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Separate oscillating cell groups in mouse
suprachiasmatic nucleus couple photoperiodically
to the onset and end of daily activity
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The pattern of circadian behavioral rhythms is photoperiod-
dependent, highlighted by the conservation of a phase relation
between the behavioral rhythm and photoperiod. A model of two
separate, but mutually coupled, circadian oscillators has been
proposed to explain photoperiodic responses of behavioral rhythm
in nocturnal rodents: an evening oscillator, which drives the
activity onset and entrains to dusk, and a morning oscillator, which
drives the end of activity and entrains to dawn. Continuous
measurement of circadian rhythms in clock gene Per1 expression
by a bioluminescence reporter enabled us to identify the separate
oscillating cell groups in the mouse suprachiasmatic nucleus (SCN),
which composed circadian oscillations of different phases and
responded to photoperiods differentially. The circadian oscillation
in the posterior SCN was phase-locked to the end of activity under
three photoperiods examined. On the other hand, the oscillation in
the anterior SCN was phase-locked to the onset of activity but
showed a bimodal pattern under a long photoperiod [light-dark
cycle (LD)18:6]. The bimodality in the anterior SCN reflected two
circadian oscillatory cell groups of early and late phases. The
anterior oscillation was unimodal under intermediate (LD12:12)
and short (LD6:18) photoperiods, which was always phase-lagged
behind the posterior oscillation when the late phase in LD18:6 was
taken. The phase difference was largest in LD18:6 and smallest in
LD6:18. These findings indicate that three oscillating cell groups in
the SCN constitute regionally specific circadian oscillations, and at
least two of them are involved in photoperiodic response of
behavioral rhythm.

bioluminescence reporter | circadian rhythm | clock gene | photoperiod |
behavioral rhythm

daptation to seasonal changes in environment is critical to

the survival of many organisms. Photoperiodic time mea-
surement by the circadian clock is one of the strategies by which
they conserve the phase relation between behavioral events such
as the activity onset and dawn or dusk (1). A dramatic change
induced by photoperiod is in the length of an activity band, the
duration of activity in behavioral rhythms. Nocturnal rodents
such as rats and mice exhibit compressed activity bands in long
photoperiods and decompressed bands in short photoperiods. A
long-standing hypothesis for the photoperiodic time measure-
ment assumes two separate, but mutually coupled, circadian
oscillators that drive the activity onset and end of activity,
respectively, and respond to dawn and dusk differentially. There-
fore, their phase-relationship encodes day lengths and changes
the length of an activity band (1).

The circadian clock in mammals is located in the suprachias-
matic nucleus (SCN) of the hypothalamus; it entrains to a
light-dark cycle (LD) and determines the phases of overt
circadian rhythms in behavior and physiology (2). Over the last
decade, our understanding of the circadian clock in the SCN has
advanced tremendously (3-5). The SCN consists of a number of
oscillating cells in the circadian domain, which are independent
but coupled with each other to produce coherent SCN output
rhythms (4-8). The intracellular molecular machinery of circa-
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dian oscillation consists of interlocked transcriptional and trans-
lational autofeedback loops, in which at least six clock genes are
involved (3). Clock and Bmall are positive elements of the
feedback loop, and Perl, Per2, Cryl, and Cry2 are negative
elements.

There is substantial evidence that the SCN contains at least
two independent suboscillators. Circadian rhythms in two major
neuropeptides in the SCN, arginine vasopressin (AVP) and
vasoactive intestinal peptide (VIP), free-ran in vitro with differ-
ent periods and showed internal desynchronization (9). More
recently, two distinct peaks of electrophysiological activity in the
cultured SCN were observed in the Syrian hamster (10,11), and
the peaks responded differentially to photoperiods (10). In
addition, circadian rhythms in clock gene expression and their
protein products were reported to change in different photope-
riods (12-17). Generally, the interval of high Per/ and Per2
expression is extended in long photoperiods, whereas the rhythm
amplitudes are increased in short photoperiods. Johnston and
colleagues (18, 19) observed differential phasing of clock gene
expression rhythms in the rostral and caudal regions of the
hamster SCN and proposed a model in which the evening (E)
oscillator is located in the rostral and the morning (M) oscillator
in the caudal SCN (19).

Transgenic mice carrying a luciferase reporter gene enable us
to search for the E and M oscillators or even the E and M
oscillating cells in the SCN. In the present study, we tried to
separate oscillating cell populations that respond differentially to
photoperiod by using transgenic mice with a Perl luciferase
reporter system. We found oscillating cell groups in the SCN,
which were phase-locked separately to the activity onset and end
of activity and whose phase relations were changed by photo-
period.

Results

Behavioral Rhythms in Different Photoperiods. Photoperiodic re-
sponses of spontaneous activity rhythms were examined in the
transgenic mice carrying a Perl-luciferase reporter gene (Perl-
luc) initially kept in 12 h of light and 12 h of darkness (LD12:12)
(Fig. 14). Nocturnal activities of these mice were bimodal,
showing the clear activity onset and end of activity in constant
darkness (DD) as well as in LD. In steady-state entrainment, the
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Fig. 1. Circadian behavioral rhythms in different photoperiods. (A) Repre-
sentative double-plotted circadian rhythms in spontaneous locomotor activity
of a mouse transferred to LD18:6 (Left) and LD6:18 (Right) from LD12:12. The
dark phase isshaded in the right-hand side of each actograph. Arrows indicate
day of photoperiod transfer. (B) Phase relations of activity rhythms to differ-
ent photoperiods. Yellow bars indicate activity bands (mean = SD). Gray areas
indicate dark phase.

length of activity band, an interval between the activity onset and
the end of activity, was decreased (compression) by 5.26 h when
the animals were transferred to LD18:6, and increased (decom-
pression) by 1.49 h when transferred to LD6:18 (Table 1 and Fig.
1B). The compressed activity band in LD18:6 was decompressed
again when released into constant darkness with a transient
period of ~2 weeks [supporting information (SI) Fig. 6]. The
phase angle difference () between the activity onset and light
off (Yonset) Was basically unchanged in LD18:6 but became
slightly but significantly more negative (P < 0.01) by —0.99 h in
LD6:18. On the other hand, the phase angle difference between
the end of activity and light on (end) Was significantly changed
(P <0.01) in LD18:6 as well as LD6:18 by —0.96 h and by 3.53 h,
respectively (Fig. 1B).

Per1-luc Expression Rhythms in the SCN Slices. Circadian rhythms in
Perl-luc were measured separately in the anterior and posterior
SCN slices (SI Fig. 7 A and B). Robust circadian rhythms in
Perl-luc activity were detected in all preparations, except for the
anterior SCN in LD18:6, and the circadian peak phases on the
first day of culture were located in the subjective day (Fig. 24).
The circadian peak on the first cycle in the anterior and posterior
SCN were located at local time 13.69 * 0.98 h (mean * SD, n =
10) and 11.44 = 0.68 h (n = 9) in LD12:12, which shifted to
12.20 = 0.57 h (n = 9) and 10.45 = 1.11 h in LD6:18 (n = 10),
respectively. In the anterior SCN obtained from mice in LD18:6,
the two antiphasic peaks were detected in the first few days of
culture, which were located at the rising phase (6.75 = 0.69 h)
and falling phase (16.66 £ 0.95 h) (n = 10) of the posterior peak.
The bimodal pattern became evident in the detrended curves
(Fig. 2B). The posterior peak was located at 8.02 + 1.75h (n =
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Fig. 2.  Per1-luc activity rhythms of the anterior and posterior SCN slices in

different photoperiods. (A) Representative rhythms of Per1-luc activity in the
anterior (pink) and posterior (green) SCN in LD18:6 (Top), LD12:12 (Middle),
and LD6:18 (Bottom). Ordinate indicates strength of bioluminescence (relative
light units, RLU). Abscissa indicates days in culture. Broken lines in the graph
indicate 0000 hours. Yellow bars on the abscissa, light phase on the day of slice
preparation. Gray and black bars, the subjective day and night on the follow-
ing days, respectively. (B) Detrended waveforms of Per1-/uc rhythms obtained
by subtracting 12 h of moving average values from original luminescence
curves. (C) Peak phases of Per1-luc rhythms from the anterior and posterior
SCN slices are plotted against local time. Those from different mice are
indicated with different colors. Ordinate, days in culture.

8) on the first day. In 9 of 10 anterior SCN slices from LD18:6,
the two peaks merged into a single circadian peak on the course
of culture (Fig. 2 C Top). Distribution of the posterior peaks was
significantly wider in LD18:6 than in LD12:12 and LD6:18 (P <
0.01 and P < 0.05, respectively).

The phase relations were examined between the first day
peaks and photoperiods as well as behavioral rhythms of mice
from which the SCNs were sampled (Fig. 34). The two peaks in
the anterior SCN from LD18:6 were tentatively termed as Ag

Table 1. Parameters of behavioral rhythms in different photoperiods

Activity band, h ¥, h
Lighting (on-off) Activity time Onset End Ponset Pend
LD12:12 (0600-1800) 12.61 = 0.77 18.16 = 0.58 6.77 = 0.34 —0.16 = 0.58 —-0.77 £ 0.34
LD18:6 (0300-2100) 7.35 = 0.66** 21.38 £ 0.34** 4.73 = 0.44** —0.38 £ 0.34 —1.73 £ 0.44**
LD12:12 (0600-1800) 12.10 = 0.47 18.19 = 0.22 6.29 = 0.48 —0.19 £ 0.22 —0.29 £ 0.48
LD6:18 (0900-1500) 13.59 = 0.86** 16.18 = 0.60** 5.76 = 1.28 —1.18 £ 0.60** 3.24 = 1.28**

Phase angle differences (i) were calculated between the activity onset and light off (ionset) and between the end of activity and light
on (end)- Paired Student’s t test was used for comparing values of two different photoperiods. Values are mean = SD (n = 9). **, P <

0.01 vs. respective LD12:12.
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Fig.3. Correlation between behavior rhythms and Per7-luc rhythms in anterior
and posterior SCN. (A) Phase relationships between the anterior and posterior
peaks of the first two days in different photoperiods. Symbols: peak phase
(mean = SDin hours;n =8inLD18:6,n =9inLD12:12, and n = 8in LD6:18). Gray
areas, subjective night. * and **, P < 0.05 and 0.01, respectively, vs. posterior
peak. Horizontal yellow bars, activity band (mean = SD). + and ++, P< 0.05 and
0.01, respectively, vs. fion OF Yeng in LD12:12. ##, P < 0.01 ion OF end in LD18:6 vs.
those in LD6:18. (B) Phase differences (i) between the peak of Per1-luc expression
rhythm and activity onset (yper1-onset. Left), and between the peak and end of
activity (Yper1-end, Right) in three photoperiods. Phase angle differences between
the activity and bioluminescence rhythms were measured for each animal and
averaged (mean = SD). #*, P < 0.01 vs. anterior SCN in LD12:12; + and ++, P <
0.05 and 0.01, respectively, vs. posterior SCN in LD12:12.
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and Ay, where Ag was closer to the light off and Ay to the light
on. Neither the anterior nor the posterior peaks from different
photoperiods showed a consistent phase relation with the light
on or light off. On the other hand, stable phase relations were
observed between the anterior peaks (Ag) and activity on-
set (Yperr-onset), and between the posterior peaks and end of
activity (Yperr-end) in three photoperiods examined (Fig. 3B). The
Uper1-onset Was kept at ~4.3 h (4.70 = 1.13 h in LD18:6; 4.59 *
0.86 hin LD12:12;3.63 = 0.45 h in LD6:18) for the anterior perks
and the Yper.ena Was kept at approximately —4.4 h (—3.63 =
1.59 h in LD18:6; —4.80 = 0.80 h in LD12:12; —4.70 = 1.12 h in
LD6:18) for the posterior peak. The correlations between the
Perl peak and four phase markers (activity onset, end of activity,
light on, and light off) were calculated. The anterior peak (Ag)
was correlated most strongly with the activity onset (r = 0.904),
and the posterior peak with the end of activity (r = 0.713).

The posterior peak phase-led the anterior (Ag) peak signifi-
cantly. The phase difference was largest in LD18:6 (8.66 =
1.78 h), intermediate in LD12:12 (2.08 = 0.98h), and smallest in
LD6:18 (1.55 = 0.87 h) on day 1.

Per1-luc Expression Rhythms in the SCN Cells. To clarify the nature of
two peaks in the anterior SCN slices from mice in LD18:6 and to
identify the localizations of anterior and posterior peaks in the SCN,
Perl-luc expression was measured in individual SCN cells for more
than three circadian cycles by using bioluminescent cell imaging
(Fig. 4 and 54). Regardless of the anterior or posterior SCN, almost
all cells that exhibited bioluminescence at detectable levels showed
circadian rhythms in Perl-luc expression with a single peak. The
intensity of bioluminescence was slightly and nonsystematically
different between the right and left SCN, but no evidence was
detected to suggest the lateralization of the circadian peak.
Circadian peaks in individual SCN cells detected on the first
culture day were plotted against the local time (Fig. 5B). In
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Fig.4. CCDimages of Per7-lucrhythmsinsingle SCN cells. (A) Representative
CCD images from the anterior and posterior SCN in different photoperiods.
Single SCN cells indicated by colored circles correspond to cells with the
number in the same color in Fig. 4B. (Scale bar: 100 um.) (B) Serial demon-
stration of bioluminescence in a single cell at 1-h intervals on day 1. In LD18:6
(Upper), bioluminescence is strong either at the early or late subjective day in
the anterior SCN, whereas it is strong at the middle of subjective day in the
posterior. In LD6:18 (Lower), individual rhythms are essentially the same
between the anterior and posterior SCN with respect to circadian phase. (Scale
bar, 10 um.) A, anterior; P, posterior; L, left; R, right. Ay and Ag, cells with
morning and evening peaks for the anterior SCN in LD18:6, respectively. Gray
and black horizontal bars, the subjective day and night, respectively.

LD18:6, the temporal distribution was bimodal in the anterior
SCN, whereas it was unimodal in the posterior. Bimodal patterns
were detected in the peak distribution in all three SCN slices
examined. The distribution of the early group peaked at 7.77 =
1.67 h, whereas the late group at 14.54 = 1.42 h, respectively (SI
Fig. 8). The early group corresponded to Ay, and the late one
corresponded to Ag in the SCN slices. The number of Ay and
Ag cells were almost equal in three slices examined, and of 292
cells in total, 142 belonged to the Ay cells and 142 to Ag cells.
Eight cells (2.7%) between Ap and Ag at 1100 hours could not
be classified. The distribution peak in the posterior SCN cells was
located at 12.35 = 2.83 h (n = 152). By contrast, the distribution
of circadian peaks in individual cells was unimodal in LD12:12
and LD6:18 in both the anterior and posterior SCN, with peaks
at approximately the middle of subjective day (SI Fig. 8). When
the range of distribution was defined as SD, the distributions in
the anterior SCN were significantly wider than those in the
respective posteriors (P < 0.01). The range of distribution in the
posterior SCN was significantly narrower in LD12:12 and
LD6:18 than in LD18:6 (P < 0.01 and P < 0.05, respectively).

Fig. 5C illustrates spatial distribution of individual cells in the

Inagaki et al.
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Fig. 5. Spatial and temporal distributions of circadian rhythms in Per7-luc
from single SCN cells in different photoperiods. (A) Forty-eight-hour profiles
of bioluminescence of individual cells in the anterior and posterior SCN slices
obtained from a mouse in LD18:6 (Top), LD12:12 (Middle) and LD6:18 (Bot-
tom). (B) Temporal distribution of individual circadian peaks (on day 1) from
the same SCNsindicated in A. Distribution peaks were expressed in each graph
with the mean and SD of individual circadian peaks. See SI Fig. 8 for the peak
distribution of the total cells from 3 SCNs. (C) Spatial distribution of cells with
the morning (A, orange) and evening peaks (Ag, pink) in the anterior SCN
under LD18:6 shown in A. (Scale bar: 100 um.)

anterior SCN from LD18:6, which belong to either the Ay or Ag
cells. The Ay and Ag cells were widely distributed in the anterior
SCN and intermixed.

Discussion

Continuous monitoring of Per! expression activity in the cultured
SCN cells revealed that at least three different oscillating cell
populations exist in the mouse SCN: two in the anterior and one in
the posterior SCN. They appear to form functional cell networks
with humoral or neural communications and respond differentially
to photoperiod. Changes in the 24-h profiles of bioluminescence
rhythm in the SCN slice under different photoperiods are mostly
the reflection of changes in the phase relation, not the waveform,

Inagaki et al.

of individual oscillating cells (Fig. 5), as recently suggested by
electrophysiology (20) and simulation studies (21).

The one of two oscillating cell populations (Ag cells) in the
anterior SCN was correlated most strongly with the activity
onset, whereas the cell population in the posterior SCN was
correlated most strongly with the end of activity (Fig. 3B). The
length of an activity band, which reflects the phase relation
between the activity onset and end of activity, depended on
photoperiod (Fig. 1), which increased (decompressed) in a
shorter photoperiod (LD6:18) and decreased (compressed) in a
longer photoperiod (LD18:6). In parallel with compression and
decompression of an activity band, the phase relation between
the anterior (Ag) and posterior oscillations was changed in
different photoperiods. The posterior oscillation phase-led the
anterior in three photoperiods examined (Fig. 34). Therefore,
the cell populations in the anterior and posterior SCN are likely
to correspond to the E and M oscillators, respectively. The
findings, in part, support a model advanced recently by Johnston
(19). In their model, however, the circadian peaks in the SCN are
correlated with photoperiod, whereas our results indicate strong
correlations between the circadian oscillations in the SCN and
behavioral rhythms. In addition, our results demonstrated the
third oscillation in the anterior SCN. The circadian system in the
SCN for photoperiodic responses seems to be more complex.

The Aw cell population in the anterior SCN became evident
in a longer photoperiod (LD18:6), especially in the first several
days of culture. Eventually, their oscillation peaks merged with
the peaks of Ag oscillation, suggesting that they are not direct
responses to light but expressions of endogenous oscillation, and
there are coupling mechanisms between them. The numbers of
cells categorized to the Ag or Ay population were nearly the
same, and both groups of cells seem to spatially distribute rather
diffusely and are intermixed (Fig. 5C). The role of Ay oscillation
was unidentified, but it seems to be related to photoperiodic time
measurement. The Ag oscillation in the anterior SCN and the
oscillation in the posterior SCN are closely related with behav-
ioral rhythms, but it is not known whether they are directly
phase-locked by photoperiod or through other mechanisms. In
LD18:6, the circadian peak of the posterior cell population was
located in between those of the Ag and Ay cell populations. In
shorter photoperiods, the Ay cell population seemed to disappear,
but the ranges of peak distribution were still wider in the anterior
SCN than in the posterior (Fig. 5B). The Ay oscillation may have
some roles in determining the phases of the Ag oscillation.

We reported a dissociation of circadian rhythms in AVP and
VIP secretion during the prolonged culture of rat SCN (9, 22)
and suggested that AVP and VIP secretion was regulated by
separate circadian oscillators in the SCN. Using GFPs as a
reporter, Quitero et al. (8) reported differentially phased three
Perl expressing cell groups and suggested their role in photo-
periodic responses. Jagota et al. showed two distinct peaks of
electrophysiological activity in the horizontally sectioned SCN
culture in hamsters (10) but not in rats and mice (11), which
responded differentially to photoperiods. In addition, the circa-
dian rhythms in Per! and Per2 expression were reported to
change in different photoperiods (12-19, 23). The duration of
gene expression was extended in long photoperiods, whereas the
rhythm amplitudes were increased in short photoperiods, sug-
gesting that the mutual coupling of individual cell oscillations
was altered by photoperiods.

The E and M oscillators have been proposed as the mech-
anism of rhythm splitting in hamsters under prolonged con-
stant light (LL) (1). Previously, the circadian rhythm in clock
gene expression was demonstrated to be antiphasic in the right
and left SCNs from hamsters exhibited behavioral splitting in
LL (24). More recently, two antiphase-oscillating subregions
were reported in each side of the SCN of split hamsters (25).
However, it is not known whether the E and M oscillators for
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the photoperiodic responses are identical to those for behav-
ioral splitting, because a unilateral SCN has a redundancy for
behavioral splitting as demonstrated by SCN transplants (26)
and unilateral SCN lesion (27).

Perl and Cryl have been hypothesized to represent the
components of M oscillator, and Per2 and Cry2 have been
hypothesized to represent the components of E oscillator (28).
The hypothesis is based on differential responses to light in the
respective mutant animals (14, 28). From the present studies, the
photoperiodic response of behavioral rhythms in nocturnal
rodents is explained without assuming differential roles of Per!
and Per2, although the possibility remains that a single SCN cell
contains the coupled E and M oscillators, in which Perl and Per2
compete for dominancy. Specific pacemaker cells may exist in
the SCN, which drive other cells to constitute separate oscilla-
tions as reported recently in Drosophila in which specific pace-
maker cell groups (29): one processes the light information to
convey into circadian networks, whereas the other dominates in
activity output (30). Alternatively, specific cell communication
may enable coherent oscillations of different nature.

In conclusion, the present findings indicate that three distinct
cellular oscillations in the SCN change their phases in response
to the photoperiod, and at least two of them are strongly coupled
to the onset and end of activity, separately, in mice.

Methods

Per1-luc Transgenic Mice. We developed mPerl-luc transgenic
mice with a firefly luciferase reporter on a C57BL/6J back-
ground. A 6.7-kb region upstream of the transcription-
translation codon of the mPer! gene was linked to a firefly
luciferase cDNA (a generous gift of H. Tei, Mitsubishi Kagaku
Institute of Life Sciences, Tokyo, Japan; ref. 31) to make the
transgene. Perl-luc mice were born and reared in our animal
quarters where environmental conditions were controlled
(LD12:12; lights: 0600—-1800 hours). Animals were cared for
according to the Guidelines for the Care and Use of Laboratory
Animals in Hokkaido University Graduate School of Medicine.

Measurement of Behavioral Rhythms. Male Perl-luc mice of 5-8
weeks old (n = 18) were housed individually in a cage placed in
a light-tight chamber. Spontaneous locomotor activity was mon-
itored by thermal sensors (32). Photoperiod was changed by
phase-delaying the light off and phase-advancing the light on by
3 h each for LD18:6, and by phase advancing the light off and
phase-delaying the light on by 3 h each for LD6:18. The onset and
end of nocturnal activity were determined by using behavioral
rhythms of the last 5 days in each of three photoperiods
(LD12:12, LD18:6, and LD6:18) by visual inspection (Clock Lab;
Actimetrics, Wilmette, IL).

SCN Culturing and Bioluminescent Measurement. After monitoring
behavioral rhythms for 3 weeks in the respective photoperiod,
mice (n = 30) were decapitated after cervical dislocation, and
brains were rapidly removed between 1100 and 1500 hours.
Using a microslicer (D.S.K: DTK-1000; Dosaka EM, Kyoto,
Japan), two successive 300-um-thick coronal brain slices con-
taining the anterior and posterior regions of each SCN were cut
for bioluminescence measurement with photomultiplier tubes
(PMT). Bilateral SCNs with optic chiasms were trimmed to ~3 X
3 mm square in ice cold Hanks’s balanced salt solution and
placed on a culture membrane (Millicell-CM; Millipore; pore
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size 0.4 pm) in a 35-mm Petri dish. SCN slices were cultured in
air at 37°C with 130 pl of DMEM (Invitrogen) supplemented
with 10 mM Hepes/2.74 mM NaHCO3/0.1 mM D-Luciferin K salt
and serum-free growth supplements described in ref. 33. Biolu-
minescence from each SCN slice was measured by a microplate
luminometer equipped with PMTs (Lumicycle; Actimetrics) for
1 min at 9-min intervals for 5 successive days.

For single-cell analysis, five successive 100-um-thick coronal
slices were prepared through the rostrocaudal extent of the SCN
from nine mice. The second and fourth slices were chosen as
anterior and posterior SCN slices, respectively. Slices were
cultured at 37°C in a miniincubator (Phoenix; IMP, Tokyo,
Japan) installed on the stage of an inverted microscope (DM
IRB; Leica). Bioluminescence from SCN cells was measured
with a high-sensitive cryogenic CCD camera (ORCA-II ER;
Hamamatsu Photonics, Hamamatsu, Japan) mounted at the
bottom port of the microscope with a camera adaptor of X0.6.
Bioluminescence was measured every hour with a 59-min expo-
sure and a 1-min interval for data transfer for 3 consecutive days.
CCD imaging of an SCN slice was performed by using a X10
objective lens (N.A. 0.4; Leica) at 4 X 4 binning of the 1,344
(horizontal) X 1,024 (vertical) pixel array. The final pixel
number and pixel size of an image for detection were 336 X 256
and 4.3 um X 4.3 um, respectively.

Double-Labeling Immunohistochemistry. SCN slices were immuno-
histochemically labeled by using anti-mouse AVP monoclonal
antibody (generous gift of H. Gainer, National Institutes of
Health, Bethesda, MD; ref. 34) and anti-rabbit VIP polyclonal
antibody (Peptide Institute, Osaka, Japan).

Data and Statistical Analyses. Circadian rhythms in Per/-luc meas-
ured by Lumicycle were smoothed by a five-point moving average
method, and the peak phases were calculated after detrending
bioluminescent levels by using first-order regression for each cycle.
To analyze circadian rhythms in single cells, individual cells were
identified by inspection, and the region of interest (ROI) was
defined to cover most of the cell bodies. Bioluminescence of a given
ROI was expressed with an averaged intensity per pixel by Aqua-
cosmos (Hamamatsu Photonics). The circadian peak of biolumi-
nescent rhythms was defined as the midpoint of two succeeding
troughs in each cycle. For the analyses of phase relation between
circadian rhythms in Perl-luc activity and behavioral rhythms, 5-day
records of behavioral rhythms immediately before the brain sam-
pling were used.

Statistical significance of differences in parameters among three
photoperiods was evaluated with one-way ANOVA and a post hoc
Tukey-Kramer test. Unpaired Student’s ¢ test was used for group
comparisons. Paired Student’s ¢ test was used for comparison of
parameters of behavioral rhythms in different photoperiods. Dif-
ferences in the peak distribution among photoperiods were evalu-
ated by F test after a Bartlett test. Linear regression was obtained
between the Per! peak of SCN slice and one of four phase markers;
activity onset, activity end, light on, and light off.

Note: A related report by van der Leest ef al. (35) has been published
during the revision of the manuscript.

We thank Dr. H. Tei for kindly donating the Per/-luc plasmid vector and
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