.
Clock genes such as the mouse Period gene (mPer) play a role in this core clock mechanism in the mouse. With brief light
exposure during the subjective night, the photic information, which 1s conveyed directly to the suprachiasmatic nucleus
via the retinohypothalamic tract, results in mPerl and mPer2 expression in the suprachiasmatic nucleus.

Glutamate and pituitary adenylate cyclase-activating polypeptide (PACAP) are co-stored in the retinohypothalamic
tract. Recent studies have suggested that not only glutamate but also PACAP are key players in the phase shift that
occurs during subject night; however, research demonstrating a direct association between the PACAP-induced phase
shift and mPer gene expression has yet to be conducted.

in the present study, PACAP (200 pmol) injected into the lateral ventricle during subjective night (circadian time 16
circadian time 12, onset of locomotor activity) caused a moderate phase delay associated with moderate expression of
mPerl and only slight expression of mPer2 in the mouse suprachiasmatic nucleus. PACAP-induced nmPerl expression was
also observed in the paraventricular nucleus and periventricular area of the hypothalamus. (+)MK-801 (0.5 mg/kg), an
N-methyl-p-aspartate (NMDA) receptor antagonist, suppressed both the PACAP-induced phase delay and mPer/ expres-
sion. From these results we suggest that PACAP induces phase delays in the mouse circadian rhythm in association with

an increase of mPer expression in the suprachiasmatic nucleus via the activation of NMDA receptors.

Published by Elsevier Science Ltd. All rights reserved.

© 2002 IBRO.

Key words. circadian rhythm, entrainment, i.c.v. injection, NMDA receptor, (+)MK-801.

The main mammalian circadian pacemaker located in the
suprachiasmatic nucleus (SCN) of the hypothalamus
(Rusak and Zucker, 1979; Ralph et al, 1990) is
entrained to the 24 h light-dark cycle. The core clock
mechanism in the mouse SCN appears to involve a tran-
scriptional feedback loop in which CLOCK and BMAL!
function as positive regulators and the three mouse
Period genes (mPer) and Cryl and Cry2 gene products
are involved in negative feedback (Reppert and Weaver,
2001). We found that brief exposure to light during the
subjective night resulted in a large and rapid induction of
mPer] expression corresponding with light-induced
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Abbreviations: CaMKIIV, Ca’*/calmodulin-dependent  protein
kinase 1I/1V; CRE, cAMP response element; CREB, CRE bind-
ing protein; CRH, corticotropin-releasing hormone; CT, circa-
dian time; DD, constant darkness; (+)MK-801, (5R,105)-(+)-
S5-methyl-10,11-dihydro-5-H-dibenzo[a,d]cyclo-hepten-5,10-imine
hydrogen maleate; mPer, mouse Period, NMDA, N-methyl-p-
aspartate; PACAP, pituitary adenylate cyclase-activating poly-
peptide-38; Pe, periventricular area of hypothalamus; PKA,
protein kinase A; PVN, paraventricular nucleus of hypothala-
mus; RHT, retinohypothalamic tract; SCN, suprachiasmatic
nucleus; ZT, zeitgeber time.
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phase delays of mouse behavioral rhythms (Shigeyoshi
et al., 1997) and mPer2 mRINA expression in the SCN
(Shearman et al., 1997; Takumi et al., 1998). We recently
demonstrated that a hght-induced phase delay in loco-
motor activity at circadian time (CT) 16 is significantly
inhibited when mice are pretreated with mPer! or mPer2
antisense oligonucleotide | h before light exposure
(Akiyama et al., 1999; Wakamatsu et al., 2001). There-
fore, gating expression of the mPer]! and mPer2 genes is
suggested as an important step in photic entrainment.
Recently, presence of the 38 amino acid neuropeptide
pituitary adenylate cyclase-activating polypeptide-38
(PACAP) was demonstrated in the rat retinohypotha-
lamic tract (RHT) (Hannibal et al., 1997, 2000). In situ
hybridization studies have also demonstrated that
mRNA of the PACI receptor for PACAP is expressed
in the rat SCN (Hannibal et al., 1997; Cagampang et al..
1998a). Initial in vitro studies showed that application of
PACAP reset the phase of the rodent SCN pacemaker in
a manner opposite of the phase-resetting effects of light
(Hannibal et al., 1997; Harrington and Hoque, 1997).
These studies characterize the actions of PACAP on
the rat and hamster SCN in vitro. More recent studies
demonstrated that microinjection of PACAP into the
SCN region affected hamster behavioral rhythms
(Piggins et al., 2001). When administered during mid-
subjective day, PACAP evokes large but transient
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phase advances (~ 60 min), followed by small, steady-
state phase delays (Piggins et al., 2001). During the early
subjective night, PACAP elicits small to moderate phase
delays without any detectable concentration dependence.
Glutamate, thought to be the main neurotransmitter
of the RHT, and glutamate receptors have been shown
to play a critical role in mediating the effects of light in
the rodent circadian pacemaker (Abe and Rusak, 1994;
Colwell and Menaker, 1996; Ebling, 1996). As interest-
ingly, glutamate and PACAP are colocalized in the RHT
terminals (Hannibal et al., 1997, 2000). More recent
studies reported that PACAP modulated the nocturnal
resetting actions of glutamate in the rodent SCN in a
complex dose- and phase-dependent manner (Chen et
al., 1999; Harrington et al., 1999). Although PACAP
application in vitro reportedly caused mPerl and mPer2
expression in the rat SCN (Nielsen et al.,, 2001), this
paper did not evaluate whether PACAP-induced mPer
expression was related to the PACAP-induced phase
shift. Therefore, in the present study we evaluated the
association between the behavioral phase shift and Per
gene expression in the SCN through in vivo PACAP
application. Recently, we demonstrated that N-methyi-
p-aspartate  (NMDA) receptor antagonists such as
(+)MK-801 and bL-2-amino-5-phosphonovaleric acid
(APV) block light-induced behavioral phase shifts, as
well as Perl and Per2 but not Per3 expression in the
hamster SCN (Moriya et al., 2000). Since, the activation
of NMDA receptors seems to underlie light-induced
mPerl and mPer2 gene expression in the SCN, we fur-
ther examined whether this same activation underlies the
PACAP-induced mPerl expression and phase shift.

EXPERIMENTAL PROCEDURES

Animals

Male balb/c mice (Takasugi, Saitama, Japan) were purchased
3-6 weeks postpartum and maintained under a 12 h light/dark
cycle. Food and water were given ad libitum. Experimental ani-
mal care was conducted under the permission of the ‘Experi-
mental Animal Welfare Committee in the School of Human
Sciences of Waseda University’ (Permission #00-17).

Surgery

Mice were deeply anesthetized with ketamine [S0 mg/kg intra-
peritoneally (i.p.)] and xylazine (20 mg/kg 1.p.) and stainless steel
guide cannulae (6 mm, 22 gauge) were implanted in the intra-
fateral ventricle (—0.5 mm anterior to bregma, 1.1 mm lateral to
midline, and 1.7 mm ventral to skull surface) using a stereotaxic
frame (Narishige, Tokyo, Japan).

Sample preparation

To examine the effect of PACAP administration, mice were
moved to constant darkness (DD) conditions for 2 days, and a
5 ul aliquot of PACAP or vehicle (sterilized saline) was injected
into the lateral ventricle via an injection cannula at a rate of 1 ul
per min using a 25 ul Hamilton syringe under ether anesthesia.
We adopted a 5 ul volume for injection because peptides and
oligonucleotides in this volume easily reached the SCN in our
previous studies (Akiyama et al., 1999; Aida et al., 2002). To
examine the interaction between PACAP and the glutamate
receptor, some mice were i.p. injected with (+)MK-801, a non-

competitive antagonist of the NMDA type glutamate receptor,
with or without intracerebroventricular (i.c.v.) injection of
PACAP. Injections were performed at cither projected zeitgeber
time 8 (ZT8: ZT12. lights-off time) or ZT16. Ninety minutes
after injection, mice were deeply anesthetized with ether and
perfused intracardially with ice-cold saline and 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4).

Brains were removed and post-fixed for 24 h at 4°C. then
placed into 0.1 M phosphate buffer with 20% sucrose for 72 h
at 4°C. Brain sections (40 wm thick) including the SCN. peri-
ventricular area of hypothalamus (Pe) or paraventricular
nucleus of hypothalamus (PVN) were made using a cryostat
(HMS505E: Microm, Walldorf, Germany) and placed in 2X sa-
line sodium citrate (SSC) (16.7 mM NaCl, 167 mM
CgHsO7Naz, pH 7.0) until processing for hybridization.

In situ hvbridization using radio isotope-labeled ¢RNA probe

The quantity of mPerl or mPer2 mRNA expression in the
SCN, PVN, or Pe was assessed by in situ hybridization as pre-
viously described (Takumi et al., 1998, Takahashi et al.. 2001).
Restriction enzyme-linearized cDNA templates [nucleotide posi-
tions: mPerl (538-1752), mPer2 (1-638)] were kindly provided
by Dr. Okamura (Kobe University, Kobe, Japan). For data
analysis, we subtracted the intensities of the optical density in
sections from the corpus callosum from those in the SCN, PVN,
and Pe, and regarded this value as the net intensity for these
areas. The intensity values of sections from the rostral to the
caudal part of the SCN, PVN, and Pe (three sections per mouse
brain) were then averaged. This averaged value was considered
to be a measure of the amount of mPer/ or mPer2 mRNA in
these regions.

For emulsion autoradiography, all mounted sections were
dipped into emulsion (NTB2, Kodak, Rochester, NY, USA)
after X-ray film exposure, air dried for 3 h, and stored in
light-tight slide boxes at 4°C for 4 weeks. The slides were devel-
oped with a D19 developer (Eastman Kodak), then fixed with
Fujifix (Fuji film, Tokyo, Japan) and counterstained with Cresyl
Violet. Subnuclear silver grain distribution in the SCN of all
sections was examined using an optical microscope.

Locomotor activity rhythm

Mice were housed individually in transparent plastic cages
(31 X20 %13 ¢m) under DD conditions for at least 2 weeks
and their locomotor activity was measured by area sensor
(F5B; Omron, Tokyo, Japan) with a thermal radiation detector
system. Locomotor activity was continuously recorded in 6 min
epochs by personal computer. PACAP was injected 1.c.v. at
CT16 (CTI12 is defined as onset time for locomotor activity).
(+)MK-801 was administered i.p. 30 min before the injection
of PACAP. To formulate comparisons on the effect of
PACAP, some mice were exposed to a light pulse (70 or 300
lux) for 5 min at CT16. To evaluate the interaction between
PACAP- and light-induced phase shifts, PACAP was injected
at CT16 and then a light pulse (70 lux for 5 min) was given
15 min after PACAP injection.

Phase shift was calculated based on the distance between two
regression lines drawn from daily onset of locomotor activity for
at least 10 days before and after drug injection or light pulse.
Uninformed observers drew the two regression lines.

Drugs

PACAP and (+)MK-801 were obtained from the Peptide
Institute (Osaka, Japan) and Sigma-RBI (St. Louis, MO,
USA), respectively. We used 75 and 200 pmol of PACAP for
both behavioral and gene expression experiments.

Statistics

Results are expressed as the mean = S.E.M. The significance
of the differences between groups was determined by the Stu-
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dent’s -test or a one-way analysis of variance following the
Tukey-Kramer test using analysis software (StatView for Win-
dows version 5.0, SAS Institute Inc.. Cazy, NC. USA).

RESULTS

Effect of PACAP on mPerl and mPer2 mRNA expression
in the SCN

We studied the effect of PACAP on mPerl expression
in the SCN using in situ hybnidization (Fig. 1). When

A.

PACAP (200 pmol) was injected t.c.v. at ZT16, there
was an obvious increase in mPer] mRNA expression in
the SCN (260% increase comparing to vehicle treatment,
P<0.01). On the other hand, PACAP (200 pmol)
injected i.c.v. at ZT8 did not affect mPerl mRNA
expression in the SCN. Although PACAP injection at
ZT16 induced mPer2 mRNA expression slightly (130%
increase comparing to vehicle treatment), the difference
between vehicle- and PACAP-injected groups at ZT16
was not significant (£ =0.068, Student’s r-test). Emulsion
autoradiography demonstrated that PACAP induced
nPerl but not mPer2 expression in the central to dorsal
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Fig. 1. PACAP-induced mPer/ mRNA expression during early subjective night. (A) Representative mPer/ mRNA (left pan-
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gular area of (b). Scale bars=1 mm. (B) Quantitative data of PACAP influence on mPer] mRNA and mPer2 mRNA levels

in the SCN. White columns, vehicle; gray columns, PACAP injection. Value for vehicle injection at ZT16 was set to 1.
**P < 0.01 vs. vehicle injection at ZT16 (Tukey-Kramer test). N.S., no significance.
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area of the SCN (Fig. 1A,c). Similar to mPerl expres-
sion, PACAP injection at ZT8 did not affect mPer2
mRNA expression (Fig. 1B).

PACAP injection at ZT16 also induced mPer] mRNA
expression in another hypothalamic region, such as the
Pe and PVN (Fig. 2B,C). PACAP increased mPerl
mRNA expression in the PVN about 180% comparing
to vehicle treatment and 320% in the Pe (P <0.01, Fig.
2A). Emulsion autoradiography demonstrated that
PACAP induced mPerl expression in the PVN and Pe
(Fig. 2C). Similar to findings in the SCN, PACAP (200
pmol) injected i.c.v. at ZT8 did not affect mPer/ mRNA
expression in the PVN or Pe.

Differences in PACAP- and light-induced mPer
expression in the SCN and phase delay in locomotor
activity rhythm

We assessed the relationship between PACAP-induced
mPerl expression and the phase delays that occurred
when PACAP was injected at ZT16 or CT16 (Fig. 3).
PACAP induced phase delays corresponding with
mPer] mRNA expression in a dose-dependent manner
but not with mPer2. When PACAP (200 pmol) was
injected i.c.v. at CT16, both mPerl expression (P <0.01)
and the phase delays (P<0.01) changed significantly
(Fig. 3B, left panel). On the other hand, there was no
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significant change in phase with PACAP (200 pmol)
injection at CT8 (data not shown).

Light exposure (70 lux for 5 min) was of enough inten-
sity to cause maximal phase delays (P < 0.01) and mPerl
expression (P <0.01) in the SCN (Fig. 3B, right panel).
Interestingly, mPer2 expression was also induced in the
SCN in a light intensity-dependent manner (70 and 300
lux for 5 min, P <0.01) (Fig. 3B, right panel). Compa-

ratively speaking, an association was found between
light-induced phase delays and mPer expression.

Involvement of NMDA receptors in PACAP-induced
mPerl expression and phase delays

PACAP-induced mPer] mRNA expression in the SCN
was blocked by ip. administration of (+)MK-801
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(0.5 mg/kg) 30 min before PACAP (200 pmol) injection
(P <0.01, PACAP injection vs. (+)MK-801 and PACAP
administration, Fig. 4A). In addition. PACAP-induced
mPer] mRNA in the PVN (P <0.01, PACAP injection
vs. (+)MK-801 and PACAP administration. Fig. 4D)
and Pe (Fig. 4D and data not shown) was significantly
attenuated by (+)MK-801.

Behavioral phase delays by PACAP were also signifi-
cantly blocked when co-administrated with (+)MK-801
(0.5 mg/kg) (0.74 h for PACAP alone vs. 0.12 h for
(+)MK-801 and PACAP, P<0.05) (Fig. 4C). (+)MK-
801 administration alone had no effect on mPerl
mRNA expression or the phase of circadian activity.
Previous papers demonstrated that PACAP and
8-bromo-cAMP potentiated glutamate-induced phase
delays of circadian SCN neuronal rhythm in virro
(Chen et al., 1999; Tischkau et al., 2000}. To confirm
the results of these two papers in vivo, we examined the
effect of PACAP on light-induced phase delays in mouse
circadian activity rhythm and found that PACAP failed
to augment the delays (Fig. 4D). A non-saturating light
pulse combined with PACAP was utilized to determine if
the two stimuli had an additive effect, but such an effect
was not observed even when light intensity was set at
10 lux [light only, 0.82+£0.06 h (n=4); PACAP+light,
0.77%£0.12 h (n=4), P>0.05].

DISCUSSION

In the present experiments, we elucidated that ic.v.
administration of PACAP in the mouse brain causes
moderate phase delays in behavioral rhythm that are
accompanied by the induction of mPer/ and mPer2 in
the SCN when applied during early subjective night
under DD conditions. Our finding that PACAP phase-
delays mouse circadian rhythms in the early subjective
night (CT16) coincides with previous results showing
that PACAP causes phase delays at this phase in ham-
sters both in vive and in SCN sections in vitro
(Harrington et al., 1999). Nielsen et al. reported that
PACAP induces Per! and Per2 expression in the rat
SCN late night in vitro (Nielsen et al., 2001). Thus,
PACAP can induce Perl and Per? in the SCN both in
vivo and in vitro late and early subjective night. We
found that PACAP has a dose-dependent (75 pmol and
200 pmol) effect on both behavior and mPerl expression,
while Piggins et al. noted no obvious concentration de-
pendency of the PACAP-induced phase delay in hamster
wheel-running rhythm (Piggins et al., 2001). Harrington
et al. found that only a low concentration of PACAP
(0.001 uM in vitro and in vivo) delays SCN firing rate
and activity rhythms in hamsters during early subjective
night (Harrington et al,, 1999). Higher concentrations
(0.1-1 uM) of PACAP are reportedly ineffective at
phase shifting the hamster SCN in vitro during the sub-
jective night. The apparent discrepancies among these
studies may be attributable to the different experimental
conditions used, thereby making it difficult to formulate
direct comparisons. For example, our experiments were
conducted in mice using a high concentration of PACAP

while Piggins et al. and Harrington et al. utilized ham-
sters and low concentrations. On the other hand, our
finding that PACAP may be released from RHT termi-
nals during the early subjective night and contribute to
the phase-delaying effect of light at this phase is consis-
tent with the results of both studies.

In the present experiment, PACAP at any concentra-
tion did not affect the phase of mouse free-running
rhythm, mPerl. or mPer2 expression in the SCN when
administered during the day (CT8 or ZT8). This result
agrees with recent behavioral results (Piggins et al,
2001). In virro studies of the SCN. however, showed
that application of 1 uM PACAP during this phase
evokes large phase advances in neuronal firing rate
rhythms of ~3.5 h in rats (Hannibal et al., 1997) and
~3.2 h in hamsters (Harrington and Hoque, 1997).
These conflicting results may reflect differences between
the in vivo and in vitro test situations. Anyway we need
to attempt to estimate actual tissue concentrations of
injected PACAP. Alternatively, the removal of afferent
fibers in SCN sections may up-regulate PACAP receptor
expression or cause other changes that alter the sensitiv-
ity of the SCN to the effects of PACAP.

The present results demonstrate that PACAP induces
moderate expression of mPer] and slight expression of
mPer2 at ZT16 in the SCN in vivo, whereas light appli-
cation causes strong phase delays corresponding with
strongly expressed mPer] and mPer2 in the SCN. A
recent report by Albrecht et al. denotes the importance
of light-induced mPer2 expression in causing phase
delays during the early night in mPer! and mPer? mu-
tant mice (Albrecht et al., 2001). Based on this report, we
suppose that the slight expression of mPer2 (P =0.068 vs.
vehicle, Student’s -test) in the SCN reflects weak phase
delays produced by PACAP injection. A recent paper by
Hannibal et al. (2001) suggests dissociation between the
light-induced phase shift of the circadian rhythm and
mPer] and mPer2 gene expression in mice lacking the
PACAP! receptor. Because of the small phase delay pro-
duced by PACAP in the present results, we decided to
further investigate the effect of weak light intensity
(10 lux) on phase delays and mPer gene expression in
the SCN. We found that weak light intensity causes a
small phase delay similar to PACAP injection with a
significant increase of mPer] and mPer2 gene expression
{(data not shown). All together, these findings indicate
PACAP-induced mPer gene expression in the SCN and
phase shift are not always interdependent phenomena. In
this experiment, gene expression was measured after
2 days in DD, while phase shifts were measured after
2 weeks in DD. As Mistlberger and Holmes (2000)
reported a change in circadian responsiveness to light
over time under DD conditions, the directness of the
comparison of phase shifts with gene expression is weak-
ened. We previously reported that after | week in DD,
light-induced mPer gene expression in the SCN slightly
increased (Aida et al., 2002). Therefore, further experi-
ment is required to examine both phenomena using the
same experimental protocol.

The mechanisms underlying these phase-shifting effects
of PACAP on the mouse SCN circadian pacemaker are
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not known. We would ke to propose a tentative mech-
anism regarding mPer/ expression in the SCN, PVN,
and Pe. Yagita and Okamura (2000) showed that forsko-
lin-induced Per/ expression in Rat-1 cells accompanies
cAMP response element (CRE) binding protein (CREB)
phosphorylation. Recently we reported that addition of
PACAP to the medium also induces transient Per/ gene
expression in cerebellar culture cells (Akiyama et al.
2001). This induction is also mimicked by dibutyryl-
cAMP and suppressed by a protein kinase A (PKA)
inhibitor but not by MEK inhibitors (Akiyama et al.,
2001). Both PACAP and forskolin activate adenylate
cyclase, enhance the synthesis of cAMP, and result in
the activation of PKA. In addition to PKA activation,
PACAP enhances Ca’* entry into the supraoptic nucleus
neurons via voltage-gated Ca’* channels (Shibuya et al.,
1998). Increased Ca’" then activates Ca’*-dependent
protein kinases such as Ca’*/calmodulin-dependent pro-
tein kinase II/IV (CaMKII/IV) and mitogen-activated
protein  kinase (MAPK). The transcription factor
CREB specifically binds to CREs and activates the tran-
scription of target genes when phosphorylated by PKA
(Haus-Seuffert and Meisterernst, 2000). Interestingly, it
is reported that the promoter of the mPer/ gene contains
four CREs (Yamaguchi et al., 2000). Thus, PACAP-
induced activation of mPer/ in the SCN may be involved
in PKA and/or CaMKII/IV activation followed by
CREB phosphorylation, thereby playing a role in signal
transduction.

Although previously unanticipated, i.c.v. injection of
PACAP dose-dependently caused an elevation of mPerl
gene expression in the Pe and PVN of the mouse. It is
well known that the distribution of PACAP immunore-
activity is detected not only in the SCN but also in the Pe
area and PVN of the hypothalamus (Piggins et al., 1996).
PACAP injection produces an increase in the hybridiza-
tion signal of arginine vasopressin mRNA in the PVN
(Nomura et al, 1999). Legradi et al. (1998) identified
innervation of PVN corticotropin-releasing hormone
(CRH) neurons by PACAP nerve fibers. In addition,
Grinevich et al. (1997) found that PACAP i.c.v. injection
results in the up-regulation of CRH gene expression in
the PVN. Although the physiological roles of mPer!
gene expression in this area are still unknown, we
recently demonstrated that physical and inflammatory
stressors to mice caused an increase of mPerl gene
expression in the CRH-positive neurons in the PVN
(Takahashi et al., 2001). Further experiment may eluci-
date whether the activation of PACAPergic neurons is
involved in stress-induced Per gene expression in the
PVN. We recently reported that exposure to light at

night but not during the day caused the elevation of
Perl gene expression in the hamster PVN (Yamamoto
et al., 2001). Similarly, the present data demonstrates
that injection of PACAP at night but not during the
day increases mPerl gene expression in the Pe and
PV, suggesting that Per/ gene expression in these
brain areas is also under the control of the circadian
clock system.

In this experiment, (+)MK-801 attenuates both
PACAP-induced phase delays and mPer! expression in
the SCN, PVN, and Pe. Controversial results indicated
that PACAP can potentiate NMDA-induced inward cur-
rent in the SCN neurons in virro {(Harrington et al,
1999), but there is no effect on NMDA-induced Ca”*
increase in the SCN cells (Kopp et al., 2001). We suggest
that activation of an NMDA receptor may be involved
in producing PACAP-induced phase delays and mPer/
expression in the SCN. Since (+)MK-801 was given sys-
temically, and the fact that glutamate is the major exci-
tatory neurotransmitter in the brain, the blockade is
likely much broader than that of glutamatergic transmis-
sion from RHT. This should be considered especially in
the case of the Pe and PVN mPer/ activation, which
could be hardly attributable to the RHT, but more to
the local effects of i.c.v. injected PACAP, as this struc-
ture lies close to the ventricular surface. Therefore, the
fact that (+)MK-801 prevents the overall effect of
PACAP would nevertheless indicate the global impor-
tance of glutamatergic neurotransmission for the full
effect of PACAP.

Previous papers demonstrated that PACAP and
8-bromo-cAMP potentiate glutamate-induced phase
delays of circadian SCN neuronal rhythm in vitro
{Chen et al., 1999; Tischkau et al., 2000) and intracellu-
lar Ca®* increase in the SCN cells (Kopp et al., 2001).
Our present results showed no augmentative or additive
effect of PACAP on light-induced phase delays. The dis-
crepancy between our data and that of the above papers
may be attributed to differences in experimental condi-
tions (in vitro vs. in vivo) as well as the use of different
species (rats and mice).

In summary, the present results demonstrate that
PACAP induces phase delays in mouse circadian rhythm
in association with an increase of mPer expression in the
SCN via activation of NMDA receptors.
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also induce a phase advance of Pui-/ mRNA expression. We
further investigated whether normal Clock gene function is
required for RF-induced resetting of the peripheral clock by
using Clock/Clock mice.

2. Materials and methods

2.1. Animals and housing

Clock mutant mice were purchased from Jackson Laboratory
(Stock No. 002923) (Bar Harbor, ME, USA) and interbred in our
laboratory. Genotypes were determined by PCR [20]. Animals were
maintained on a light-dark (LD) cycle (12 h light, 12 h dark. with
lights on at 8:30 a.m.) at a room temperature of 23°C and given food
and water ad libitum except for RF experiments. All animals were
treated in accordance with the Law (No. 105) and Notification (No.
6) of the Japanese Government. Some mice were transferred to DD
conditions at ZT12 (Zeitgeber time: ZTO is defined as lights-on time
and ZT12 as lights-off time), and sampling was initiated 24 h after
transfer.

2.2. RNA Isolation and RT-PCR

Mice (n=3-6 for each time point) were deeply anesthetized with
ether and intracardially perfused with ice-cold saline. After perfusion.
the heart was rapidly isolated, frozen in liquid nitrogen, and stored at
—80°C until RNA isolation. Total RNA was extracted using ISO-
GEN Reagent (Nippon Gene, Tokyo, Japan). 100 ng of total RNA
was reverse transcribed and amplified using the Superscript One-Step
RT-PCR System (Invitrogen, CA, USA) in a GeneAmp PCR System
9700 (Applied Biosystems, CA, USA). Specific primer pairs were de-
signed from published data of the mPerl, mPer2, mBmall, mNpas2,
Pai-1, and S-actin genes in GenBank as follows: mPerl [289 bp]: 5'-
CAAGTGGCAATGAGTCCAACG-3' (forward) and 5'-CGAAGT-
TTGAGCTCCCGAAGT-3' (reverse); mPer2 [381 bp]: 5'-CAGACT-
CATGATGACAGAGG-3' (forward) and S -GAGATGTACAG-
GATCTTCCC-3 (reverse); mBmall {344 bp]: 5'-CACTGACTACC-
AAGAAAGTATG-3 (forward) and 5-ATCCATCTGCTGCCCT-
GAGA-3 (reverse); mNpas2 {243 bp): 5'-CTCAGTGGTCAGTTA-
CGCAG-3' (forward) and 5'-TGGAGGTGGGTTCTGACATG-3’
(reverse); Pai-I [539 bp]: 5-TCAGAGCAACAAGTTCAACTA-
CACTGAG-3' (forward) and 5'-CCCACTGTCAAGGCTCCATC-
ACTTGCCCCA-3" (reverse); and f-uctin {452 bp]: 5'-GAGGG-
AAATCGTGCGTGACAT-3" (forward) and 5-ACATCTGCTGG-
AAGGTGGACA-3" (reverse). We used a semi-quantitative RT-
PCR method for measuring the expression level of mRNA. All
PCR products were placed under linear amplification from cycles 26
through 30; however, from the 32nd cycle products levels plateaued
(data not shown). Therefore, we obtained PCR products in the 28th
cycle for quantification. PCR was performed under the following con-
ditions: ¢cDNA synthesis at 50°C for 30 min followed by 94°C for
2 min, PCR amplification for 28 cycles with denaturation at 94°C for
15 s, annealing at 55°C for 30 s, and extension at 68°C for | min. The
target clock gene ¢cDNA was co-amplified with f-actin cDNA in a
single PCR tube. The PCR products were electrophoresed on a 3%
agarose gel, stained with ethidium bromide, and analyzed by an
EDAS-290 system {(Kodak, NY, USA). The intensity of PCR product
of the target gene was normalized to the intensity of B-actin. The
amplitude (ratio of peak and trough) and phase determined by this
method were reproduced in a different experiment and found compa-
rable as determined by Northern blot [5], which suggests that the
present experimental conditions can detect a circadian change of
mPer] and mPer2 gene expression in the mouse liver.

2.3. RF experiment

The RF experiment was performed as previously described [22]. In
brief, after 1 day of fasting (termed as day 0). mice were allowed
access to food for 4 h from ZTS to ZT9 for 6 consecutive days
(day 1 to day 6). On day 7, food was again withdrawn for the entire
day. Animals were sacrificed at ZTS, 11, 17, and 23 on day 6, and
ZTS on day 7.

2.4. Statistical analysis

The values are expressed as means £ S.E.M. For statistical analysis,
one-way ANOVA was applied followed by Dunnett’s two-tailed test
or the Student’s r-test.
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3. Results

3.1 Daily expression of mPerl, mPer2, mBmall, mNpas2, and
Pai-1 genes in the heart

Using the semi-quantitative RT-PCR method, all clock
genes examined in the mouse heart under LD conditions
showed a clear daily mRNA rhythm (Fig. | and Table 1).
mBmall (Fig. 1B) and mNpas2 (Fig. 1C) mRNA levels peaked
at night, while mPerl (Fig. 1D) and mPer2 (Fig. 1E) mRNA
levels peaked during the day. Pai-I mRNA, the basal expres-
sion of which is thought to be under the control of a circadian
clock, also showed a clear daily change in the heart. with a
peak at late evening (Fig. 1F). On the other hand, mBmal2
(Clify expression did not show a daily oscillation as previously
reported (data not shown) [3].

The daily rhythm of clock genes under LD conditions was
attenuated or even absent in the heart of Clock/Clock mice
(Fig. 1 and Table 1). mBmall mRNA did not show significant
daily variation in Clock/Clock mice; as previously shown,
there was a constant high expression [21]. The wmPerl
mRNA rhythm was also dampened. mPer2 mRNA was still
expressed in a circadian fashion under our experimental con-
ditions, but there was a severely dampened amplitude and
delayed peak compared to wild-type mice (Fig. 1E) mNpas2
mRNA also showed a weak but significant daily rhythm (Fig.
1C), whereas Pai-/ mRNA expression lacked significant daily
variation in Clock/Clock mice (Fig. 1F).

To rule out the effect of light, the circadian patterns of
clock genes and Pai-1 gene expression were also studied under
DD conditions. Similar to LD conditions, circadian expres-
sion of these genes was observed under DD conditions in wild-
type mice (Table 1). In Clock/Clock mice, mPerl, mPer2, and
Pai-1 gene expression exhibited no significant rhythmicity
when assessed by one-way ANOVA (Table ).
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Fig. 1. Daily fluctuation of mPerl, mPer2, mBmall, mNpas2. and
Pai-l mRNA in the heart of wild-type and Clock/Clock mice. A:
Representative electrophoresis photographs of PCR products from
each genotype (wild-type and Clock/Clock) at ZT 5, 11, 17, and 23.
B: Daily mRNA abundance of each clock gene was plotted as a rel-
ative mRNA level that was normalized to f-actin mRNA (n=4-6).
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Abstract Plasminogen activator inhibitor-1 (PAI-1) is a key
factor of fibrinolytic activity. The activity and mRNA abun-
dance show a daily rhythm. To elucidate the mechanism of daily
Pai-1 gene expression, the expression of Pai-I and several clock
genes was examined in the heart of homozygous Clock mutant
(ClockiClock) mice. Damping of the daily oscillation of Pai-I
gene expression in Clock/Clock mice was accompanied with
damped or attenuated oscillations of mPerl, mPer2, mBmall,
and mNpas2 mRNA. Daily restricted feeding induced a daily
mRNA rhythm of all clock genes and Pai-I mRNA in Clock/
Clock mice as well as wild-type mice. The peaks of clock genes
and Pai-I mRNA were phase-advanced in the heart of both
genotypes after 6 days of restricted feeding. The present results
demonstrate that daily Pai-I gene expression depends on clock
gene expression in the heart and that a functional Clock gene
is not required for restricted feeding-induced resetting of the
peripheral clock. © 2002 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights reserved.

Key words: Circadian; Clock mutation; Heart,
Plasminogen activator inhibitor-1; Restricted feeding

1. Introduction

An endogenous circadian rhythm controls various physio-
logical and behavioral phenomena. The molecular circadian
clock system is thought to be based on transcriptional/trans-
lational feedback loops consisting of ’clock’ genes and their
products [1]. In mammals, CLOCK, a member of the bHLH-
PAS transcription factors, heterodimerizes with BMALI and
binds to E-box DNA motifs in the promoter of Perl/2 and
Cryli2, thereby activating their transcription. On the other
hand, CRY1/2 proteins negatively regulate the E-box binding
ability of CLOCK:BMALI. Concurrently, PER2 enhances
Bmall transcription [1]. Moreover, when BMAL2 (also called

*Corresponding author. Fax: (81)-42-947 6806.
E-mail address: shibata@human.waseda.ac.jp (S. Shibata).

Abbreviations: DD, constant dark; LD, light-dark; PAI-1, plasmin-
ogen activator inhibitor-1; RF, restricted feeding; SCN, suprachias-
matic nucleus; ZT, Zeitgeber time

CLIF), which is highly homologous to BMALI (2], is ex-
pressed with CLOCK, E-box mediated transcription is accel-
erated [3]. NPAS2, a transcription factor that is highly homol-
ogous to CLOCK, heterodimerizes with BMALI and binds to
the E-box motif, thereby activating Peri/2 transcription [4].
Both NPAS2:BMALI and CLOCK:BMAL2 might also func-
tion as positive regulators in place of CLOCK:BMALIL
These clock genes are expressed not only in the suprachias-
matic nucleus (SCN) of the hypothalamus where the master
clock exists, but also in other brain regions and various pe-
ripheral tissues. For example, in the rat heart, these clock
genes are abundantly expressed and show clear circadian
rhythms [5,6].

In previous studies, an abnormal circadian rhythmicity was
demonstrated in Clock mutant mice. Heterozygous Clock mu-
tant mice (Clock/+) demonstrated a lengthened and less stable
circadian period, whereas homozygous mutant mice (Clock/
Clock) showed a gradual loss of circadian rhythmicity in con-
stant darkness (DD) [7]. Positional cloning and subsequent
analysis showed that mutant CLOCK lacks 51 amino acids
[8]. Furthermore, mutant CLOCK failed to activate E-box
mediated transcription [9].

The onset of myocardial infarction frequently occurs from
6 a.m. to 12 p.m. in humans [10]. This phenomenon results in
part because of a down-regulation of fibrinolytic activity.
Plasminogen activator inhibitor type 1 (PAI-1) is the primary
regulator of the fibrinolytic cascade [11,12], and its activity
changes in a circadian fashion such that it is high in the
morning and low in the evening [13]. Pai-I mRNA expression
appears in the adiposities, the liver, the kidneys, and abun-
dantly in the heart [14]. The Pai-/ gene has two functional
E-box motifs in the promoter [15]. Maemura et al. [3] dem-
onstrated that Pai-I mRNA shows a daily rhythm in vivo,
and Pai- transcription is up-regulated by CLOCK:BMAL2
through E-box sites and down-regulated by mPER2 and
mCRY]1 in cultured cells. To confirm the importance of the
Clock gene in circadian expression of the Pai-I gene, we in-
vestigated Pai-1 gene expression in the heart of Clock/Clock
mice.

Under restricted feeding (RF) conditions, animals are al-
lowed daily access to food for only a limited time. RF-induced
anticipatory locomotor activity rhythm is known to be SCN-
independent because SCN-lesioned animals still maintain this
activity rhythm [16]. Recent reports demonstrate that circa-
dian clocks expressed in peripheral tissues such as the liver are
reset by daily RF during the day in both normal and SCN-
lesioned animals [17-19]. We examined whether an RF-in-
duced phase advance in the expression of clock genes can

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
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Fig. 2. Effect of RF on the daily clock gene expression in the heart
of wild-type mice. A: Representative electrophoresis photographs of
PCR products from wild-type mice at ZT5, 11, 17, and 23 on day 6
(final day of RF) and at ZT 5 on day 7. B: Expression of clock
genes of wild-type was plotted as a relative mRNA level that was
normalized to B-actin expression. The peak value was set to 100%
(n=3-6). Points from the ad libitum feeding schedule at ZTS on day
7 were re-plotted as data at ZTS on day 6.

3.2. RF-induced entrainment of clock genes and Pui-1 gene
expression in Clock/Clock mice

Wild-type and Clock/Clock mice were placed on a RF
schedule under LD conditions. As shown mn Fig. 2, wild-
type mice placed under RF for 6 days showed a daily varia-
tion in all clock genes as well as Pui-I gene expression in the
heart (lower panels). Compared to mice with free access to
food (upper panels), the phase of the peaks and troughs of
clock genes was advanced by 6-12 h with RF. The Pai-/
mRNA expression pattern also showed a 12-h change under
an RF schedule.

When Clock/Clock mice followed a RF schedule, both
mPer2 and mNpas2, that showed a weak daily rhythmicity
under ad libitum conditions, exhibited a robust phase-
advanced rhythmicity in the heart. Interestingly. mPerl,
mBmall, and Pai-I mRNAs exhibiting no significant rhyth-
micity under ad libitum conditions, showed a clear daily rhyth-
micity under RF conditions in Clock/Clock mice. The peak
expression of these mRNAs also showed a phase-advanced
rhythmicity that was similar to wild-type mice under RF con-
ditions (Fig. 3 and Table 1).

Table 1

Daily variation and peak time of clock genes and Pui-I mRNA expression
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Fig. 3. Effect of RF on daily clock gene expression in the heart of
ClockIClock mice. A Representative electrophoresis photographs of
PCR products from Clock/Clock at ZT35, 11, 17, and 23 on day 6
{final day of RF) and at ZTS5 on day 7. B: Expression of clock
genes of Clock/Clock was plotted as a relative mRNA level that was
normalized to S-actin expression, and the peak value was set to
100% (n=3-6). Points from the ad libitum feeding schedule at ZT5
on day 7 were re-plotted as data at ZTS5 on day 6,

4. Discussion

In the present experiment, we found that the amplitude of
daily oscillations of mBmall and mPer] gene expression was
blunted in the heart of Clock/Clock mice. In addition, Pai-1
mRNA oscillation completely disappeared in the heart of mu-
tant rnice, suggesting that expression of the Pai-] gene is
closely clock-controlled in the heart. The present in vivo re-
sults support those of a recent paper in which CLOCK:
BMAL2 up-regulated the Pai-I gene and PER2 and CRY!
down-regulated Pai-1 in cultured cells [3]. As PAI-1 activity
regulates the fibrinolytic cascade [11], possibly a circadian
change of Pai-1 expression underlies the circadian rhythmicity
of myocardial infarction occurrence.

In the present experiment, we demonstrated a daily expres-
sion of mNpas2 in the wild-type mouse heart. However, the
oscillation of mNpas2 expression in Clock/Clock mice 1s not as
severely dampened as that of mBmall expression, which is lost
under LD conditions. NPAS2 possesses high homology to
CLOCK, and co-expression of NPAS2 and BMALL activates
transcription of Perl, Per2, and Cryl genes, suggesting that

Feeding conditions  Lighting conditions Positive regulator Negative regulator Output
mBmall mNpas2 mPerl mPer2 Pai-1

+/+ Ad lib DD pZT23%** pZT23%** pZTILIX**  pZT11*** pZT17**

Ad lib LD ZT23%** ZT5** 2T *** ZTH*** ZT11*

RF LD ZT1T*** ZT17*** 7T 5*** ZT S¥x* ZT23*
Clock! Clock Ad lib DD pZT 5*** pZT 5* ~ - -

Ad lib LD - ZT23* - ZT17* -

RF LD ZT1-17x%x* ZT17* ZT5*** ZT5*** ZT23*

Ad lib: free feeding schedule (four time points); pZT: projected ZT; RF: RF schedule (five time points). ***P < 0.001, **P < 0.01, *P <0.05.

—: not significant.
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NPAS?2 is capable of replacing CLOCK as a BMALI partner
in areas other than the SCN [4]. Therefore, mPerl and other
clock genes in which the expression is regulated through the
E-box are not only controlled by CLOCK:BMALI but also
by NPAS2:BMALL (or CLOCK:BMAL2) in the heart.

Since RF does not affect the daily or circadian expression of
clock genes in the SCN [17,22], RF-induced oscillation of the
peripheral clock does not require oscillation of the master
SCN clock. Furthermore, lesion of the SCN does not affect
the RF-induced oscillation of mPer gene expression in the
liver [19]; however, the necessity of Clock gene function-in
the RF-induced circadian rhythm had yet to be determined.
We demonstrated that the rhythmicity of mPerl, mBmall.
and Pai-I mRNA, of which the daily oscillation dampened
under ad libitum conditions, reappeared under RF conditions
in Clock/Clock mice. Recently, it was shown that metham-
phetamine (MAP) restores locomotor activity rhythm in be-
haviorally arrhythmic Clock/Clock mice [23]. These results
suggest that intact CLOCK is not necessary for inducing ei-
ther wheel-running activity rhythm with chronic MAP treat-
ment or food entrainment of the peripheral oscillator through
RF. Interestingly, the MAP-induced locomotor activity
rhythm is also independent of the circadian oscillator in the
SCN [24,25). Functional CLOCK might not be necessary for
these SCN-independent rhythms. Perhaps, NPAS2 compen-
sates for the functional deficit observed in Clock/Clock mice.

Pai-I mRNA expression showed a RF-induced phase ad-
vance in the mouse heart. This result indicates the possibility
that the timing of fibrinolytic activity may be regulated
through Pai-1 gene expression by changing the feeding time
schedule. Some Ca** channel blockers [26] and B-adrenergic
receptor antagonists {27} have reportedly caused a time of
day-dependent effect on myocardial disease. Therefore, a con-
trolled feeding time may help with the success of this type of
chronopharmacological treatment. Further studies are needed
to confirm the interaction of peripheral clock gene function
and fibrinolytic activity through Pai-1 gene expression.

In summary, we demonstrated that Pai-/ mRNA expres-
sion had a daily rhythmicity in the mouse heart, the expres-
sion of which is under the control of clock genes. Further-
more, feeding schedule can affect the rhythmic phase of not
only clock gene expression but also Pai-I gene expression in
both wild-type and Clock/Clock mice. Thus, molecular clock
resetting in the mouse heart under RF conditions may not
require the functional Clock gene.
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We reported previously that (S)-5-[3-[(1,4-benzodioxan-2-
ylmethyllamino]propoxy]-1,3-benzodioxcle  hydrochloride
(MKC-242) (3 mg kg™ ', i.p.), a selective 5-HT,, receptor
agonist, accelerated the re-entrainment of hamster wheel-
running rhythms to a new 8 hr delayed or advanced light-
dark cycle, and also potentiated the phase advance of the
wheel-running rhythm produced by light pulses. The mo-
lecular mechanism underlying MKC-242-induced potentia-
tion of this phase shift, however, has not yet been eluci-
dated. We examined the effects of MKC-242 on light-
induced mPer? and mPer2 mRNA expression in the
suprachiasmatic nucleus (SCN) of mice. MKC-242 (6 mg
kg™, i.p.) potentiated light-induced mPer? and mPer2 ex-
pression in the SCN of mice housed in constant darkness
for 2 days, when mRNA levels were observed 3 hr after
light-exposure. More potentiating action of MKC-242 on
mPer2 expression in the SCN was observed in mice
housed in constant darkness for 9-10 days. This facilitatory
action of MKC-242 on mPer1 expression was antagonized
by WAY100635, a selective 5-HT,, receptor blocker, indi-
cating that MKC-242 activated 5-HT,, receptors. Other
drugs such as 8-hydroxy-dipropylaminotetralin (10 mg
kg™, i.p.), paroxetine (10 mg kg™, i.p.), buspirone (10 mg
kg™, i.p), and diazepam (10 mg kg~ ', i.p.) did not display
a potentiating action on light-induced mPer1 and mPer2
expression in the SCN. In the behavioral experiments, we
found that MKC-242 (5 mg kg™, i.p.) potentiated light-
induced phase delays of free-running rhythm in mice. The
present results suggest that prolonged increase of mPer1?
or mPer2 expression in the SCN by MKC-242 may be
involved in the potentiation of photic entrainment by MKC-
242 in mice. © 2002 Wiley-Liss, Inc.

Key words: circadian rhythm; light-entrainment; Per
gene; suprachiasmatic nucleus; 5-HT, receptor; MKC-
242

The biological clocks of mammals, located in the
suprachiasmatic nuclei (SCN) of the hypothalamus, con-

© 2002 Wiley-Liss, Inc.

trol various physiological daily rhythms, and are reset by
environmental light exposure (Inouye and Shibata, 1994).
The SCN are densely innervated by 5-HT neurons in the
midbrain raphe nuclei in rodents (Cagampang et al., 1993;
Cagampang and Inouye, 1994; Meyer-Bernstein and
Morin, 1996). Systemic or local injections of 8-hydroxy-
dipropylaminotetralin  (8-OH-DPAT), an agonist for
5-HT,, and 5-HT, receptors, suppress the light-induced
phase shifts of hamster activity rhythms (Rea et al., 1995;
Mintz et al., 1997; Weber et al., 1998; Belenky and
Pickard 2001; Smith et al., 2001), light-induced c-fos ex-
pression in the hamster SCN (Selim et al., 1993; Glass et
al., 1994, 1995; Picard et al., 1997), and the firing rates of
light responsive cells in the hamster SCN (Ying and Ru-
sak, 1994, 1997). In in vitro studies, Liou et al. (1986) and
Rea et al. (1994) reported that 5S-HT suppressed the optic
nerve stimulation-evoked field potentials in the rat SCN
and hamster SCN, respectively. This evidence suggests
that 5-HT neurons from the midbrain raphe nuclei possess
an inhibitory regulation on the photic entrainment of the
biological clock in mammals via 5-HT;, or 5-HT; re-
ceptor activation.

Morin and Blanchard (1991) reported that depletion of
hamster brain serotonin increased the circadian activity
thythm response to light. MKC-242, (S)-5-{3-[(1,4-
Benzodioxan-2-ylmethyl)amino]propoxy]-1,3-
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benzodioxole hydrochloride, a selective 5-HT, A Teceptor
agonist, potentiated light-induced phase shifts in hamster
circadian rhythms by deueasmg the turnover of 5-HT 1n
the SCN (Mortya et al., 1998). Thus, a decrease in 5-HT
activity may result m a facilitator action on light-induced
phase shitt.
Recent studies on the molecular aspects of clock
have produced a funcuonal model for circadian
rhythms (Dunlap, 1999; Young, 2000 for review). For
example, the expression of mPer!, mPer2, and mPer3
mRNAs 11 the SCN occurs in a circadian fashion (Shear-
man et al., 1997; Takumi et al., 1998; Zylka et al., 1998).
We found that brief exposure to light during the subjec-
tive night resulted in a large and rapid induction of mPerl
expression (Shigeyoshi et al., 1997) and mPerZ mRNA
expression in the SCN (Shearman et al., 1997; Takumu et
al., 1998). Thus, mPerl, mPer2, and miPer3 are rhythmically
expressed 1n the SCN, and mPer1 and mPer2 exhibit cir-
cadian photoresponses. In addition, we demonstrated re-
cently that a light-induced phase delay was inhibited sig-
nificantly by mPer! and mPer2 antisense oligonucleotides
before light exposure (Akiyama et al., 1999; Wakamatsu et
al.,, 2001). Therefore, we suggest that expression of the
mPerl or mPerZ genes may be an important step in causing
photic entrainment.

[t remains to be clarified how MKC-242 potentiates
light-induced phase shifts on the molecular bases of circa-
dian clock regulation. In this experiment, we mnvestigated
whether the potentation action of MKC-242 on light-
induced phase delays accompanied with an increase in
mPerl or mPer2 expression in the mouse SCN. To eluci-
date the specificity of MKC-242 as a 5-HT . receptor
agonist (Matsuda et al., 1995a,b; Suzuki et al., 1995; Abe
et al., 1996; Asano et al., 1997), we further examined the
etfects of 8-OH DPAT, paroxetine, buspirone, and diaz-
epam on light-induced mPer gene expression in the SCN.
Although in previous study we used hamsters for behav-
toral assessment of MKC-242-induced potentiation
(Mortya et al,, 1998), we used mice in this experiment.
The reasons why we selected other species include gen-
eralization of MKC-242 effect on circadian clock and
easily comparison of effective doses with other behavioral
pharmacological data (Matsuda et al., 1995a; Abe et al,,
1996).

genes

MATERIALS AND METHODS

Animals

Male ddY mice weighing 20-35 ¢ were mamtained under
controlled environmental conditions (23 = 2°C room temper-
ature; 12:12 hr light:dark cycle, lights on at 8:30) for at least 2
weeks before use in the experiments. The light intensity was
almost 200 lux at the level of the animal cage. Food and water
were provided ad lib. Animals were treated in accordance with
the Law (No. 105) and Notification {(No. 6) of the Japanese
Governmient. Under the light:dark cycle, zeitgeber time (ZT)
referred to the animal colony light:dark cycle. ZTO was desig-
nated as lights-on and ZT12 as lights-off. In free-running con-
ditions under constant darkness (12D), circadian ame (CT) was
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defined instead of ZT, and CT12 referred to the onset of
actvity.

Recording of Locomotor Activity Rhythm

Mice were housed individually in transparent plastic cages
(35 X 20 X 20 cm), and their locomotor activity rhythms under
DD were measured by area sensors (FA-05 F5B Omron, Japan)
with a detector system of a thermal ultra red radiaton from
mouse (Oshima and Ebihara, 1988). Locomotor activity was
continuously recorded in 6 min epochs by a PC-9301 com-

puter. After free-running for at least 2 weeks i DD, mice were
randomly assigned to injections of MKC-242 (5 mg kg~ Y or
vehicle at CT15.5, 30 min before light exposure (70 or 300 lux,

5 min) at CT 16, The phase of the rhythm was assessed visually
by applying a straight edge to the onset of activity on successive
days betore and after drug injection and, determining the dif-
ference in phases on the day of drug injection (Akiyama et al.,
1999). Activity data was analyzed “blind” to the experimental
treatnents.

Sample Preparation

In situ hybridization was utilized to quantfy or determine
the histochemical distribution of the expression of nPerl and
mPer2 mRINA expression in coronal sections of the hypothala-
mus. Mice were entrained to the light:dark cycle for at least 2
weeks then kept in DD conditions. On the second day of DD
at CT15.5, mice were i.p. injected with MKC-242 (3 mg kg™ 1),
8-OH DPAT (10 mg kg™ '), paroxetine (10 mg kg™ '), buspi-
rone (10 mg kg™ , diazepam (10 mg kg~ Y or vehicle, and then
light was delivered to some of these mice (70 lux, 5 min) or not
at CT16. Some mice were entered into DD condition with
monitoring the phqse of free-running of locomotion. On Day
9-10 OFDD at CT15.5, these mice were 1.p. injected MKC-242
or vehicle and then hght was delivered to all mice (70 lux,
5 min) at CT16. Next, mice were deeply anesthetized with
ether 1 or 3 hr after light exposure and intracardially perfused
with 0.1 M phosphate buffer (PB) containing 4% paraformalde-
hyde. In some cases, WAY 100635 was injected 30 min before
MKC-242 administration. Brains were excised, post-fixed in
0.1 M PB containing 4% paraformaldehyde for 24 hr at 4°C, and
transferred into 20% sucrose in phosphate buffer saline for 24 hr
at 4°C.

In Situ Hybridization Protocol

Frontal sections (30 pm thick) were collected and trans-
ferred into PBS for 30 min after treatment with 6X SSC for
30 min. Sections were incubated in hybridization buffer [50%
formamide, 6 X SSC, 0.1 mg/ml denatured salmon sperm DNA,
1 X Denhardt’s solution (0.02% Ficoll, 0.02% polyvinyl pyrro-
lidone, 0.02% BSA) and 10% dextran sulfate} containing labeled
cRNA probes overnight at 60°C. Radio isotope [RI:
(X[?’}P]UTP (New England Nuclear/Dupont, Boston, MA)]-
labeled antisense ¢cRINA were made according to a standard
protocol for cRNA synthesis.

The sequences of cRNA probes for mPerl, mPer2, and
mPer3 were as described in our previous studies (Nikaido et al.,
2001, Wakamatsu et al., 2001). After hybridization, these sec-
tions were rinsed in 2X SSC/50% formamide for 45 min and
again for 15 min at 60°C, treated with RNase A for 30 min at
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Fig. 1. Effect of MKC-242 on light-induced phase delays in mouse
circadian activity thythm. A: Double-plotted actograms. If the mouse
exhibits locomotion in each 6 recording min, vertical thin bar is plotted
in the actogram, and high active period is expressed by dense bars. Each
line in the figure shows the onset of activity. Arrows exhibit the day of
drug injection and light exposure. MKC-242 or vehicle was injected
into each mouse at CT15.5, then 30 min later light (70 or 300 lux) was
applied for 5 min at CT16. B: Summary of phase delays. Individual
animals that received vehicle (open column) or MKC-242 (5 mg kg ™'
i.p) (hatched column). Zero lux group, no light group. Numbers in
parentheses represents the number of animals. *P < 0.05 vs. vehicle
(Student’s paired t-test). #P < 0.05, ##P < 0.01 vs. non-light (Dun-
nett’s test).

37°C, treated two times with 2X SSC/50% formamide for
15 min at 60°C, and then treated with 0.4X SSC for 30 min at
60°C. For RI in situ hybridization, tissue sections were collected
into 2X SSC and then treated with proteinase K [1.0 pg ml™’,
10 mM Tris bufter (pH 7.5), 10 mM EDTA] for 10 min at
37°C, 4% PFA in 0.1 M PB for 5 min, 2X SSC for 5 min
followed by 0.25% acetic anhydride in 0.1 M triethanolamine
for 10 min, and then treated two times with 2X SSC for 5 min.
The radioactivity of each SCN on BioMax MR film (Eastman
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Fig. 2. Effects of MKC-242 on light-induced mPer! expression in the
SCN of mouse kept in DD for 2 days. MKC-242 (5 mg kg™ " i.p) or
vehicle was injected at CT15.5, then 30 min later light (70 lux for
5 min) was applied at CT16. One or 3 hr after light exposure, mice
were sacrificed. Upper panel: in situ hybridization signals of mPer{ in
the SCN. Calibration, 0.5 mm. Lower panel: summary of mPerl
mRNA expression. Numbers in parentheses represents the number of
animals. **P < 0.01 vs. vehicle (Student’s t~test).

Kodak, Rochester, NY) was analyzed using a microcomputer
interface to an image analysis system (MCID, Imaging Research
Inc., St. Catherine’s, ON) after conversion into optical density
by "*C-autoradiographic microscales (Amersham, Buckingham-
shire, UK). For data analysis, we subtracted the intensities of the
optical density in the corpus callosum from those in the SCIN of
each section and regarded this value as the net intensity in the
SCN as reported previously (Moriya et al., 2000). The intensity
values of the sections from the rostral-most to the caudal-most
part of the SCN (five sections per mouse brain) were then
summed; the sum was considered to be a measure of the amount
of mPerl, mPer2 and mPer3 mRINA in the SCN.

Drugs and Reagents

MKC-242, WAY 100635 (N-{2-[4-(2-methoxyphenyl)-
I-piperazinyljethyl}-N-(2-pyridinyl) cyclohexanecarboxamide
trihydrochloride), paroxetine, buspirone and diazepam were
generously donated by Mitsubishi Pharma Corporation (Yoko-
hama, Japan). (*)8-OH-DPAT was purchased from Research
Biochemicals Inc. (Natick, MA). The rest of the chemicals were
of the highest grade.

All drugs were freshly prepared. MK(C-242 and diazepam
were suspended in 0.5% carboxymethylcellulose (CMC) and
other drugs were dissolved in saline, before injection at the dose
indicated (1 ml kg™ ').

Data and Statistical Analysis

Values are expressed as the mean * SEM. Statistical
analysis was conducted using the Student’s f-test or one-way



Extension of Light-Induced Per by MKC-242 473
A 1 hr 3hr B 3hr
{Long DD}
Vehicle #
MKC b "
light light
= r [ *¥k
3 7 Qvehicle (4)
Fig. 3. Effects of MKC-242 on light-induced mPer2 i« 400 B MKC-242 4001
expression in the SCN of mouse kept in DD for 2 days 2z @
" - ) 4
(A) or 9-10 days (B). MKC-242 (5 mg kg™ ' 1.p) or = o * T @
vehicle was injected at CT15.5, then 30 min later light N (5)
(70 lux for 5 min) was applied at CT16. One or 3 hr % 200 (D 5 200
after light exposure, expression of the mPer2 signal was % @&
observed. Upper panel: in situ hybridization signals of & - 3
mPer2 in the SCN; scale bar = (0.5 mm. Lower panel: g
summary of mPer2 mRNA expression.. Numbers in g 0 oL -
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ANOVA followed by Dunnett’s test. P-values of 5% or less
were considered statistically significant.

RESULTS

Effect of MKC-242 on Light-Induced Phase Delays
of Mouse Activity Rhythm and mPer! Expression
in the SCN

Light exposure at CT16 produced phase delays of
the mouse circadian rhythm in a light intensity-dependent
manner (F[2,22] = 3.8, P < 0.05 for one-way ANOVA)
(Fig. 1). Post-hoc analysis revealed difference between 300
(P < 0.05) lux group and non-treatment. Consistent with
our previous results in the hamster (Moriya et al., 1998),
administration of MKC-242 (5 mg kg ', i.p.) 30 min
before light stimulus significantly potentiated light (70 lux
or 300 lux, 5 min)-induced phase delays (F[2,22] = 15.6,
P < 0.01 for one-way ANOVA). One hour after light
exposure (70 lux or 300 lux, 5 min) at CT16, mPer1 and
mPer2 gene expression were observed in the SCN. Hy-
bridized signals of mPer! and mPer2 also increased with
light intensity (mPerl: 300% and 500% of control non-
light group for 70 lux and 300 lux; mPer2: 170% and 370%
of control non-light group for 70 lux and 300 lux). Be-
cause we expected MKC-242 would augment mPer ex-
pression, we examined the effect of MKC-242 (5 mg
kg™ ', i.p.) on low intensity light (70 lux, 5 min)-induced
mPer gene expression. In the vehicle administration group,
mPerl expression was strongly induced by light 1 hr after
exposure, but this elevation returned to control basal level
3 hr after light exposure (Fig. 2). This time course of
mPerl expression after light exposure was similar to the
data of previous studies (Takumi et al., 1998; Zylka et al,,
1998). MK(C-242 did not potentiate hght-induced mPerl
expression when observed 1 hr after light exposure,
whereas the level of mPer1 remained significantly high 3 hr

3 br (Long DD)

after light in comparison with the vehicle administration
group (Fig. 2). Interestingly, injection of MKC-242 (5 mg
kg™ ', i.p.) alone without light exposure did not affect
mPer1 expression in the SCN at either 1 or 3 hr after drug
adminsstration (Fig. 2).

Effect of MKC-242 on Light-Induced mPer2
Expression in the SCN

Hybridized signals were obtained from the same
animals described in Figure 2. In the vehicle administra-
tion group, light exposure increased mPerZ expression to
200% and 250% compared to mice of the control group at
1 hr and 3 hr, respectively (Fig. 3). This time course of
mPer2 expression after light exposure was similar to the
data of previous studies (Takumi et al., 1998; Zylka et al.,
1998). Although MKC-242 increased light-induced mPer2
expression 1 hr after light exposure, this increment did not
reach significant level (P = 0.08). Three hours after light
exposure, however, a significant increase of mPer2 expres-
sion was observed in MKC-242-treated mice (P < 0.05).
The expression of mPer2 was also unaffected by MKC-242
administration alone.

Effect of MKC-242 on Light-Induced mPer2
Expression in the SCN of Mice Housed in
Constant Darkness for 9-10 Days

Behavioral experiment was conducted under DD
conditions for at-least 10 days. In a recent study, we
reported that light caused 12% increase of mPerZ gene
expression without affecting mPer? in mice that had kept
in DD condition for 10 days in comparison with those for
2 days (Aida et al., 2002). In addition, MKC-242 poten-
tiated mPer2 (P = 0.08) but not mPer1 expression 1 hr after
light exposure (Figs. 2, 3). Therefore, we examined the
effect of MKC-242 on light-induced mPer2 gene expreés-
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Fig. 4. Antagonistic effect of WAY 100635 on MKC-242-induced
potentiation of mPer! (A) or mPer2 (B) mRNA expression with light
exposure. Upper left panel: in situ hybridizaton signals of mPer! in
the SCN. All autoradiographs were obtained from groups exposed to
light. Scale bar = 0.5 mm. Vehicle or WAY 100635 (10 mg kg™ ") was
injected at CT15, followed by MKC-242 (5 mg kg™ ") or vehicle
injection at CT 15.5. Some animals were exposed to light. Three hr
after light exposure, mice were sacrificed. A summary of mPer gene
expression is shown individually in each column figure. Numbers in
parentheses represents the number of animals. **P < 0.05 vs. light
(Dunnett’s test). ##P < 0.01 vs. MKC-242 + light (Student’s r-test).

sion in the SCN of mice kept in DD for 9-10 days.
MKC-242 increased light exposure (70 lux, 5 min at
CT16)-induced mPer2 (1.73 times higher than light only,
P <0.01 Student’s t-test) gene expression in the SCN 3 hr
after light exposure (Fig. 3).

Antagonistic Effect of WAY100635 on Facilitatory
Action of MKC-242 in mPer! and mPer2
Expression

A lower dose of MKC-242 (2 mg kg™ ', i.p.) did not
elevate light-induced mPer1 or mPer2 expression 3 hr after
light exposure (Fig. 4A). One of our previous studies

demonstrated that 3 mg/kg but not 1 or 0.1 mg /kg of
MKC-242 potentiated a light-induced phase advance in
hamster circadian rhythm (Moriya et al., 1998). As shown
in Figure 4, pre-injection of WAY 100635 (10 mg kg™ 1),
a selective 5-HT, , receptor blocker, antagonized the po-
rentiating action of MKC-242 on mPer1 expression. In this
experiment, light strongly increased the mPer2 gene ex-
pression 3 hr after light exposure and therefore, potentia-
tion of MKC-242 (5 mg kg~ ") on light-induced mPer2
expresston did not reach a significant level (Fig. 4B).
WAY 100635 slightly antagonized the MKC-induced po-
tentiating action on mPerZ gene expression. WAY 100635
(10 mg kg ™" itself did not affect either the hight pulse-
mnduced or basal level mPer! or mPerZ expression in the
SCN. Light exposure did not mnduce mPer3 expression in
the mouse SCN 3 hr after light. Both doses of MKC-242
(2 or5mgkg ™', i.p.) did not affect mPer3 expression with
or without hght exposure (data not shown).

Effect of 8-OH-DPAT, Paroxetine, Buspirone,
and Diazepam on Light Pulse-Induced mPer1
and mPer2 Expression

8-OH-DPAT (10 mg kg™ '), a 5- HT]A/S HT, re-
ceptor agonist, paroxetine (10 mg kg™ '), a serotonm se-
lective re-uptake inhibitor, buspirone (10 mg kg~ 1), a
5-HT,, receptor agonist and diazepam (10 mg kg™ "), a
benzodiazepine receptor agonist, failed to affect light pulse
(70 lux for 5 min at CT16)-induced mPerl and mPer2
expression 3 hr after light exposure (Fig. 5).

DISCUSSION

The present experiments demonstrate that MKC-
242, a selective 5-HT,, receptor agonist, prolongs the
photic induction of mPer! and mPerZ in the mouse SCN in
a manner corresponding to the potentiation of phase de-
lays. In recent studies, we demonstrated that injection of
antisense oligonucleotides for mPer! and mPer2 into the
lateral ventricle attenuated light-induced phase delays of
mouse circadian rhythm (Akivama et al.,, 1999; Waka-
matsu et al., 2001). Therefore, the rapid induction of
mPerl or mPerZ2 mRINAs in the SCN after light exposure
during subjective night should be an important step for
clock resetting. Non-photic stimuli such as benzodiaz-
epine, 8-OH-DPAT, or novel wheel-running during the
subjective day reset the circadian rhythm (Hastings et al.,
1997). 1t has been demonstrated recently that administra-
tion of triazolam/brotizolam, 8-OH-DPAT, or novel
wheel-running during subjective day reduces Per! and
Per2 mRINA in the hamster SCN (Maywood et al., 1999;
Horikawa et al., 2000; Yokota et al., 2000). It is strongly
suggested that non-photic stimuli presented during the
subjective day cause a phase advance by reducing Per! and
Per2 mRNA in the hamster SCN. Taken together, these
observations suggest that rapid induction or reduction of
Perl or PerZ gene expression in the SCN is required to
reset the circadian clock.

In the present experiment, MKC-242 potentiated
the light-induced SCN mPer1 and mPer2 expression under
2 days of DD and mPer2 expression under 9-10 days of
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Fig. 5. Effects of various other drugs on light-induced mPer! and mPer2
expression in the SCN. Each drug was injected at CT15.5, then light
(70 lux for 5 min) was applied. Three hours after light exposure, mice
were sacrificed. The dose of all drugs was prepared as 10 mg kg .
DPAT, 8-OH DPAT; BUS, buspirone; PAR, paroxetine; DZP, diaz-
epam. Values are given as mean from four animals. *P < .05 vs.
vehicle + light (Dunnett’s test).

DD. As behavioral experiment of light-induced phase
delays was done in more than 10 days in DD, MKC-242-
induced potentiation of mPer2 gene expression may be
associated with behavioral results. We reported that light
exposure augmented mPer2 (12% increase) but not mPerl
(6% decrease) gene expression in the SCN after 10 days of
DD housing (Aida et al., 2002). Recent studies have
demonstrated that mPer2 but not mPer1 gene is essential for
circadian core oscillation in the SCN (Cermakian et al.,
2001; Zheng et al., 2001) using mice with a targeted
mutation in the mPer1 and mPer2. In addition, mPer1 1s not
involved in light-induced phase shift of behavioral rhythm
(Cermakian et al., 2001). Albrecht et al. (2001) suggests
the importance of mPer2 expression in the phase delays
using mPer! and mPer2 gene knock-out mice. Taken
together, it is suggested that prolonged expression of
mDPer2 in the SCN may be associated with augmentation of
MKC-242 on light-induced phase delays.

We have shown that there is a regional difference in
the regulation of mPer! and mPer2 in the mouse SCN
(Aida et al., 2002; Shigeyoshi et al., 1997). mPerl and
mPer2 in the ventral SCN is inducible by light whereas the
mPer1 and mPer2 in the medial SCN is not induced by
light but rather demonstrates a strong circadian rhythm in
expression. Although it is possible that MKC-242 differ-
entially acts on these two different populations of mPerl
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and inPer2 expressing neurons, the present in situ hybrid-
ization data could not clear this argument. Further exper-
iment using emulsion autoradiography may help us to
dissolve this question.

In the present experiment, MKC-242 blocked the
recovery process of mPerl and mPer2 expression 3 hr after
light exposure, but it did not affect the level of mPer! and
mPer2 expression 1 hr after light exposure. We can rule
out the possibility that a ceiling effect by MKC-242 failed
to potentiate mPerl and mPer2 expression 1 hr after light,
because high intensity light (300 lux, 5 min) increased
mPerl and mPer2 expression in the SCN. We suppose that
MKC-242 increases the stabilitcy of mPerl or mPerZ
mRINA or decreases the destruction of mPerl or mPer2
mRNA. Therefore, it is important to investigate whether
mPerl or mPer2 mRINA changes after MKC-242 admin-
istration are translated into differences in the levels of
mPER proteins. 1f mPer expression observed after light
exposure to 70 and 300 lux light pulses (mPerl, 300% and
500% of control non-light levels; mPer2, 170% and 370%)
was compared to behavioral phase delays (400% and
450%), mPerl or mPer2 gene expression are roughly asso-
ciated with behavioral phase delays.

MKC-242 strongly augmented the light-induced
phase shifts in hamsters (Moriya et al., 1998) in compari-
son with present mice data. We do not know the reason
for such species differences. Although difference in 5-HT
inputs or 5-HT receptors between the two animal species
has not well been elucidated, 8-OH DPAT caused robust
phase advances in hamsters (Horikawa et al., 2000) but not
in mice (our unpublished observation). Light-induced
phase delays in ddY mice were smaller than those in ICR
(Akiyama et al., 1999) or Balb/c mice (Shigeyoshi et al.,
1997). Small phase delays of ddY mouse may be explained
by its longer free-running period (24 hr<\) than other
strains (24 hr>). In this experiment we used ddY mice,
because MKC-242 was expected to potentiate light-
induced phase shift. Thus, such strain and species differ-
ences may refer to function of other clock genes or clock
controlled genes and their products.

The site of action or the intra/intercellular mecha-
nism underlying the potentiating action of MKC-242 on
photic entrainment are still unclear. MKC-242 may selec-
tively activate 5-HT,, receptors in the midbrain raphe
nuclei, which are widely known to possess autoreceptors
suppressing the activity of 5-HT neurons. In the previous
experiments, we showed that peripheral injection of
MKC-242 suppressed 5-HT tumover in the SCN
(Moriya et al., 1998). Systemic injection of a 5-HT 4
receptor antagonist, NAN-190, or 5-HT-terminal de-
struction restricted to the SCN resulted in a potentiation
of photic entrainment of the biological clock in rodents
(Rea et al., 1995; Bradbury et al., 1997). Furthermore, the
light pulse-induced phase shift of activity rhythms was
dramatically increased after monoamine (including sero-
tonin) depletion by reserpine (Penev et al., 1993). This
evidence suggests that serotonergic innervation to the
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SCN exerts tonic suppressing actions on photic entrain-
ment of the biological clock. Therefore, we propose that
MKC-242 activates 5-HT,, autoreceptors in the mid-
brain raphe and suppresses the activity of 5-HT neurons
projecting to the SCN. This reduction of 5-HT activity in
the SCN then leads to the potentiation of photic entrain-
ment. The physiological roles in the 5-HT, 4 receptors in
the SCN in relation to its function on clock gene expres-
sions are not fully understood. When this receptor in the
SCN s selectively stimulated, photic entrainment and
mduction of mPerl and mPer2 expression must be inhib-
ited, because some reports have suggested a suppressing
action of 5-HT, 4 receptor activation on photic entrain-
ment (Gannon et al., 2001).

In contrast to MKC-242, 8-OH-DPAT and buspi-
rone, well known 5-HT,, receptor agonists, failed to
potentiate light-induced mPer! expression. This difference
in the action of MK(C-242 and 8-OH-DPAT, however,
may reflect the specificity of these chemicals for 5-HT
receptor subtypes. MKC-242 reportedly has a high affinity
for 5-HT,, receptors (K, = 0.35 nM; Matsuda et al,,
1995a) and a relatively low affinity for 5-HT, receptors
(K, >30 nM; unpublished observation). In addition, the
potentiating action of MKC-242 on light-induced mPerl
expression (present result) and phase shifts (Moriya et al.,
1998) was reversed by co-administration of WAY 100635,
a 5-HT,, receptor blocker. 8-OH-DPAT has a high
affinity for both 5-HT, , and 5-HT, receptors (Lovenberg
et al.,, 1993). The importance of 5-HT, receptors in
regulating photic and non-photic entrainment of the bi-
ological clock is becoming abundantly clear. Ying and
Rusak (1997) reported that 8-OH-DPAT suppressed fir-
ing rates of light-responsible SCN neurons via the activa-
tion of 5-HT, receptors in the SCN. Furthermore, the
phase advancing action of 8-OH-DPAT on firing rhythms
in an SCN slice were abolished by the 5-HT,/5-HT,
blocker, ritanserin, but not the 5-HT,, antagonist, pin-
dolol, suggesting a functional role of 5-HT, receptors in
the SCN. Possibly 8-OH-DPAT suppresses rather than
augments photic entrainment via 5-H'T, receptor activa-
tion in the SCN. In the present experiment, we used
paroxetine as a serotonin selective re-uptake inhibitor,
because of its potential to increase synaptic 5-HT in the
SCN when administered peripherally, thereby activating
5-HT,,/5-HT, receptors and inhibiting mPer expression
in the SCN. Thus, MKC-242 can discernible from both
8-OH DPAT and paroxetine.

Buspirone and MKC-242 behave as full and partial
agonists at pre- and postsynaptic 5-HT, 5 receptors, respec-
tively (De Vivo and Maayani, 1986; Sharp et al., 1989; Hoyer
and Boddeke, 1993; Matsuda et al., 1995b). There 1s a rapid
metabolism of buspirone to the alpha2-adrenergic receptor
antagonist, 1-(2-pyrimidinyl-piperazine) (1-PP) (Caccia et
al., 1986; Engberg, 1989; Gobert et al., 1997) . Thus, pro-
gressive generation of 1-PP by buspirone metabolism leads to
a compensation of buspirone’s inhibitory influence upon
5-HT levels via 5-HT, 5 autoreceptors through the facilita-

tory influence mediated by 1-PP at o2-aderenoceptors.
Therefore, buspirone should increase mPer? and mPer2 ex-
pression m the SCN, but this mPer! and mPer2 increase may
be canceled by its metabolites, 1-PP.

The geniculohypothalamic pathway has been re-
ported to inhibit the regulation of the photic entraimment
of the biological clock via the release of neuropeptide Y
(NPY) and +vy~-aminobutyric acid (GABA) in the SCN
(Ying et al.,, 1993; Biello, 1995). In the present experi-
ment, diazepam did not potentiate light-induced miPerl
expression in the SCN.

MEKC-242 reportedly possesses anti-depressant ef-
fects (Matsuda et al., 1995a). Therefore, the circadian
rhythm disorders observed in depressed subjects may im-
prove after treatment with MKC-242 via a potenuation of
photic entrainment. In addition, MKC-242 exhibits a
different drug profile, if compared to 8-OH-DPAT, par-
oxetine, buspirone, and diazepam in terms of circadian
regulation.
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TIETHDOAL ST, BN L8 (SCN) 7 #iks SP JE
TOMBEEB DY X L6 FMIER % 5] 223 (Abe Ao NPY
etal, 2000), /KX SCN DALY T Lt L—ay _ :Dlau%i{iu
' S o gk
DHBEAMLIERE T 2 & EDHISGN T2, LEdio PR ol
T, S MR IEE T 5 512 SON L~ L CfER L SR ERGFR TR Y A
TOB LD LHL LN DA, BILRET BT 2 OSenng
ERIZ OV THAHO £ 2 TH 5, AR
‘ PACAP ! pituitary  adenylate cyclase activating poly-
1. #gy A LDFEEER peptide, SP : substance P D1 : dopamine D1 receptor,
) 5~HT : serotonin, BDZ : benzodiazepine, NRY : neuro-
1. TIF A~k peptide Y.
HERZHIYWHE, Thb bR 5 SCN ~DH
FERERE D FE L MEWEIE SNy S VBETH B 2
EVHLNT VD (B, FITIOEBEZEIIEIT S
Por BEFOEEIZOWTHRRS, TN P BE
& "
T f i s e s
b £
& = 100] 9 =&
Z
; BN
& 5 o2
> 50
'5 —O—Perl o\ /Q
o g —®—Per2 —8
L :G: —O—Per3
‘ 2 6 10 14 18 22
G % =37
#%iB (CT13.5) A (CT20)
Per I mRNA Per I mRNA

150

o
(=3

Intensity of mRNA (%)

/ ' Xf/ \' /\ i / Y

B [537]
1 NA2AY—DOERER ERED Perl, Per2, Per3 B FREOHNLE (LA
W)k, KRG L SBEETRENK L Z0BOEHENL (T3 2L), BREIOEY
D Per BIZFHBULHMC, BRI, HOWDICHKBE T L L, Z0H%O Perl S8
DX LORMEDEEL (KETF), Wokb IHBHT 2 (HT) LuiEs 3,
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THBEL SCN s <, /4 BRI E L, F#
PRI G E WY I R I AR — 2T
(B0 1), SCNIZE 2 Per Bin ¢ # BT 2 06
DINFA R THER, F BRI o BRI O R 3,

JRALDEEEEZ L Z g (1), £
Perl IG5 PR EHIC BT 2 ERIBORZIH A7
MR BRI, REH~ 7 ACB T 278 XA
D Zn 12T -B LD, ZOREEAD
KL Bty FEHBELTOAE I EBTSRIIES
7= (Shigeyoshi et al, 1997), F 7z, Pe2 Bz FIHBED
Perl LK, HloXoTERTHI LR LR
7= (Zylka et al, 1998) , — 77 C Per3 J{GT-HEUI LRI
WEkoTEokSEEXNZVLI LS, ORI
B3 1XWARKIGICEES L TuhviEIoN
7 {(Takumi et al, 1998),

bNbIUTHIC L D mPrl BETOFRENLOME
PFeB T BMBEEAETH BT ERAAT SO ICHER
s Er e 18 EE» R T7 v F RV A-S-F Y
TXRIVAF RRMERL, ZOXRAFACIETTIERZ
et L 7 (Akiyama et al, 1999), ¥ 3 CT16 (CT12 %
EEBBEA L T 2) ONEE I X H17ENY) X LGH
BBERICNTAHREBN LIS, TryFky
ANVGE BB AL, BEREST VL
JARXRIVLAFFERERES-(CEE L b, &
SICHRE MR GO AEA A AZ Y, JLY S
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EEEIGIC L A AEIEEN Y X L oA LT
Trdry AGEBICIEER AR L, £
mPer2 D7 v F Xy A-S-F Y TR LA F FEERK
L, SR RET 2 &, fTEBONIC & 2 HER
% BHEE | 72 (Wakamatsu et al, 2001a), Z#16 D EER X
DYoL ARFHICIE AR b mPer] R mPer2 BIG

FOFBL F RGN TH L I L AT E L,

WGz 7Ly 2 AR D 9 B NMDA 254
DIEVE LI D C 2 L 24PV ERICK DS I
LCWwiadT, 20 NMDAZEFICHEHL, NMDA
LRBETE ORI L B P BinHEEHICN T 5 HE
RS L 72, FOE, NMDA ZARDIEFE SIS
#% MK-801 O AR 50 B A IS TI3E D-APV D=
NGB E 2RFEEAEZMHEH T2 2 L2 BEL
72o %72, NMDA OBRRZX L~DREATKREG T
Por BIGFOFEBRETRINS I EZHOIIL
(Moriya et al, 2000),

K12 NMDA ZAKEH IO~ A v
Y LADFRANERIND EANED 2 V¥ P -
Ly vy vgBEEEEELEI NS, T
Bl 7 F N ISHD Per BIEFHEBICHEEL TS5
FAMHELSPIITAELESIC, ALES AU rF S —F
FHEHR O KN-93 OMREEFARTH L L, FF—¥HE
PEDNH] & HIZHIT X B Per B THRE LR LIH S
Nz b (M2), oIl EEHEBICL-T
SCNOANEY 2) v JF—EiEES LRTL L

300 lux, 15 min

Vehicle  KN-93

Per 1

Per 2

Per 3

Vehicle

KN-93 KN-92 PD98059

B 2 AEUC K BNLAY — DB LMD Perl, Per2, Per3 BIGFHEUIT
BZHNTILHANEY 2 vFF—YHEERDOEM, Calcium/calmedulin-dependent
protein kinase FHE 380 KN-93 I3 WS IZ X B Perl, Per2 OBIRTFEBRZHHI L 7-
B, FOREMETH B KN-92 TIZiIH Xtk dh - %, % 7 mitogen-activated
protein kinase D 71 A % — A fHE I PDIS059 13 A IZ & 5 Per DRBZFEILL

otz
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B3, REHBILENFERA L/ 7oy FRICE - T
bR SN, —f, rat-1 Il TEMI N TV 3
MAPK DG IC DT H R, ZDFEE, MEK O
FHESETH % PDIR0S6 1 ic & 5 T8y Lo HZAL
b E 7 Porl 0 Per2 O—@M0 ERE b OFTHHIH L
Blprot, Lhio T, S RHT OWEHENL, 7
Y 3 VEBOE, NMDA ZEEDIEL, ALES 2
DrvkAaNEY ) KEERETOTA Y F S8
(CaMK) OJEHAL L Vo tz—@8D > 7 F IV RD, Sl
&% Por BETHREERZEZEL TR I L2 D

IE B EMTE L (1M 2) (Yokota et al, 2001),

2. PACAP

Pituitary Adenylate Cyclase Activating Polypeptide
(PACAP) 03B DI EYME THH, RHT DI NS
SVBOEELRAM T2 Z LT B AR
BRI 5 FTEHMWEHO L O ORREIC X 217
M#38 % PACAP 2MEE L, — 77, FEINEHO R D
SEHIBIT & B AR & PACAP ZHIH 92 & v )
(Harrington et al, 1999), PACAP & PKA D& L% 5]
ERIT LD S, PRKAOEMLE Zcgl &6
CREB @V v {296 Y MR 2 (e § 2 AlREMEDSE &
SNB, B mPer] O¥IZ X 5 HBEIE KL PKA DO
BE L ciREINDZ I L2 btbNdBH S I L
7z, FTLICAERFACEL 2 EYZIIZEL 7,

M. #BAYXLOIEXREH

SRS DRI R RN O 2 B T D
IR LT, % oIENHEIZ BRI ER L CERKET
Uy b5, 20X RIBEAFARTE L T
WEHIFER), HAVIEEYICLBEBEL LD LA
EEREAET TOR AL AHEL EBHeonTw3 (E
1), MREEMEOMED 6B B &, SHMURRED
% SCN ~DIEEYE TH %5 GABA * neuropeptide Y
D5 GABA, ZEBOHM, vy Y TEE L
AYoEICk Y Ik ) kAREMSIERIIND
B, A bovobu b vEREL IO LS REFAIIC
Lo T3

1. EOMZVEHER

SCN ~DOfEEANIFH E L TIHETAE L 72 RHT 4Ml
BRRIEDIE DS ¢M%ﬁﬁﬁ®ﬁﬁ%#%%N«E
B 2 PRSI A8, F 7D S MR~ D B
ﬁhuﬁiym%&%ﬁ%b,%M%mw%%mLf
SCN ~EHZMHMB L T B SCNICHFET S r b=
v DREAME, 5-HT,, 5-HTi 5-HTys, 5-HTy,
5-HTs,, 5-HT, 2316 0T 5 (£ 2), ARG OHE
BICHELMIT I ERnghoTwben b=V RH
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%2 ML IMICHEBRT w0 b= o RZER KR

RRES T4 T JHE FEhE
1A + JEVCEIER
1B b X i R
2A + L
2C + ks
5A ++ A
7 ++ eI

OB, b s DR, bbb JERNC B,

HOBEN OV TR D,
1) 5-HT,,/5-HT,
5-HTZERIEZ OBEFHRIOEOHAAH S VY
NLSCNICH SN D Z EDHERS N TLh. Db
ltna b= UBRME (5-HT,,/5-HT,) &7 T =X T
H % 8-OH-DPAT DKM # 52378 Y X L DALAHZE
L% BEAURTFIC 2 L X, Z ORGSR X E
FHBIcE 2 b0 180° HHEZEZICLTWE I &%
BH & %42 L 7= (Tominaga et al, 1992), BED bt
DT 5-HT,ZAEICR LTk b BENErEV
(+) 8-OH-DPAT @ /543 (—) 8-OH-DPAT X b /)
WAHERZR T &, ZOERD 5-HT,ZE RS
%m%?iDmm4f%ﬁ§m%;&%%%#LL
7oo THI, %N@@W%ﬁUﬁA@ﬁ%UXA&H
KRICIEARRFAMOMHE L2 R L 72, Kitbhibi
u&wmﬁ%%§§W7ﬂwXF®SOHDMT
P Py BB FOERT 22T 4774 —Fw 7
N—=TICH L TEDL) R ELHEZ DI
T mRNA L~V CHiEt L 7= (Horikawa et al, 2000), %
TALAY — Db LITEY AL 2RI T, 8-
OH-DPAT ONMHEREAZHARS &, TENWEHRD
CT6 KBWTHEBELMHEINEFNZ2EET S L %
%Ebtoﬂﬂﬁfﬂwﬁﬁ?%ﬁﬁ%ﬁNékCﬁ
BT % 8-OH-DPAT # & 73 Perl & Per2 mRNA E
%ﬁ&é’é% Mg a N, —H, MHENER 5]
BH X 4w CTL R CT20 @ 8-OH-DPAT # 5. 1%
mRNA B I EE L Loz, WTNOREEIC 8-
OH-DPAT %85 L Tb, SR OEE & [k Per3 Bis
FORBRBEEIN o, EHBOEFRICIE
Perl & Per2 BIG THEOETHEELZBETH S
LD E N7, X 51 Hastings 5D 7V — 7 HHH
figlEl L OIRIC & 2 EH RGNS Per] BZFOFEHE
ET2ERLT2IEE2HELTED, P BEFDKE
THEHEARETLERLINSG I EXHPL %
(Maywood et al, 1999),
e & BRI I3 7 O MG E i FR 0% 180 T
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NT0AH I DS, WFIIHMOEHE 20880558 2
Lirn, EEE 8-OH-DPAT DKM & 513 SCN
ADE BRSO REC X BT8O M 2GS SCN
TOFOS #B2HH§ %, SCNo+wa b= v %
WMAEELE, 2080 b2 ps 5-HTAZ R % FIB
LS 2 G 22518, o b o v BUHEET S
Hhe, HMHFAZKEL 29 Th 2, FEE MKC-242
(5-HT ZHEKT7 T = A F) 14 SCN ot nr b= Ui
AL T S 72 OEE, 6% (2 &€ 7 (Moriya et
al, 1998),

2) 5-HT,;,

5-HT,y ZAMKIZE AR OFAU R C FEBL L, Bk
6 SCN ~DYeFHMA N 2 E LT 5, x%&
HT yZAMENEEE D TEMPP #4592 &, i
ﬁﬁ@ﬂﬁlﬁ%ﬂﬂ?ét,ﬁ@&ﬂﬁfﬁ%éh
% EPSC & N4 % (Pickard et al, 1999), HRERFEHLE)
TR DRBERORBEPEERT L L0 b, 5-
HT p B R OB EELORBE IR I NS, HE
WZ kD, TOZERD ) v 0T he D AT
TEMPP i L 2 WIS B R o nw Il &85, 5-
HT g Z A EDEEFCHHEIECHIEH L Tw s 2 & D8
BHorEloi,

3) 5-HT,4/5-HTse

AL TERLkIiC, ok dEOEE LS 2
WIS AARRIEEERR L ER N OIRE O R R LT
Eh, EIBM, Ty b TR 5-HT,/5-HT, Dl
@ DOI 73 SCN @ FOS #Bl A5 E# 2 L b, IERE
DA bZVawmEIEI L2 L, 2 CHElEEE
LA EHZRT Z &2 & X417 (Kennaway &
Moyer, 1998), & 512, 7 v F DE S A EHET %
&, FEREUC X B FOS OFFEES L, va b= ups
SR U CiBEMICER T 2 A 2 R L Tw
%, D& ERIIEYES iﬂ?a?mﬁﬁ%
Zes, bivbhd, §-OH-DPAT I & 2 IEEHH
HSICR %D =7 A TR & #in v d3, C57black %<
ZTIHREONBZERZRHLTYVS

4) 5-HT;,

ARBERDOT—AHF 4 7)) AL ET 585117
(%ﬁﬁ’\%h“(é‘“(blémunean et al, 2000), L7z
o T, DZEED Y A LA L5 0 BRNE
W:ow’( HIS LTy, 9033%*{7& I SCN o

WHEHELTHA L, SMIBERIK, = oIciicd
BMOHBELTwE I E»S, 5HZOBENHL I
TotTwl{bntEZIOLND,

2. M50

BN o b =V EIRD AAHEEOREREE (9
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’MM{W*XKT$T$~tmb”/k70Mi%m
BEAEV, 72, ) OIRIEARIRR, SRR &
mw% WIEEEIR—RB Y XL DEEOERY BT 5
B E G, F1n, BREH THARICADDPEN
e SEREIEREREESE IS b A AN T
BYH, )0 ES—H T4 7Y ALERFICEMS )
Db O BHFET RS ER I AT 5, L
Ui EZEEG S oI —H 71 7 U AL
w3 B RE R ERIE A S LT, F19 DD —
ﬂ747/UxAH% @<Té&w7ﬁ#ﬁ%6#
WWRRNT2HXLH B, 319 2F, FIALEDY
tD/i5HﬂM5HLm*WM@#®iO iz nH
BBt ES L, HEAFAELIHT 2L w9
HEVH B, £, 71»2‘#42%\/@'["31‘%%2‘* 15,
HT,ZAEONEEE S 2§28 i
é%ﬂ,ﬂﬂ#%?/%7/77\/@I%&ﬁ#
%N@S%H@K*W@T@%M%ﬂﬁﬂ TN
Exh, i) o#E ko P AR N LT SCN I
ﬁ%ﬁ%?%?%@%h%bfb% B D —H
Fu 7Y XLABERIINLTHI DB I LA T F
DEBUEREPINEFRET LI LI WMELH D, 0
5DFERD, I ORDOY—Hh T4 T ) XL BRERS
WWEDEIHIIHEb T 2D EFHLEETH S,

3. GABA #E%

SCN 213 GABA il BB s 5, EE
60~70% »* GABA 51t & 2 \» ik GAD Bl T H
%, L7=%3->7T, SCN O GABA \dEE 2 &H 2 U
TWLAHREEDS 3, 7, GABA VWERICHENED
ER %, eSO ER %232 2 & T, SCN D
BiEES2BEECEELS LTS AEENTRRI N
(Wagner et al, 1997), L2 L Z#UKE L, GABA X
HWicHEEoBEE T LI wmXbH B, £,
GABA 1% SCN Dl # O e H K % FHIL T % @) & 28
B EARENT (Liu & Reppert, 2000), £ 72, SCN
DR E LTOBERE XYy 7P v 7 arof
FILLBEIRELHDL, Frvy T Iav
BYA Dy )y STRNEMREICL S E, BEIIZSY
AHy TV TPRLEIZTFOEVD, T2, T v v
TP vy aviioany s GABA, BEBRGEE
DLYE—-NTTay 73N5E0nH, LT,
GABA BIZBIKEFHN DAL ST, Xrv TP v
SarvoEEEN L CHBORBARIEL T3 Ak
HrEZ oD, —H, MIBREOEEMHTH 3
GABA ZIEXFAFALZEIYETH H 5, EFE GABA ¥
LY E—NOREGIFIDERIF L BUL REtO Y £
k&8 EH 2 L7 (Tominaga et al, 1994), Feicib~7:
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I 912 8-OH-DPAT W CRBAAIHIL 7 k918, &
£ — )L SCN ~DHEH G 0 KI5 13RS £
2z F7 8y o f (L% SCN T FOS 0 ¥ 8 & M il 9
%,

4, RVVIJITFEEY

Ry TPEE I GABA DA ZMT 52 2 &
XIS NAHETH B, EBEI7 L 7EL
73SCN @ GABA 12 £ % IPSC 2150 § 5 Z £ 03RS
NTWVE, LTy P T7EE v OIEREIE
SCN L FET 2 AR E Ao ND, P TV 7 4
(Van Reeth & Turek, 1989) # FEIMWERIC5 T %
b, BRELLERESE D, ZofFHIELY TV
LEBILTWR, biibiui 7 aF Y 7 L THRERD
WHRTERAEZ A TE Y (M3), Z0k) BEDH
AW Por BETF OB 2 E A TR ICE TV
ZODEENE - NEETHE, EBII TV 74P

A
e
r T
0 24
o
TR —
; 8
[ ]
! [
P aen 8
!x. Hl ‘-l I!'!
11_mE
:ﬂlﬂlill [ 3] )
) ®
"Rk =
hE, "
B
8 |
| 8
wEE
W B
TaFS T A ey
[T X
! e
{ T
(— T
! i
[
B -
g 1 B 6w
ool [
81 N W
Y 19
81 [ ]
u 1
W
Bt

TRFV I L E oy YV TRV REYIR T
VBRI 5T 3 LI A —D Perl X Per2 BIG T
FRIBAET X2 2 LAV L 72 (Horikawa et al,
2000 ; Yokota et al, 2000), L 7zA3>T, 70FV 7 4L
2 SCN ICEEBER L -l nE 2z ond, £25
<, FUTY T LOMMENERETE e b= D
BT T B I s, TOERIcET bR
ZHEbH o TR AFEERE N 0D, FEEE, 7
059 Lk B Per METHBUS M EM L 8-OH-
DPAT & LS HMIL CWwi, LT 7udyoh
ko b o aEoOEELEBL T, SCN @ Perl %
Per2 BB R ET S AL EAOND, ZDOIL
% EIFT Lo, 8-OH-DPAT & 70 F V7 L%zH
B Lk 25, RS DEYOEMES &R
51313 kA FRBEOMAAE, Perl R Per2 FEBUK
FTREERILE, IO L5, 8-OH-DPAT &7
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X 3 NBRYT =D —HF 4 T VREILTEY AL T 57057 L0M, Al
ﬁﬁvfbmffwfnvb?,ﬁ%%%ﬁfo%ﬁ&%f@ﬁ@%%@ﬁmuiot<
%%%%H&#okahmhwﬁ;7u%f?A@&ﬁmﬁﬁ@ﬁm%%%ﬁwt(F@L
*mu¥%ﬁ5%%%ﬁ¢oBufu%fiA@&mﬁﬁﬁmwﬁﬂmﬁﬁ%ﬁﬁo%ﬂ
ﬁfﬂ%fibGmy@)E%ﬁT%m%ﬁﬁﬁﬁﬁﬁT%%oCm,m@@fﬂ%fﬁ
A&%m;bﬁ%&ﬁﬁ%@ﬁ,mvacm1&5f%ﬁ&mm%£ﬁ%%néoﬁ%@
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@ﬁﬁﬁfﬁ%o”W$M4T<ME®MmﬁbwwoC@7U4V5A®CWH5@
%%%ﬁ@%%?ﬁ??f%éo%ﬂ?nwﬁM4~m@@nAx&—®¥ﬁﬁT%5
+xp<0.01 (Dunnett's test), 7 BF 7 L (0mg/kg) & D,
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aF 7 L03E T B AERGEE RS Perl X0 Per2 0%
BUE T8 L 22 Ml BEESE 2N L T0e 3 b
DEEZ N,

FUTY 7L 70F Y5 MFAMEBF I <
AEnTwsFqYchs, 2ok, sy
T EEVREYIARRAEREICL T o5
T, AR HINER IR TE 2 EYTLH
%, L7hio T, frfniE% s 2 R 2RO BEk I
HET 2 R L TR Y 7PEE V2T 5
ZoBid, ARIRREESR, B E R o QNS AT FHRTHE
EEEFAOTNLEIRFTcE S, 2O &R K 4 T
R T 2, Bho Y HI R T T
FS5 LEARET B L, Perl, Per2 O—@BWOETH
B D ROBBOMHEPTNEST S, 2% D, Perl, Per2
BIEFREEAD T 2 REEICEDIC LD XD B K
TE¥BE, ROFEEVBREL LI B i3 (M
4A), L7=H8oTC, BT B b, BEIRAEMAHEE
BEEOBREENRIC, HOFREc7d Y 7520
85, MMAENIC TR, BEIRA AR B RE O3B
ENHAREEEIETRBEI NG,

EIAT, KX BITEIOMHTNEDS SCN Ik T
% Perl, Per2 BETOHFBEE KPS 70 FY 7 L0KE
L O EETLEI EDBbro T (M5E), LizdoTZ
ZCHEOET & IENFEFADOHEAER DS Per mRNA

pAicEsy

<45 ¥ 5 7y
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OFBIROLELTHH LG 2 0HES IR I N, D
NHNDOENIEE T 24 B X b Rwioo, EHIZE
SR TIRNIE % 30~60 RiE X &, SO
24 WA G T VL EhTTH LD, 7uF /7
LORMSS F D IES, WO ARG Z Y £ v

P AR S ZOBEBERNICHDICHTET S L, £
DY Ry PPEL AL EWRBE NS, JDI LI
B 4B CHREAMICEHHEL Twd, Lo T, X
WX BEREHOY 2y FRIZINEDR ST
o CEL SCNICREELACI EDBYEEN
%,

Mo sBlT A2 —0 2514 Fid GABA D{FH
WHRIL T b 2 EDRIS LT W 573, dehydroepian-
drosterone sulphate (DHEAS) & F #0915 T4
AEZ, 7t X AMEEMERZINT 2 2 08
sExpn oFh —a2—DAFu4 Pl GABA ®
Ry TEE OB EICEL L Twi,

NV, BRX ERIEEREFEY XLDOEH

1. BYEEOERAEESH

S5y bR IRI1IHBOERE - ERICEHE
BRT 2 rE8MIRLsICZ2OBA2EL, HIEZETD
2~3 FEEIET L D IBREISEFEIC R 5T B, Wb b T
HUTEIASHIR L T % & 5 1c7% % (Hara et al, 2001),

B4 7uFVssick s ERMEEEER2SHBET 28RN, Ted Yo
L Por BETFTHRBEVRAD T 2 ICER T2 g2 5l a8 1
HERE LGNS (A), £72, XLk D P BETOXHRMAZEZ TR
W7 FY S ARFEETLE, ZNRNGT I A8ENS 2 (B), ERITE
B Por OFERERL, BBIZ 705V 5 20 BE T 2 HEZ F
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— 53—



770 e - 45 #5595 - 2001 10 H
A
Perl e Hid & Per2 ¥ B Per3 Je HE B
- +
2 L
fo é; & ,ﬁ
Q
[
~
h
0
™
B
Perl Per2 " . % Per3
— 400 250 11 1 140
R
= 350 120 +
. 200
@ 300 100
éé“:’ 250 150 1 80
< 200
é 60
150 100
E 40
3 100
Z 50
= 0 0 0
gt —  F + o+ —_ = -+ + IO + +
TuFUIL —  + — 4+ - 4+ — 4+ -+ — F

Bd 5 NHESHC X 2T W Perl, Per2 5 &0 Per3 DRBICH T 5705V 5 LOfEM, BHELL 7
0F Y5 . (5mg/kg) % CT19.5 o5 L, CT20 13t 5lux) & 15 0BG L7z, CT21.5 Kl EREEL,
R IRD Por BETHEBICOWTHENL, AEEBOL 7 LE2RT, B4 NOBYWOFHEERT,
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COfFEE SCN 2 L -8 TL oS T D
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Abstract

Pharmacological study on circadian rhythms
Shigenobu Shibata
from

Department of Pharmacology, School of Human Sciences, Waseda University,
2-579-15 Mikazima, Tokorozawa, Saitama 359-1192, Japan.

Precise, rhythmic, daily change of the internal milieu is a conspicuous feature of all living organisms. It affects
temporal patterns of all kinds of behaviors during a day and deeply influences both social structure and daily life of
individual human beings. These daily variations arise from the internal circadian mechanisms. Three functions of
the endogenous clock are discriminated as a rhythm generation, entrainment to light-dark cycle and output from
the clock. Endogenous clock is localized in the suprachiasmatic nucleus (SCN) in mammals. Recent papers dem-
onstrated strong expression of clock genes such as Perl, Per2 and Per3 in the SCN. As serotonin/antidepressant
and GABA/benzodiazepine drugs affect the light and non-light-induced entrainment, these drugs can regulate
the circadian oscillation of clock genes and environmental stimuli-induced change of Per gene expression in the
SCN.

There are two main stimuli that entrain circadian rhythm ; light-dark cycle (LD) and restricted feeding. Light
resets circadian clock with induction of Perl and Per2 gene in the SCN, the locus of a main oscillator. We exam-
ined which stimuli, restricted feeding (RF) or lighting, reset clocks in the mouse brain clock such as cerebral cor-
tex and/or peripheral clock such as liver because of the widespread expression (hippocampus, cerebellum and also
peripheral tissue) of Per genes. Mice were allowed access to food for 4 h during daytime (7 h advance of feeding
time) under LD or constant darkness. The peaks of Per] and Per2 mRNA in the cerebral cortex and liver were ad-
vanced 6-12 h after 6 days of RE whereas those in SCN were unaffected. The increase of Per expression by RF
treatment was observed in SCN-lesioned mice. The present results suggest that RF strongly entrained the ex-
pression of Per and clock-controlled gene in the cerebral cortex and liver without affecting light-dependent SCN
clock function. Moreover, I mentioned the possibility that some drugs are useful to keep physiological homeosta-
sis through their action on biological systems (main, brain and peripheral clocks).

(Received : April 2, 2001)

Shinkei Kenkyu no Shinpo (Advances in Neurological Sciences), Vol. 45, No. 5, pp763-774, 2001.
IGAKU-SHOIN Ltd., Tokyo, Japan.
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HEED Y —H T 4 T ) X AR S ERE S {F
BEIS TRy, 2 0FSY - T4 7 ) ALK
HIAFEHL T AL VIMEDRH LB INCRE T EHLD
Ho. o 0% HIALREO Sy id5-HTL/6-
HT,2AERMED L ot h B0 IEXEAL L] &
B L, RERHAET L I wmELH D, Fi, 7
VA F S OEMEE5E 5 HT, 280 EELx
BEFITIEBHESN, S5, aFFoRT
V51 OEMERS 5 SCN O 5-HT wZHE RO TG
HibEFl s T EnlESh, i) oE SO b=
CHEEA AL T SCN WHEEFR T a2l L T
Wh, BIOY—H T 4 T ) XALBRECH LTS D
EINA FEF U OBURENINERET L L0 I®
bbb, TNEOFERD, FOEOY—HT 4T )
ZLBERBICE O L S b o TL 500 AL
FETH5B,

4. GABA#HER
SCNiw 2 GABAHIR P ERE CE £, EE60~
70% 5 GABA B H 2 Wi GADBMEMRETH S, L
fed->T, SCNO GABA BEELBRE X HEU TV
AREMEN B 5. £ 9, GABA MEBICEEYOER%,
BRI IEEOER %23 5 2 & T, SCN oMEEE &
BEHELS LTw gl RR sz, Ll I
WwRE L7z, GABA BohicilfEomEEL 35 £w
HFT b dH D, k7, GABA 1 SCN D2 O %5
KEREUET 2370808355 2 EWRENIY, HH
BREOEEYE TH 5 GABA BIEEFEFREH S ¥ME
ThhHd, EGABA R LY E—NLOEEGITIEHFH
YEMLUEEO D vy M ESIEE I L, il
& 21 &-OH-DPAT »(EFAZMEIL 72 L 2, A%
)LD SCN ~OEFERGPRER SR L 5
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TEIOAAHZEL S SCN T FOS o FEH 2% 2.

5. XV TFTEE Y

NV YT EE YD GABA OEH RH®RT 5 2 X3
FCHONTEETH LY, EET L= N T E 8480
SCN @ GABA 12 £ 2 IPSC #8345 2 L8 16T
Wh, LTl TNy Y7 ¥ OEREHAE SCN
WIFAET 2AREM B Z 6N s, MU TV I A% TEN
BRICKET 5 &, WEELHENEIY, Z0FH
BhAyT—nEEULTwS, NI TV 700705y
TLhE VDT OT P REYN T EEN BRI
BT LENNRY—D Per 1% Per 2 B FEBRESK
TEEDZEPHIFL Y, LizdoT, RV YT
YU REWIZ SCN D Per ] % Per 2 B FREE
—EEIETL, MEEEZ 2 bDEEZ oIz, {IH
HTAE % 58> 5 REZE R O RS BIRG 1 HHER 4 2 RERAE IO L ¢
NV TEECERERT S L, FIREER, B
FUERL S N AHERTEREFR O W IR b T
5, COZEER TEANICHET S, Bhoy A
SIEFE LT TR YT EC2BAT 3 L,
Per 1, Per 20—HMOETHEIYD, DEXDOFHD
PIAHDEIEST 2, DE D, Per ], Per 2 BHEFFHREMN
W 2R ICEIC LD LV BELSETa L E, O
EOFBNFCBILZrizksd (M1B).
MIcRHFET 52 —ox57 94 iz GABA OfEHK
UL Tw3E 2 DS N TWw 3P, dehydroepian-
drosterone sulphate (DHEAS) 3 +EBHEMEER S CMN
MHAER, £7000 L 2EEMER 2R T2 2 L8
WEENK, DFED, a—wAFuA{ FiZGABA R
RV OTEE DR 6 & EHL Tz,

2. fRZT EZIEMTEZEY ZLEEEE

BB F I EREICH 5 SCN KRBT 20 A% 5
T, KBRE, /M, S oD, R, BRmE v
TEARBBHRCOECREEL DL Z BN TS, O
0 [EEEH], TRREE], [RMEEH] tvo e
StORBEBEOHHAPEES NS (H2)., D
SCN 2B T L T RCOBEPIEE 2 2 Lo, FEEE
S REREHC L > T, 15O OBE®RBED -

FHE S BEH U X 4005 TR

2. FABEHEEEEOEAR L G UITE (k%) AR
CAREERBEOFEAER
(A) BREX R ERE D H 0 ARG E /M7
RS DH D, B, LR SRR S B
L. Iho O EREEET RO A VBT LTE
OHERORFHIBREFHEL, EREIOEZX LN
O — N VEEF OO I 4 2 v 7 RFEEL Tn 5,
(B) —ERAOHEERIEIE, TR L MEAR I
SEaE i SR EORX A v g vl

Tw2bDEFEZONL, JOBHRY AT LOEHITR
HTHIBHEEEZONTVE I LDV TG,
TN RRTVRE I BOHBRE - AN R RRL
b, AFT7 x5 S vERETHEEMZHRICED
Rzl =B 2, BHEYORTRO 2~3 BEEIRT & D IS8
WHHIWCZ>TL D, WHYLFHITENHIL T %X
W% BY, TOITENESCN W L8 TbH &5
NHZehs, SCNIEKEERY AL EHENE, 20
FEEEHE Y AL SCNHO Y XA L SHEPLTn 3,
7o & Z ISR EE O A 22~31 BRI OB T v L[
HTERy, BERY ALVHEBEIEEZLETY—F
L, BZRRT 5RAEEAET 5 EBITHNA NS,
ME—SCN MY XA B 285, fEEINLEFEIERTY
WETH 2,

v AHIRGE Y 6 Hils 22w, DEFOHKMHEE
TUBHOMEBAENRD 2L, Porl & Por2®
mRNA FREF L 225, RKMEERLEEE TR
DFXLEDRE—2 T % Per], Per 20 mRNA F
BY X LAPBECHBEERSYL LD, T0Y—
7 EBMECEBT I Sbrod (R2)9. LbLigss
SCN @ Per B TRBRSIEREC L VAR E LT
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£ 1. AABHRARBCY D 5EY

R IR L BRI LRSI
UXA
SR FEHEE Sz
* SEHES) HIBRAREE
TN A=K GABA AT TTHZ
(NMDA) RoJITEE Y WA F AR
PACAP (Za2—0ORF0O-N) NADPH/NPAS2
Substance P XSV
5-HTeasc Neuropeptide Y
5-HTia7
5-HTie

ThEhOHAZs &R TEY, el ERETRT.

EROD per BLTFRR

(B)

BIEUTZ per BILTHIR

EBD per BILTRIR

1. Per B EFRBABEC LAXBRBLSUICIERE
MoK
FERBENC X VRN L Per 1 B & U Per 285
FRBEE—-BECERL, 208D Per #n T3
WY RXLDRHEEZ S (A) , #ig, "»UP7
YOS LD, Per 1% Per 2 BERTFHEMN
—@HCIIH SR, TO%HD Peor BETHBOM
H»Ed % (B) .

BT AEE 2T, MEKHERE L E2S D, CaMK
W/IVOBEEZXC L 2T LOMHELS £ 12
Per | R Per 20—B8EO LRE b T bl LA, L
Teddo T, HRE, HHELSDINY I U BOM,
NMDA Z#EEOWEM, #VEF 2 > & CaMK 11/
VOEELL wo7e—#D > 7 FVHRD, Hic kb Per
BLETFREFALEELCWLIERZHLLICT AT &
BTE Y,

FrE GBI ) X A D4 TR E

2) EXEBRICERTIEY

SR B BN R SN AR T O LI 2 B § D12
LT, &< OIFENRBEITEEICIER U CHERARERE Y
vy b H, SOL D RIERFERRTF & LTI, S
HE, HDWEEYIC L SRV L0 EEEE
ETORB/ VAR EXHenTws (BD. ME
EEVEOBEE D 5k 5 &, SEERED & SCN A
DIEYETH 5 GABA ® neuropeptide Y 05 %
GABAZEWRORE, <>V Y7 ve Aawois
LD DX REMASEIERIESNEN, AT
RO h=VEED CO L BEFEC Db TV,

a, £obzrmMs

SCN NDOH#UEA TSI & U IR L 7z e Lsh e,
R AR EE DB >  SCN ~E B89 72 f AR XD
8, F7oEHD o MUBPRIE~DOBE Lz o b = HF
BB HY, SABREEFEL T SCN ~fEl % it
LTw3, SCNEHEET 2o b= v OSEEIE, 5
HT.x, 5-HTis, 5 HT,om, 5-HTye, 5-HTsa, 5-HT,
BRI TwE (RD, AR OBBCEES JZ
FTIEDDP o TWE LT b =V BEEDERENCOWT

B,

i) 5-HT,,/5-HT,

SSHT, ZBFHREZ0ECFRALEAERE LV T
b SCNIZASND I EDHEREINT WS, ¥xu b=
UEEE G-HT,W/5-HT)O7I=X »TH 5 8-0H-
DPAT OFKMIEHTE ) X b OAIAEZEAL 2 B2k E
FNCZ b 2 ¥, 7 OAMHRIGEERIZOERFERIE L 5 b
DEBCMAEZEICL TV LI ENHS M ERST,
DX bhbE S HTW/o-HT,ZERT T =X bD
&-OH-DPAT 8 Per BEF LT ED L D g%
B2 2020w T mRNA VAUV TEET L 729, (R
HIER 2 EE T 2HBO%F BT % 8-OH-DPAT #
53 Per ] & Per 2mRNA R RV L 2 L8
Ende, —7, PIERTER S EE I 3 2 OEFRH O 8-
OH-DPAT# 51X mRNABWEE Lk holz,
NOEEHC 8-OH-DPAT 2 %51 ThH, Ko &
% L[ARE Per 3 BETORBIFEE SN h o, ik
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BB FARSICRB-ERCBK
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HRREET IR R

v
2 HH
e 2
RIS
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EXEN LT e

Il

sy

KEFET C R

B OE R ® AR EENE
% B & {F  PREEAE AMERE
ORI RAY WEGRIE

2 (1310

BIAH (A1) © B P OAEEMEER S S RBIINEEZET L L

FE<menTwET, £ LTIOHNEENL, BICNET 5 KRAEE
Ak ->Tarbe—LE3RTWREHEZLNTWET, fol, 35l
T clock 7 Y RNREFHCHE T 2R F KRR I -2 v 73N,
RNEEE Dy F X = X ahfmMmericdntas szl £LT,
B ORNEREF O IZIEH 12y Ml e > TE ) 9.
AR FARNEREHC O W THERBIIR 2 SN T H- Lo 55EHTL
g, BROMEFELZINTHLES LenETEBEECBBLWZ
x, BEEOHNEFZEKATOBE P REL TALZWEE W
TR, 2B LGWEZARH )L ) T ET

=8, SRR ICRARGHIFROBE L I2OWT, (KNFEETOEE T
M O—=r 7 INBURDIR L EDTEHL 22T g e Bn
ES

BARSHMROBELERTF AH =X A

Yl L av Y s U NZORRRERR T & LT period (per) {5+ 5 1984

Flzrvo—= Ly P3INFE LN, FOL a7 Y a v NIOEESHT
OD—= ZEN T L7 ADMFTRIESFV 7 u—=20 73N55ET
WZI3EL 2T LEWE L2, #RF, £oMEmPrtrbnizhre
Wk, e ZOMR TIIEBFEN LRSI TwT,
2 avYaRIn)L period BIE I 7 a—= 7LD 0w
ATZIREDL, STENDE IV IHBECT > TwaER, L0 N
Ll RUBONE N ) S5 ATT.

HAREFHEE FRBOSBEZRTICRLTEBEE L,
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PR E AR

& 1. AR EGTREROBB /I N I OERET & L ToBE

L3y ayaT > 2 ) B
(RERTELL 1) (R AL 1) (B A
1972 b
1979 TA TR
1982 A7 A4 ZRAE
1984 per
1990 FE it
1994 tim
1996 Rl
1997 per, clock
1998 clock, cyele bmall, tim
double time, cry casetn kinase le
1999 cry

1990 12, WatB{Z OE(ZFE S, B OEEF 2T 5
v, Wb LT 4= Foxy ZEESRIES N E L, b LEDOR
D2 RERI TR L 5 2 L 8T E UL, 24 BB T AN TE L
MhHEVG)ZETY, 2Dk, 19944123 277 Y 3 7T TS time-
less S BAR T, Ald tim & L) DTT A, period & tim L\~ D
DBARA B DI - TSR L E Lo, MEOBEE T
FHMEAT LT TED, 2OHEICEN 71— F30 7 DT
MREDLEC) I EDWGDLE LI TERATT,

%@%k%&“m%wamuwW$”vﬁmeMkéﬁ%>
period BIZF 7 0 —= v 73 N2 8T, Hul KFE (ERER
RO OFE(EE) bR plo & L7722 D=7 2D period @I+ 7 0 —=
YZEPTN =g onl n) ZEL BT, U,
M TRECH) EFsngE Lz, FRUBEIFRD —QUcEAZ
LT, 1997, 98, 99 4F L L THEVTIC ZFALICEEE T 238 (5 FA5KD 5K
IZHDP ST ELLITTY, HIZETTEE LA period, tim, clock
ZIZ bmall R cry e ETY, 2N 6&ADY YEELE W) DHEE
RPN T 4 — PNy ZHBORFRIBCEICEIE T A, 2hrhEL %
Tt le EWI)BROMEETH LI L0 TET, #2448 D
=T 4T D XLGEH ) ZL)DT 4 — FoNy 7 BT IVHHEN S
oz, vkt LB E g,

B E0 0D 0N E ) TEET, £ )BMLEFICLNLFERS
NTELDLITTTY, TNHWEDL I ICHAERS L IE 74— F
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RPOBsEt SRR

e v .
e
B

BHESE RSPk SEHEE

Xy 7% UTTIRINIERT 29 FIICHET ST w b b4, F2Z o Tu
LDTL L)W,

BB 2D EIZDONTIEWAALRETADPRIBEENT T, Bt
LT 24 B %, T o Lk AIZHNBIT LW EWIT L WD T,
HOFEMN T WEWIT Ry, Enw) 2 EF—2TY, FarbL 9
—210F, & AT period BT A D 2B K E L MBEIC T - 72
DTT N, ZOBIEFEYIIEGHE T & 550 (DNA /) A
o l2DPRRBIZ L 5 T2ATY, ENTWAAL I LEZFNT L
EEIZFNHCLOCK, BMALI A LTHIEIT 5 & v 2 &
I T2ATT,

ZIR-THZTAET YL, 74— F/Ny 7 EF N THOREMIC
24 FER I AAEARRIC, 72 2 EE ) LTHIREIPEL 2510k
5, ZORFIC{EEEOHIE & L TBMALL, CLOCK & w5 &
peviod DFEIBEFEL LITH L) LIZT A, £ THERRFELT
B LD TT o EARARCEDFETFR T wE W) T 82k £7,
B2 ANTHREEI 2 L Z 64 WE T 2w HEZ T2 TUEH L
RI LD EBNET.

BH . ZNTLD2HNEHLAWTT (BB, period BIET &, clock &
EFDPENEFET 28 > TV A EEFIE, LW IBMDE >z E )
W) ETHR TR ATT D,

Y 71U mutation (RAKERE) DEBRTT.

BRE %2313, fTHOBELET, ZDHRD VDA LIEEDE 713
Tz ng 2 ETY i,

EHZ2)TT. KL —FEELRERLLTI, yavvav Tz
mutation 2 27282, BEFSw it b hwnw i) s Yoo
INENTELR HRATT., FNET - EFAXTALZSL, £NHDH
5 @& 15T mutation HHEZ > TW BB -~ 72, £ 2D period
xR OT e E L,

EH . 2 DOBETPIESTEWY» ERICECT, 2AXT4774—F
Ny 2 E2PTTHTHGORBEZ 70y 27 T5L 05 28T,

4 (1312) BAESE Vol. 34 No. 6



ERERE SRR

SeH D RYIA Z » T period AL T DFEMNTEE . FhhE b
LSEFMIFE > THEDOHIZA->TET, #RAHS 52 2 AT, W
Z T & 72 period AL IEM DR - T < 2 d)f%ffﬂ'fslﬁﬂfﬁ
Tl oT, F7ED L9012 > T A, EY B2 9 w9 Bk
WPy 2 TEL LM 5, Ch@ DB WAL RIL T
TODNT L7 4 — K3y 7Kk, 7ok 218 CRF-ACTH-2 —
aZ7uarFiie s L L TT i,

BH WY 512 period SEILF 05, HOO(E- 2EMTH Y F HIENL T,
FNTHEET 2R 2{F->Twnd vy 2 &ETT i,

BB LOTY. ZNEAA 02 ATT s, W) LEIZD
FRES TLRB SN T W2 EH S AT

EBLBAEY

BUAS D IRAIRERHRIT SE DR 8 & (R INBERT D47 - 4 1 = X L4200 TiA A
AT KEGP D RTCBEE LT RIZEL DL ) T8
L7z, T, BRIRMICO HINAEI 2 23 5 L ) o AEBMER S 8
CIRENH HEMFT, BHAEEIZE CITERE 2 ZHMICY
EoTubosLenEzTH, BKMCEE I ) I el ->Tnb
DTL &P,

B R, RS LV IIHRIENEENIT S & AR S L
LTV hITTT, LIEREEIZIR - Twv) &, 728 2 300
L) DR, GHDORRE LR LIRRICZ2DLEN, +0dkEE
WIZENTITHITAL, L)X ZELLNTWIZATY., ¥
IV RIS UEHEEIHE Z 20w BEE LTAL L, FEEC
ﬁ$y~0@t~7ﬁﬁf%tAT¢.%ﬂi%b,t<~iﬁ%ﬁ
BEEILINICE =27 BT TETHT, ¥ HOMBENRIE L W DI
RLTIHDY BT LI 2DTIR R, & AR, &k
LTATEIZ B T2 L ) BRIIC R P L TR I - Tw b b w2 9,
FRUE, 2ERFE, EIENER, TN blEHLE, F9va2bo
BRI &) R ER L T2 2wy 2 ETT, TlE, %9
Ao TWwbDp, vy e MBELLITTT. ZAFS» T T
WZIEF IR D DI T,

AFETHP>TWEDIE, MEICHREPERTLE V7289 700
COMDERID 5 W IZIRIBEBNI e X A = X o, 728 Z AT MFE 2 E
W, DI Z B L, MRS EELENLEDCDAL
MEFREZRRT 2HFH»E ) DT XTIOHIZE—7 2{F>Tw
AT nhrbvbiThET,

BN WA WALREEMBRED E— 7 IHITHIZH - T, FRHLEEE
HEDRIEICEREL T B 80w 2 X TY A,
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RPEGEt CRE

6 (1314)

EH X FNA0HEEKAITED
(B IS - 72, 2Ll
KA Z T, Hiloeles x
RS e E T v T,
OARNEEFON A2 BRI E L72uw
R FE T

AABEET D PIR DR

BITAY @ ek, £ o DBEHEHIK
TFE OB A ERZISIRNE RO
ks —=HH-T, TIhHD
AHETIC & > TR DRV E =~

R, BAMBERTHEI SN T EL N TwEr L) DTY

25, VHRTL k)

BH RRIRMICE, —RAERNZE S MR SIE RO RV

T A,

BEE R 2 SRR L o BRI R FRE F T L Cue bt

TY., EVIDEFZOMERL KL ) DM LEL Th b
RS hY, 1972 4EDRETIE, £ 2BELTLE ) Lit#) X4
Ery RVECGWD ) ZLPHEZTLE) &) 28T, 2205k
=2k vbleblFTY. EDFZIIEIIT A T o FER L W
FSLNT, MAXERERIRTE» S DEEL T, ZoMEIEITE%
BETLERESHALESHLT, HIGEHL LW IS AL
b5V 2T, BRXERITEAREIOREEH LD1EH 9, Ln
FIEEPHTZATT, B, SAXEBEIN LT, 2742
FERERITHE - T CEBRADT 1980 AT b 72D T D, boAk
Biate LTHREREITHATT. L, £ IPHETORKTLITIUEE
TV ERGFTHNUTHEERL T L L->b2 ) bITTT., ZNLTENHE
ERICZe 572003, 1990 4RI, A EEEBEL, £-72<
LI WEICHT LA R PR BT 2 EBRSH Y F L2, £
DFF, mutant DNARX S —DRZX FREZBET 2 EBRLITOAL
ATT, FITRDEFOBMLIANLR Y —DY) ZLIZHE-728 L
VAL TELRATY, TITPLELAZEZAPEHEL TY XA0H
UNTTERALRGWR, L) ZEDPTEINEN)ZET, #]
BRHERIAA DRI &) DPFEL I NI TT, TTH b,
BIETHADG THEY NS S £ ) YihE 21 Tlahri ) AR
FW L BERTOMRE L EROMEIT G- E) LTnwickn) 2k
TY., B1OLWMEZSZHIZLTFI W,

BE: 25722, RAEIB-Le >0 O0DBETDA N =X L
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PRI AE

T AN A1 ¥ (Neuro-

spora) (3 FHEEEAY
DIRNEFRT O W R &
LTHwWsRTBY, 4
PR ZLDEb 5
BEst@{a+ & LT frg
7o —=r 73 NTnw
%), INEFAWIERTD

REREE ORI A
’Cd‘f; 5.

BARKECRE

(FMA R FAo mRNA 5
2T WA, F50H 59 o8
L Tonbi Ty,

SeH D ZZ, HARmMIciaE ) T
T, FLEM TR LR
T, awPa I/
5413 lateral neuron 75 4 4
I bRTWET,

BH - ZTH»PH-Z, kD
L, K ASTLK B &, .
Lol SRR d wE OB &
FOBMRL B DITTT .

SH D ORERICERITPRIET S, DF 0IT 24 B2 A0 o 2
RERICH ) AR OB ZLIEBER L WA TY, FErI A TH LD
T nTYh, TR () SAPFERITICT 23 A8 EFF - TiT-
TEBELZ LIZATY, FRUE4SEPE W &, ZOYERILIZYBH
KEDPB-o L7280, HXR->THkD v, ET52%0H
S 7272 RIB L T B 721772, L v ) JJREED IS TUIN T w i » 72
ATT,

EHIFEFKIIEIRTVTT A,

Sl ANZHEMTALILDIIFHICE >TIT S, ALBHEIZTE QO
SALTRBILETH 6, 290 ) REIZLEETL W03 IC->b o)
L, BT HLESRTEFSBLDENIELWI LT B HITTT.

EZANEBFIIR T AL E, RIEVITIT2URERIZ-ATT,
LRGN BEMNICHAAEINTUETH L L) 2 g7
ATY A,

BH I UNEL 24REMEVw) 2 EIEFBEZF 5L, TERFEDOERIIILR
ZIWEHDIALRLWTLLID, 29 THVEUKFMLrZWT
T k4,

5eH 29 TT 4, 24 BRI biFrEhre, I3
ﬂt@t67,tw7@ii<ﬁ#ébfTTm

BN . 513, 29 LET L, HEMICUAFMOREZXATHWT
T LAKDPBEZLA TS L) L0 IIRFET 2 R 32 5 (79 24 BERE
IR ) X% 24851 E > D ICAbES) vy L) IZFEZNIT L
HLWATL &9 P,

%%EB CRZ, TSR EMOIHIZHErE G £, RIFVFEAZES

DIZHBENWZLETL E9.

%E A, RIAREH DY) LB £F. ZOREIZHINTAIFA L 6

B S EB L LT, UMM Xaildbi-E) 2D

DHERATE T TL
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HREE SRR

PAI-1T -
plasminogen activator
inhibitor-1.

8 (1316)

LG E 4, JERMICIEEZ -T2, #9590y EWTL D
»,
B 29 T, Lo L 6HEMAIA X v o, NIRRT S 4 2
DIEH x> EHEL WA TT. 03D KA 24 BN IE G S A T % %
Ll ETH T,

RAHEEET DR T1%E

B RNREHCBE L7l (EF ORI L LA O STT3 7

b T,

SEE D OFEEE, BT AL LI XA Y OB SIS T O mRNA 795
WLTT, REN)ZLELATHET, UK, mRNA B
B L2 AL L, FOROMEL LR3I ) —FREA K
DEDVEALL £ 45, 728 Z TR, D, ETLES T, #

DREBPE=7FFNTHTLREI) ZLEZHNATHEATT.

BIAY D WABRIREIC & - TIE, 72& 23 0ICEcEs 25 - ¢, m
SIZH ST, TN CHLALETREREEN» LT b L0 DIFkE
O ZRETY, B8 L, RMICLEARE 25 5 A L2k
B, EVIRIEDE L HFEREZZ LT, BHEE»RIZEE- L
HATZUDEHIEENHZGREICOWTHE 2 L TAa % L7, PAL-,
A MBORERZ I T 2WE TT Y, ZOFEMIEE -, D F
DEHCIARDS T ERT I &4, LIHEEISHIIZ—RTH D L5
ENTWETY, EYTRTERLTAETE PAI-L OEE T %
FALPLHNEEZE L TwE$. 20 PAI-1#(EF0 HNES)
2, LbHLARNECRMDOBIRFOEELHLDOTL 1 5 FRY
b, Do CE b —MIERMOERAERRHC L > TEEHRG LTV 20
TRV EERIICRIBE S T2 x % L,

AMERFRTOFAE L 2 OEFICHOWTIE, BAFRFECEHINAT WS
IS LB DT A, SEHEAE, WS TEN LI ICE L LTS
ENEDTL &,

SR D EREIILEEMI L e e WA T, BBRBRIT LD S A
HNFLT, BEPOLAFEIIPT T OPBESALRT, BH L
HGCEBRH ) E L2, KIMOREET L w2 IR ¥ s REs e B
DTEH, ZIVo2BEFHIRRE L W) DR ERIL L5 RS v
SRERACZL DL, L) DGr->TERZATY. 1 HORT—EDE
MO RFELIEL L, ZOBLCALE M TEE A8 L5 12
ToTwd, 282 AR I ELERITHEZ» L RkBRETL2ATT
P, BROBHEEZTLLTHAELALAMICARELRLATYT, #
7Y 5 EMBR ERORFHRIZ THBIIE 72K 290 2 & 2
DR L D TT A, MR ¥ OB EHIRERL 0 HIZB] -8R 5
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BRESETCRE

TET, 2L 6IME 0D
MR ATYT. 25
MBLLANWI XD, ZOHf
RO AL D oo
NLENTWT, e zidar
AT =) RS L3y
ffd 2R D EFNZEFND
mRNA® &2 A TA L L, ¥
FF DY) XL LG
ok b N Twd 2 &y s A
o DT IR & %4

BH I AMOMEDPIZH 558

ZF &, LIEICH > THEZ H] (51 L v ) DI X IO
F LT,

el L 2 UIEARMICERIE DO TT,

EBEELMRNADPTTWEE W) 272 ATT 4.

B .29 TY, £0eBHTT,

AEEBEHAU X L

B L ZATLMERDEARFEAESEL 7778 —L ) DI3RE
T W Tdh, ITENEE ) T, 728 2306 EWs &,
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