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Abstract
The mechanism whereby brief light exposure resets the mammalian circadian clock in a phase
dependent manner is not known, but is thought to involve Per gene expression. At the behavioural
level, a light pulse produces phase delays in early subjective night, phase advances in late
subjective night, and no phase shifts in mid-subjective night or subjective day. To understand the
relationship between Per gene activity and behavioural phase shifts, we examined light-induced
mPer1 and mPer2 expression in the suprachiasmatic nucleus (SCN) of the mouse, in the
subjective night, with a view to understanding SCN heterogeneity. In the VIP-containing region of
the SCN (termed `core'), light-induced mPer1 expression occurs at all times of the subjective
night, while mPer2 induction is seen only in early subjective night. In the remaining regions of the
SCN (termed `shell'), a phase delaying light pulse produces no mPer1 but significant mPer2
expression, while a phase advancing light pulse produces no mPer2 but substantial mPer1
induction. Moreover, following a light pulse during mid-subjective night, neither mPer1 nor
mPer2 are induced in the shell. The results reveal that behavioural phase shifts occur only when
light-induced Per gene expression spreads from the core to the shell SCN, with mPer1 expression
in shell corresponding to phase advances, and mPer2 corresponding to phase delays. The results
indicate that the time course and the localization of light-induced Per gene expression in SCN
reveals important aspects of intra-SCN communication.
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Introduction
In mammals, the suprachiasmatic nuclei (SCN) of the hypothalamus contain the master
circadian clock that controls the timing of physiological and behavioural activities (van
Esseveldt et al., 2000). The circadian clock has two distinct functions: generation of
rhythms, and synchronization (or entrainment) of these rhythms to the environment. The
molecular mechanism underlying rhythm generation involves interlocked positive and
negative transcription/translation-based feedback loops, in which the expression of putative
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`clock genes' is suppressed periodically, by their protein products (Dunlap, 1999; Harmer et
al., 2001; Reppert & Weaver, 2001).

Light is the most salient cue for the entrainment of the circadian clock. Light exposure
during the subjective night produces phase shifts of locomotor activity rhythms (Pittendrigh
& Daan, 1976). It is widely accepted that resetting of the mammalian circadian clock by
light involves acute induction of Per1 and Per2 genes (Dunlap, 1999; Lowrey & Takahashi,
2000). However, the mechanisms whereby a light pulse causes phase delays in early
subjective night and phase advances in late subjective night in mammals is not well
understood. Also not yet established is the distinct role of per1 and per2 in this photic
entrainment. Finally, there are discrepancies reported in the consequences of light pulses on
Per expression. Thus, Albrecht et al. (1997) found that mper1, unlike mper2, is expressed
throughout the SCN after exposure to light. On the other hand, Shigeyoshi et al. (1997)
reported that mper1 induction is restricted to the ventral or core SCN. The goal of the
present study was to delineate the cellular and the molecular mechanism mediating photic
entrainment by examining the time course and localization of light-induced mper1 and
mper2 expression in the mouse SCN. One hypothesis to be explored is that light-induced
mper1 and mper2 expression initially occurs in a limited subregion of the SCN, and
subsequently spreads to the remaining SCN. A related question is the determination of
whether induction of clock genes in distinct SCN regions is phase-dependent and associated
with the direction of the behavioural changes. To explore this relationship, we applied light
pulses which resulted in either phase delays, phase advances or no phase shifts, and then
examined mPer1 and mPer2 expression in the SCN, with attention to the regional
distribution of these genes.

Materials and methods
Animals housing and experimental groups

Male C57BL/6 mice (Charles River Laboratories, Wilmington, MA) 5 weeks of age, were
housed in a 12-h light : 12-h dark (LD) cycle (light, 300 lux) for 2–4 weeks, before being
used in the experiment. Food and water were available ad libitum. A white noise generator
(91dB sound pressure level) masked environmental noise.

For measurement of phase shifts in this strain of mice, wheel-running behaviour was
monitored using DataQuest III (Data Science Int., St. Paul, MN) on a PC computer. The
activity of the animals was consulted daily and data were analysed using Clocklab
(Actimetrics, Evanston, IL). After 2 weeks in LD, mice (n = 16) were transferred to constant
dark (DD). On the third day in DD, animals were exposed to a light pulse (900 lux, 30 min)
at the delay phase – circadian time (CT) 14, the advance phase – CT22, or in the transition
zone – CT19, 19.5 and 20 (Schwartz & Zimmerman, 1990). Each animal was tested at each
of the 3 time zones, using a random order of light pulse application. Phase shifts of wheel-
running activity were measured after a stable phase had been established (Daan &
Pittendrigh, 1976).

For mRNA analysis, animals were divided into 3 groups, defined by the circadian time of
light pulse administration. Animals were exposed to light at CT14, 19.5 or 22 on the third
day in DD (as in the behavioural study). To characterize the time course of light-induced
mper1 and mper2 mRNA expression, animals (n = 4/time point) were killed at 0, 30, 60, 90,
120, 180 and 240 min after the beginning of the light pulse. Control animals (n = 2/time
point) were treated identically, but were not exposed to the light pulse. Mice were deeply
anaesthetized (pentobarbital, 200 mg/kg) under a red safe light (< 1 lux, Delta 1, Dallas,
TX), and perfused intracardially with 10 mL of autoclaved ice-cold saline and 20 mL of a
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fixative (4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4). The brains were
removed, postfixed for 16 h at 4 C, and cryoprotected in 0.1 M PB with 20% sucrose for 48 h.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Columbia University.

In situ hybridization using Digoxigenin-labelled cRNA probes
The mper1, mper2 and VIP cDNA fragment-containing plasmids were the gift of Dr H.
Okamura; Kobe University, Japan. The mper1, mper2 and VIP cDNA fragment-containing
vectors were linearized with restriction enzymes and then used as templates for sense or
antisense complementary RNA (cRNA) probes. Digoxigenin (Dig)-labelled probes for
mper1, mper2 and VIP were made using Dig-UTP (Boehringer Mannheim, Mannheim,
Germany) with a standard protocol for cRNA synthesis (Yan et al., 1999). Sense mper1,
mper2 and VIP cRNA probes revealed no specific hybridization signals in brain sections.

Serial coronal sections (30 μm) were made from the rostral to the caudal end of the SCN
using a cryostat (Reichert-Jung, Heidelburg, Germany). Every third section was collected
for each of the following probes: mper1, mper2, and VIP. To minimize technical variations
in the hybridization procedure, sections from each temporal series across different
experimental conditions were processed simultaneously.

The in situ hybridization histochemistry was performed as described previously (Yan &
Okamura, 2002). Briefly, tissue sections were processed with proteinase K (1 mg/mL, 0.1 M

Tris buffer pH 8.0; 50 mM EDTA; 10 min) at 37 °C and 0.25% acetic anhydride in 0.1 M

triethanolamine for 10 min. The sections were then incubated in hybridization buffer [60%
formide, 10% dextran sulphate, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), 0.6 M

NaCl, 0.2% N-laurylsarcosine, 500 mg/mL, 200 mg/mL tRNA, 1 × Denhardt's, 0.25% SDS
and 10 mM dithiothreitol (DTT)] containing the Diglabelled mper1, mper2 and VIP
antisense cRNA probes (0.1 mg/mL) for 16 h at 60 °C. After a high-stringency
posthybridization wash, sections were treated with RNase A, and then were further
processed for immunodetection with a nucleic acid detection kit (Boehringer Mannheim).
The sections were incubated in 1.0% of blocking reagent in buffer 1 (100 mM Tris-HCl
buffer, 150 mM NaCl, pH 7.5) for 1 h at room temperature. Sections were then incubated at
4 °C in alkaline phosphatase-conjugated Dig antibodies diluted 1 : 5000 in buffer 1 for 3
days. On the following day, sections were washed in buffer 1 twice (5 min each), and
incubated in buffer 3 (100 mM Tris-HCl buffer, pH 9.5, containing 100 mM NaCl and 50
mM MgCl2) for 3 min. They were then incubated in a solution containing nitroblue
tetrazolium salt (0.34 mg/mL) and 5-bromo-4-chrolo-3-indolyl phosphate toluidinium salt
(0.18 mg/mL) (Boerhringer Mannheim) for 16 h. The colourimetric reaction was stopped by
immersing the sections in buffer 4 (10 mM Tris-HCl containing 1 mM EDTA, pH 8.0).

Delineation of the SCN regions and quantitative analysis
To delineate distinct SCN regions, cells positive for vasoactive intestinal polypeptide (VIP)
mRNA were used as a marker for the core of the SCN, with the non-VIP expressing region
representing the shell. The outer border of the SCN was defined by light-induced mPer2 in
the delay phase (Fig. 3A) and light-induced mPer1 in the advance phase (Fig. 5A), and
confirmed by comparing mPer1, mPer2 and cresyl violet staining using alternate sections in
a non-experimental animal. To accurately define the SCN in animals with low Per staining
(e.g. control animals), we created a template of this hypothalamic region using hypothalamic
markers.

Various terms have been used to describe SCN subregions (Moore, 1996). This has resulted
in substantial confusion. In this paper, we use the following descriptive terminology as the
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basis of quantitative analysis. Mouse SCN is approximately 550 μm in rostro-caudal extent.
We used 30 μm sections and analysed the mid-SCN (about 180 μm) as follows. The region
of cells expressing VIP mRNA was designated `the core', while the remaining SCN region
was designated the `shell'. We recognize that this definition differs from that used by Moore
and colleagues (Moore, 1973; Abrahamson & Moore, 2001). Our purpose was to establish a
consistent measurement system, rather than map the present results onto previously
identified SCN zones (e.g. dorsomedial vs. ventrolateral) established on the basis of
peptidergic maps.

For quantification of optical density (OD), images of serial sections of mid-SCN were
captured using a CCD video camera (Sony XC77) attached to light microscope (BH-2;
Olympus Optical, Tokyo, Japan). mRNA expression was quantified using the NIH Image
program (version 1.61). Relative optical density (ROD), assessing the mean grey value per
pixel was used to quantify the intensity of the signal in the SCN compared to the adjacent
hypothalamus area. The ratio of the SCN density to the background was the value for each
section. The average ratio of the sections from each brain was used as the value of one
animal.

To confirm the results of ROD measurements in the phase advance groups, cell counting
was carried out. In the two middle sections of the SCN, which were analysed using ROD
measures, the number of mPer1 positive cells was counted in each SCN, and the average
between left and right SCN was obtained. The average of two adjacent sections was then
calculated. This analysis was undertaken at each time point after the CT22 light pulse, as
well as the respective control groups by an experimenter blind to the experimental condition
of the animals.

A two-way ANOVA was used to analyse the difference between light pulsed (LP+) and
control groups that were killed on the same schedule but were not exposed to a light pulse
(LP−). To analyse the effect of a light pulse at specific time points, unpaired Student's t-test
was applied.

Results
Light phase shifts circadian behaviour in a time-dependent manner

The phase shifting behaviour of C57BL/6 mice, which display both phase advances and
phase delays, have previously been described (Schwartz & Zimmerman, 1990). These
studies were repeated in the conditions of our laboratory (Fig. 1). Light pulses resulted in the
following phase shifts: delay of 91 ± 8 min at CT14 (early subjective night; Fig. 1A and D)
and advance of 56 ± 9.5 min at CT22 (late subjective night; Fig. 1B and D). One animal
shortened its free-running circadian period following a light pulse at CT22, and was not
included in the analysis. In the transition zone (mid-subjective night), no phase shifts were
observed at any of the three time points examined (Fig. 1C and D). The results are: 3.5 ± 7.2
min at CT19, 0 ± 4.5 min at CT19.5 (Fig. 1C), and 0 ± 6.1 min at CT20.

MPer1 and mPer2 expression following phase delaying light pulses
The time course of mPer1 and mPer2 expression was examined after a light pulse (LP+) at
CT14 and in control animals (LP−) killed at the same times, but not exposed to light (Fig.
2). In LP+ animals, robust mPer1 expression was observed at 60 and 90 min, which then
decreased from 120 min onwards (Fig. 2, row1). In LP− animals (Fig. 2, row 2), mPer1
expression was low at all time points. Analysis of mPer2 in LP+ animals indicated very
strong expression at 90 and 120 min, and moderate to strong expression at all other time
points (Fig. 2, row3). In LP− animals, mPer2 expression was initially weak at CT15 (60
min), and decreased steadily to undetectable levels by CT18 (240 min; Fig. 2, row4). It is
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important to note that the SCN sections in Fig. 2, rows 1 + 3 and rows 2 + 4, are adjacent
sections, allowing comparison of mPer1 and mPer2 staining in the same animal. This
analysis suggests that mPer2 staining occurs in the whole SCN, while mPer1 staining was
restricted to the ventral, core SCN. This was assessed in the next part of the results using
VIP as a marker for the core SCN.

Figure 3A shows rostral-to-caudal SCN processed for mPer1, mPer2 and VIP in serial
adjacent sections, from the LP+ 90-min and LP+ 120-min groups, respectively. VIP
expressing cells were used as markers for delineation of the core and shell SCN (see details
in materials and methods section). For LP+ 90-min animals, light-induced mPer1 was
observed in the core SCN, while light-induced mPer2 was observed in both the core and
shell SCN. For LP+ 120-min animals, light-induced mPer1 was weak in the core SCN,
while light-induced mPer2 was robust throughout the SCN.

Quantification of mPer1 and mPer2 expression in LP+ and LP− groups was done in the core
and shell SCN, respectively (Fig. 3B). For mPer1 (Fig. 3B, left panel), there was a
significant effect of light pulse in the core region (core, LP+ vs. LP−; F1,14 = 167.971, P <
0.0001, two-way ANOVA), but not in the shell region (shell, LP+ vs. LP−; F1,14 = 4.198, P
> 0.05, two-way ANOVA). For mPer2 (Fig. 3B, right panel), the main effect of the light
pulse was significant in each region (core, LP+ vs. LP−; F1,16 = 299.383, P < 0.0001; shell,
LP+ vs. LP−; F1,16 = 486.091, P < 0.0001, two-way ANOVA). In the core, a comparison of
LP+ and LP− groups (compare open and closed circles, Fig. 3B, right panel) indicates that
light induces mPer2 starting at 60 min (core, 60 min LP+ vs. LP−; P < 0.05, unpaired t-test).
In the shell (compare open and closed diamonds in Fig. 3B, right panel), the increase of
mPer2 was first detected at 90 min (60 min LP+ vs. LP−; P > 0.05, 90 min LP+ vs. LP−; P
< 0.001, unpaired t-test), indicating a 30-min time lag between responses in the core and
shell SCN.

MPer1 and mPer2 expression following phase advancing light pulses
After a phase advancing light pulse at CT22, expression of mPer1 and mPer2 were
examined. For mPer1, in LP+ animals (Fig. 4, row 1), strong expression was observed in the
ventral core of the SCN at 30–60 min, with moderate to strong expression seen throughout
the SCN from 90 to 240 min. In LP− control animals (Fig. 4, row 2), weak mPer1
expression was observed in the SCN. In contrast to the data for mPer1, there was no light-
induced expression of mPer2 at 60–120 min (see below).

Figure 5A shows rostral-to-caudal SCN processed for mPer1, mPer2 and VIP in serial
adjacent sections, from animals in the LP+ 60-min and LP+ 180-min groups, respectively.
As above, VIP expression cells were used to delineate the core SCN. In LP+ 60-min
animals, light-induced mPer1 was strong in the core region, and weak in the shell region,
with no detectable light-induced mPer2 in both core and shell SCN. In LP+ 180-min
animals, light-induced mPer1 was strong in both core and shell SCN. mPer2 expression was
not detected at 60, 90 120 min (CT 23, 23.5, 24) and was not examined at LP+ 180 min (CT
1 in next subjective day).

Quantification of these results is shown in Fig. 5B. The effect of a light pulse on Per1
expression was significant in both core and shell SCN (core, LP+ vs. LP−; F1,26 = 220.987,
P < 0.0001; shell, LP+ vs. LP−; F1,26 = 77.529, P < 0.0001, two-way ANOVA). At CT22,
there was no significant effect of a light pulse on Per2 expression in either core (LP+ vs. LP
−; F1,10 = 1.261, P > 0.05, two-way ANOVA) or shell (LP+ vs. LP−; F1,10 = 1.709, P >
0.05, two-way ANOVA). In the core region (compare open and closed circles in Fig. 5B,
left panel), an increase of light-induced mPer1 was observed starting at 30 min (core, 30 min
LP+ vs. LP−; P < 0.05, unpaired t-test). In the shell region (compare open and closed
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diamonds in Fig. 5B, left panel), the increase of mPer1 was not seen at 30 min (shell, 30 min
LP+ vs. LP−; P > 0.05, unpaired t-test), but was observed from 60 min (shell, 60 min LP+
vs. LP−; P < 0.05, unpaired t-test). Thus, there is also a 30-min time lag of light-induced
mPer1 spreading from the core to shell SCN.

Because endogenous levels of mPer1 are increasing at CT 22, we wanted to further evaluate
the effect of the light pulse using an independent measure of mPer1 induction. To this end,
cell counting of the LP+ and LP− groups was done in both core and shell regions (Fig. 5C).
A significant effect of light exposure on the number of mPer1 positive cells was observed in
both core and shell region (P < 0.0001, two way ANOVA). The significance of the effect of
light at each time point was assessed by student t-test (Fig. 5C), and the results were
consistent with the earlier ROD analysis.

MPer1 and mPer2 expression following light pulse at CT 19.5: a nonshifting light pulse
Expression of light-induced mPer1 and mPer2 were examined after a light pulse at CT19.5,
when light has no effect on the phase of locomotor behaviour (Fig. 6A). At LP 90 min, light-
induced mPer1 and mPer2 was observed in LP+ animals, but not in LP− 90-min animals.
Quantification of the results for all animals in these groups is shown in Fig. 6B. For mPer1
(Fig. 6B, left panel), the LP+ increase was seen at 60 and 90 min in the core SCN, but not in
the shell SCN (core, LP+ vs. LP−; F1,14 = 153.188, P < 0.0001; shell, LP+ vs. LP−; F1,14 =
2.379, P > 0.05, two-way ANOVA). For mPer2 (Fig. 6B, right panel), in the core region, a
weak effect of the light pulse was detected (two-way ANOVA, core, LP+ vs. LP−; F1,14 =
5.456, P = 0.47), with a significant light-induced increase of mPer2 at 90 min (core, 90 min
LP+ vs. LP−; P < 0.05, unpaired t-test). In shell region, no effect of light on mPer2 was
detected (shell, LP+ vs. LP−; F1,14 = 0.751, P > 0.05, two-way ANOVA). Consistent results
were observed after the light pulses at CT19 and CT20 (data not shown).

Discussion
Based on afferent input and neuronal phenotype, it has long been suggested that the SCN of
rodents has two anatomically defined regions (Moore, 1996; Leak et al., 1999). The core or
ventral region of the SCN, which receives directly retinal input, is delineated by VIP and/or
GRP (gastrin-releasing peptide) containing cells, the shell or dorsomedial zone is defined by
arginine vasopressin (AVP)-containing cells (van den Pol & Tsujimoto, 1985; Abrahamson
& Moore, 2001). By taking into account the anatomical and functional organization of the
SCN, the present results provide new insights into the role of Per genes in phase shifting
(Fig. 7). Substantial light induced mPer1 expression occurs in the core region of the SCN
throughout the subjective night, even at times of day when behavioural phase shifts do not
occur (Fig. 7, upper left panel). In contrast, strong expression of mPer2 in the core SCN
occurs only after a phase-delaying light pulse (Fig. 7, upper right panel). These results
eliminate the possibility that light-induced mPer1 or mPer2 expression in the core region of
the SCN is itself sufficient to produce phase shifts.

In contrast to the pattern seen in the core SCN, light-induced Per gene expression in the
shell SCN is related to the occurrence of behavioural phase shifts (Fig. 7, lower panels).
Following a light pulse that results in behavioural phase delays (CT14), significant mPer2,
but little mPer1 expression is observed in the shell. Following a light pulse that does result
in behavioural phase advances (CT22), substantial induction of mPer1 but not mPer2 is
observed in the shell. Finally, following a light pulse administered in the middle of the
subjective night (CT19.5) where no phase shifts occur, neither mPer1 nor mPer2 are
induced in the shell SCN. These results indicate that behavioural phase shifts occur only
when light-induced Per gene expression spreads from the core to the shell region of the
SCN. Furthermore, in the shell region of the SCN, light-induced mPer1 expression is
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associated with phase advances, and light-induced mPer2 expression in the shell is
associated with phase delays.

The amplitude of the Per2 mRNA response in the shell is about 500% above baseline, while
it is about 100% over baseline for Per1. This may account for the difference in the rapidity
and amplitude of phase shifts seen between delays and advances in mice. Concomitantly,
phase delays in our mice were about 1.5 times larger than phase advances. Moreover, phase
delays, are complete by the day after the light pulse, while phase advances reach their new
phase after 2 or 3 days of transient phase shifts (Daan & Pittendrigh, 1976; Schwartz &
Zimmerman, 1990).

The region of VIP mRNA expressing cells was used as the marker for the core of the mid-
SCN region. Compared with other rodent species, the anatomical subdivisions of mouse
SCN are less distinct. While older studies using autoradiographic tract tracing suggested that
retinal projections extend beyond the boundaries of the SCN (Cassone et al., 1988), more
recent work using the anterograde tracer choleratoxin (CTB) indicates that retinal efferents
are concentrated in the core SCN (Abrahamson & Moore, 2001). Moreover, in the middle
third of the SCN, the shell region is devoid of CTB-labelled fibres. It should be pointed out
that, in both of these studies, VIP immunoreactive (ir) cells were examined, and the
distribution of the VIP-ir cells is concentrated in the ventral region of the core SCN. In
contrast to VIP-ir cells, the distribution of the VIP mRNA-positive cells in the present study
is much larger, and is similar to the distribution of retinal input in the middle SCN and it is
also comparable to the distribution of neuropeptide Y (NPY) fibre staining, which is present
throughout the core of the SCN (Abrahamson & Moore, 2001). The differences in the
distribution of VIP-ir and VIP mRNA positive cells might be due to peptide release from
neuronal perikarya, resulting in an underestimation of the extent of VIP cells.

The present results explain the differences between the reports of Shigeyoshi et al. (1997)
and Albrecht et al. (1997) in that the former reported that light-induced mPer1 is restricted
to the core SCN while the latter reported a widespread signal following light-induced mPer1
expression. Timing of the light pulse appears to account for the difference in their results, as
the former study used a phase-delaying light pulse at CT16, while the latter administered a
phase-advancing light pulse at CT22.

The function of Per genes in phase shifting has been studied in Per1 and Per2 mutant
animals, as well as in animals treated with Per antisense oligonucleotide. The mutant
animals were studied using different testing protocols and reached different conclusions.
Using the Aschoff type II protocol (Albrecht et al., 2001), behavioural phase shifts were
studied in Per1 (Zheng et al., 2001) or Per2 (Zheng et al., 1999) mutant animals. Per1
mutant animals show a normal phase delay but no phase advance, while Per2 mutant
animals show an exaggerated phase advance but no phase delay following an appropriate
phase-shifting light pulse. This suggests Per1 plays a role in phase advance and Per2 is
essential for phase delay control of the clock. Using the Aschoff type I-testing protocol,
Cermakian et al. (2001) also studied the phase shifts in mPer1 mutant mice strain, but saw
no difference from the wild type animals on phase shifts to light. This suggests that mPer1
has no effect on light-induced phase shifts. In experiments using antisense oligonucleotide
(AS-ODN) probes, intracerebroventricular injection of mPer1 and/or mPer2 AS-ODN
attenuated light-induced phase delay of locomotor behaviour, suggesting that acute
induction of mPer1 and mPer2 have additive effects on light-induced phase delays
(Akiyama et al., 1999; Wakamatu et al., 2001).

Both light-induced mPer1 and mPer2 were observed first in the core SCN. It is well known
that light information is transmitted to the SCN via the retinal hypothalamic tract (RHT),
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and the projection of RHT terminals is primarily to the core SCN (Abrahamson & Moore,
2001). Glutamate is the primary neurotransmitter from the RHT to the SCN (Johnson et al.,
1988; Hannibal et al., 2000). A light pulse stimulates the release of glutamate from the RHT,
activating multiple glutamate receptors (Colwell & Menaker, 1992; Mintz et al., 1999), and
induces phosphorylation of the Ca2+/cAMP response element binding protein (CREB) and
CRE-mediated transcription in both early and late subjective night. Light-induced pCREB is
also observed in the core SCN (Ding et al., 1997), and overlaps with VIP cells (von Gall et
al., 1998), suggesting the pCREB/CRE pathway is critical for the light-induced mPer1
expression in this region. There are two CRE sites in the mPer1 gene and one consensus
CRE element in the mPer2 promoter region (Reppert & Weaver, 2001). It is reasonable to
speculate that light-induced mPer1 and mPer2 expression in the VIP-containing core region,
which was observed in the present study, is directly regulated via these pathways.

There was a 30-min time lag for the light-induced Per expression to spread from the core to
the shell region of the SCN. This time lag suggests that temporal information is transmitted
from the core to the shell. Data available for the rat, using swine herpesvirus (PRV) for tract
tracing, indicates that the core projects densely to the shell SCN, but not vice versa (Leak et
al., 1999). Comparable anatomical data is not available for the mouse, although
physiological experiments do suggest connections from the core to the shell. It has been
suggested that in mouse, GRP neurons, which are localized in the core SCN, convey photic
information from the core to the shell SCN (Aida et al., 2002).

The differential Per gene response in the shell region of the SCN suggests a distinct
regulatory mechanism underlying phase delays (involving Per2) and advances (involving
Per1). Numerous second messenger pathways are known to participate in photic signal
transduction, with divergent signalling pathways involved in the light-induced phase delays
and advances (Gillette & Tischkau, 1999). In the early night, phase delays require activation
of the ryanodine receptors to release intracellular stores of Ca2+. Activators of ryanodine
receptors were found to induce phase resetting; whereas inhibitors blocked delays induced
by light and glutamate (Ding et al., 1998). In the late night, administration of the specific
cGMP-dependent protein kinase (PKG) inhibitor significantly attenuated light-induced
advances in the phase of activity, implicating PKG in the signalling pathways responsible
for photic phase advances (Weber et al., 1995; Mathur et al., 1996). Different signalling
pathways for phase delays and advances likely account for the differential Per1 and Per2
gene expression in the shell of the SCN. It would be interesting to explore how these distinct
pathways regulate Per1 and Per2 induction in the core and shell of the SCN. The present
results alert us to the fact that attention to the anatomical organization and network
properties of the SCN are necessary to understand its functions.
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AVP arginine vasopressin

CREB cAMP reactive element binding protein

CT circadian time

DD constant darkness
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DIG digoxigein

GRP gastrin-releasing peptide

LP light pulse

NPY neuropeptide Y

RHT retinal hypothalamic tract

ROD relative optical density

SCN suprachiasmatic nucleus

VIP vasoactive intestinal peptide
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Fig. 1.
Actograms showing phase shifts of wheel-running activity after a light pulse (900 lux, 30
min) during subjective night. Mice maintained in a 12-h LD cycle (indicated by the white-
black bar on the top) were placed in constant darkness (DD) as indicated by the label to the
right of each figure. Light pulses were given on the third day in DD. The magnitude of the
phase shifts was calculated by comparing eye-fitted lines drawn according to the onset of the
circadian behaviour before and after the light pulses. (A) A light pulse at CT14 results in
phase delay of circadian rhythm; (B) a light pulse at CT22 results in phase advance of
circadian rhythm; (C) a light pulse at CT19.5 reduces no-phase shift; (D), Mean ± SEM of
the phase shifting effects of light at CT14, 19, 19.5, 20 and 22. Numbers above or under bars
denote sample sizes for each condition. ▽ Indicates the light pulse.
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Fig. 2.
Light-induced mPer1 and mPer2 expression in the SCN after a light pulse at CT14 as shown
by in situ hybridization. Animals were given a light pulse (900 lux, 30 min) at CT14, then
killed at the following the time points: 60, 90, 120, 180 and 240 min after the beginning of
the light pulse. Control animals that were not exposed to the light were killed on the same
schedule. Every third SCN section from each animal was processed with mPer1, mPer2 and
VIP in situ probes. mPer1 LP+ (row 1) and mPer2 LP+ (row 3) are shown in adjacent
sections. mPer1 LP− (row 2) and mPer2 LP− (row 4) are also adjacent sections. LP, light
pulse; the numbers across the top indicate time in minutes after the beginning of the light
pulse. Scale bar = 100 μm.

Yan and Silver Page 12

Eur J Neurosci. Author manuscript; available in PMC 2012 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Topographic and quantitative analysis of light-induced mPer1 and mPer2 in the SCN after a
light pulse (900 lux, 30 min) at CT14. (A), mPer1, mPer2 and VIP expression in adjacent
sections from rostral to caudal SCN are shown in two representative animals from the LP+
90-min and LP+ 120-min groups. VIP was used as the marker for the core SCN, and light-
induced mPer2 staining was used to delineate the border of the SCN. Quantitative analysis
was done in the core region (VIP-containing cells region) and shell region (no VIP-
containing SCN region) independently.(B), Quantitative analysis was for the relative
intensity of mPer1 (left) and mPer2 (right) in core and shell SCN with (LP+) or without (LP
−) the light pulse. For mPer1, the mean effect of light pulse is significant in the core region
(two-way ANOVA, P < 0.0001), but not in the shell region (P > 0.05). For mPer2, the mean
effect of light-pulse is significant in both the core and the shell region (P < 0.0001). The data
are presented as Mean ± SEM. Scale bar = 100 μm.

Yan and Silver Page 13

Eur J Neurosci. Author manuscript; available in PMC 2012 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Light-induced mPer1 expression in the SCN after a light pulse (900 lux, 30 min) at CT22 as
shown by in situ hybridization. Animals were given a light pulse at CT22, then killed as
described in Fig. 2. Control animals that were not exposed to the light pulse were killed on
the same schedule. Quantification of the results is shown in Fig. 5. LP, light pulse; the
numbers along the top indicate time in minutes after the beginning of the light pulse. Scale
bar = 100 μm.
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Fig. 5.
Topographic and quantitative analysis of light-induced mPer1 in the SCN after a light pulse
(900 lux, 30 min) at CT22. (A), mPer1, mPer2 and VIP staining in adjacent sections from
rostral to caudal SCN are shown two representative animals from the LP+ 60-min and LP+
180-min groups. VIP was used as a marker of the core SCN, and mPer1 staining was used to
delineate the border of the SCN. Quantitative analysis was done in the core region (VIP-
containing cells region) and shell region (no VIP-containing SCN region) independently.
(B), The relative intensity of mPer1 (left) and mPer2 (right) in core and shell SCN with (LP
+) or without (LP−) the light pulse. For mPer1, the effect of light pulse is significant in both
the core and the shell SCN (P < 0.0001). While for mPer2, there is no significant effect of
light pulse in either the core or the shell SCN (P > 0.05). (C), Number of mPer1-positive
cells in core (left) and shell (right) at each time point following the light pulse. *P < 0.05,
**P < 0.01, student t-test. The data are presented as Mean ± SEM. Scale bar = 100 μm.
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Fig. 6.
Topographic and quantitative analysis of light-induced mPer1 and mPer2 in the SCN after a
light pulse (900 lux, 30 min) at CT19.5. (A), 90 min after the beginning of the light pulse
(LP+ 90 min), mPer1, mPer2 and VIP staining in adjacent sections from rostral to caudal
SCN, compared with the no light pulse control (LP− 90 min). (B), Relative intensity of
mPer1 and mPer2 in core and shell SCN with (LP+) or without (LP−) the light pulse. For
mPer1, the mean effect of light pulse is significant in the core region (P < 0.0001), but not in
the shell region (P > 0.05). While for mPer2, there is a small, but significant increase in the
core SCN (P < 0.05), which was confirmed at 90 min (t-test, P < 0.05), and not significant
increase in the shell region (P > 0.05). The data are presented as Mean ± SEM. Scale bar =
100 μm.
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Fig. 7.
Summary of light-induced mPer1 and mPer2 in core and shell SCN, respectively. Solid line
and open squares show the result of a phase delaying pulse at CT14, dotted line and open
circles show the result of a phase advancing light pulse at CT22, and dashed line and solid
diamonds show the results of a nonphase shifting light pulse at CT19.5. The data are
presented as the difference between the Mean of LP+ and LP− at each distinct condition.
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