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Abstract

To be physiologically relevant, the period of the central circadian pacemaker, located in the
suprachiasmatic nucleus (SCN), has to match the solar day in a process known as circadian
photoentrainment. However, little is known about the spatiotemporal molecular changes that occur
in the SCN in response to light. In this study, we sought to systematically characterize the
circadian and light effects on activity-dependent markers of transcriptional (cFos), translational
(pS6), and epigenetic (pH3) activities in the mouse SCN. To investigate circadian versus light
influences on these molecular responses, we harvested brains from adult wild-type mice in
darkness at different circadian times (CT) or from mice exposed to a 15-min light pulse at the
middle of the subjective day (CT6, no phase shifts), early subjective night (CT14, large phase
delays), or late subjective night (CT22, small phase advances). We found that cFos and pS6
exhibited rhythmic circadian expression in the SCN with distinct spatial rhythms, whereas pH3
expression was undetectable at all circadian phases. cFos rhythms were largely limited to the SCN
shell, whereas pS6 rhythms encompassed the entire SCN. pH3, pS6, and cFos showed gating in
response to light; however, we were surprised to find that the expression levels of these markers
were not higher at phases when larger phase shifts are observed behaviorally (CT14 versus CT22).
We then used animals lacking melanopsin (melanopsin knockout [MKOY]), which show deficits

in phase delays, to further investigate whether changes in these molecular markers correspond to
behavioral phase shifts. Surprisingly, only pS6 showed deficits in MKOs at CT14. Therefore, our
previous understanding of the molecular pathways that lead to circadian photoentrainment needs
to be revised.
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Organisms ranging from bacteria to humans have innate, endogenous 24-h biological
rhythms that persist into constant conditions and can be entrained by the external light-dark
cycle. These rhythms allow organisms to synchronize their activities with the predictable
cycle of day and night, giving them a sense of time. In mammals, these daily rhythms

are orchestrated by a central circadian pacemaker, located in the hypothalamus, the
suprachiasmatic nucleus (SCN; Bass and Takahashi 2010). The SCN is synchronized to
the environmental light-dark cycle via retinal photoreceptors. Light entrainment depends
on a subset of intrinsically photosensitive retinal ganglion cells (ipRGCs) that express the
photopigment, melanopsin, and that give rise to the retinal-hypothalamic tract, terminating
in the SCN and certain other nonvisual brain areas (Provencio et al., 2000; Hattar et al.,
2002, Hattar et al., 2006). The synchronization to the environmental light-dark cycle is
based on a time-dependent responsiveness of the SCN to light, which is demonstrated

by housing animals in constant darkness and subjecting them to discrete pulses of light.
Light pulses presented during the early night induce phase delays of the rhythm, whereas
the same light pulses presented at the end of the night induce phase advances. The

same light pulses provided to animals in constant darkness during their subjective day
cause no changes in the phase of the rhythm. The characteristic phase-dependent light
responsiveness is a prerequisite for animals to entrain to the environmental cycle and is

a common property of many organisms (Pittendrigh et al., 1984). Further, the magnitude
of light-induced phase shifts of circadian locomotor activity rhythms also depends on the
spectral composition, duration, and irradiance of the stimulus (Takahashi et al., 1984).
Electrophysiological responses of melanopsin-positive RGCs have an action spectrum with
a peak at 480 nm (Berson et al., 2002), coincident with the behavioral action spectrum for
circadian photoentrainment. Attenuated phase delays in melanopsin knockout (MKO) mice
were reported using a 15-min light pulse during early subjective night (Panda et al., 2002).

The SCN consists of approximately 20,000 neurons and is a heterogenous structure. At

a simple level, the SCN can be divided into 2 major subregions based on neurochemical
composition, connectivity, and spatial position. These subregions are typically referred

to as the dorsomedial (also referred to as the dorsal or shell SCN) and ventrolateral
(ventral or core SCN). The SCN receives most of its photic input from the retina directed
toward its ventrolateral subregion, which has a connection in the SCN and outside the
SCN to other brain regions controlling homeostatic functions (Kriegsfeld et al., 2004;
Teclemariam-Mesbah et al., 1997; van Der Beek et al., 1997). The dorsomedial region is
thought not to receive retinal input but to feature numerous direct and indirect projections
to other hypothalamic nuclei controlling homeostatic functions and to the rest of the brain
(Abrahamson and Moore 2001). Using genetic tracing techniques, it was shown that ipRGCs
send projections to non—-image-forming centers in the brain, including the SCN, which
receives retinal input predominantly from M1 ipRGCs (Gdiler et al., 2008; Hattar et al.,
2006; Welsh et al., 2010) and to a lesser extent from M2 ipRGCs (Welsh et al., 2010). The
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molecules implicated in the photic signaling to the SCN are the excitatory neurotransmitter
glutamate (Castel et al., 1993) and the neuropeptide pituitary adenylate cyclase activating
protein (Hannibal et al., 1997). Their release leads to the activation of several signaling
pathways and induction of clock genes and early immediate genes (Albrecht et al., 1997,
Shearmen et al., 1997; Shigeyoshi et al., 1997; Morris et al.,1998; Crosio et al., 2000).
Previous studies have reported that photic stimuli at the subjective night (when phase

shifts occur), but not at the subjective day (when no phase shift occurs), generate diverse
activity-dependent gene regulation pathways in SCN (Rusak et al., 1990; Cao et al., 2008),
implicating these pathways as part of the signal transduction processes responsible for phase
shift responses. The most studied of these pathways is the induction of cFos, an indirect
transcriptional marker of neural activity (Earnest and Olschowka, 1993). Other studies have
also correlated phase-shifting photic stimuli with increased phosphorylation of ribosomal
protein S6 (pS6; Cao et al., 2008) and histone H3 protein (pH3; Crosio et al., 2000),
phosphorylation events that are related to translational and epigenetic activities, respectively
(Roux et al., 2007; Sawicka and Seiser, 2012). Although these light-induced molecular
responses are often used as molecular proxies for circadian phase shifting (Shimomura
etal., 1998; Cao et al., 2011; Fernandez et al., 2018; Hattar et al., 2003), the functional
significance of these responses is not known. For instance, although studies have reported
cFos induction only in response to phase-shifting light stimuli (Earnest and Olschowka
1993; Shimomura et al., 1998; Dkhissi-Benyahya et al., 2000), others have also reported
that cFos is rhythmically expressed in the SCN in a circadian manner (Geusz et al., 1997;
van der Veen et al., 2008). As mentioned earlier, the circadian system responds to light in

a phase-dependent manner. However, it is not known whether the SCN also responds to
light in a phase-dependent manner at the molecular level for phases that produce delays

and advances. Furthermore, how these molecular responses are different in MKO animals
that show attenuated phase delays compared with wild-type (WT) animals is currently
unknown. Although it is believed that phase advances and phase delays occur through

the same mechanisms (Watanabe et al., 2000), two studies in hamsters suggested that
phase-advancing light pulses are correlated with more widespread expression of cFos in the
SCN, particularly in the “shell” subdivision (Rea, 1992; Chambille et al., 1993), suggesting
the involvement of different neuronal populations between phase advances and phase delays.
However, studies in mice report similar patterns of cFos induction in the SCN by phase-
delaying and phase-advancing light, and the increase in cFos expression tends to be limited
to the core subdivision (Harmar et al., 2002; Hughes et al., 2004). Consequently, despite the
well-known importance of light as a zeitgeber, the cellular and molecular mechanisms by
which light cues are integrated with internal timekeeping mechanisms of the biological clock
to synchronize circadian rhythms to the external light/dark cycle remain poorly understood.

In this study, we sought to systematically characterize the circadian and light effects on
activity-dependent markers. We chose to cover three major aspects of these markers for
transcriptional (cFos), translational (pS6), and epigenetic (pH3) activities in the mouse SCN.
We also investigated circadian influences on these molecular responses. Independently, to
investigate whether the SCN responds to light in a phase-dependent manner, we exposed
mice to a 15-min light pulse at the middle of the subjective day when no phase shifts

are observed (circadian time 6 [CT6]), early subjective night when large phase delays are
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observed (CT14), or late subjective night when small phase advances are observed (CT22).
Our studies reveal diverse interactions between the circadian clock and light input for these
3 molecular markers. They reveal that our understanding of the molecular pathways for light
input that affect the circadian clock are primitive at best and provide the need to further
investigate how the molecular changes in response to light are translated into changes in the
phase of the circadian oscillator. Such studies are crucial for understanding the disruptive
effects of light observed in shift work and transmeridian travel and probably for seasonal
affective disorder as well.

MATERIALS AND METHODS

Animals

Two- to 3-month-old WT male mice of C57/B6 background (purchased from the Jackson
Laboratory) were used to study the circadian and light effects on the SCN. To investigate the
molecular changes in MKO animals, 2- to 3-month-old animals raised in the laboratory of
the C57BL6/129 strain with their littermate WT controls were used. MKOs were produced
as described in Hattar et al. (2002). Genotype was validated by Southern blotting and
polymerase chain reaction (Hattar et al., 2002). All animals were handled in accordance
with guidelines of the Animal Care and Use Committees of the National Institute of

Mental Health. For the light pulse experiment, mice were first entrained to the 12:12 LD
schedule, with an intensity of 380—400 lux (Philips daylight bulbs, ~1.4W/m?2 or ~320,000
photoisomerization rod~1 sec™1) in light and 0 lux in darkness. After lights-off on the last
day of the schedule, individual animals received either a single 15-min light pulse (the light
source which is daylight bulbs with available spectrum so that the lux becomes relevant
instead of meaningless; treated as the experimental group) or no light pulse (treated as dark
control) either during their subjective day (CT6) or during their subjective nights (CT14/
CT22). For each CT in the experimental group (light pulse) and control group (dark control),
13 to 15 and 10 to 12 animals were used, respectively.

Histological Preparations

Mice were deeply anesthetized using isoflurane. All mice were anesthetized under dim red
light with their heads covered with a light-proof hood until they were perfused. After a
15-min light pulse at CT6/CT14/CT22, mice of the experimental group were perfused either
after 15 min (i.e., CT6.50/CT14.50/CT 22.50) or 90 min (i.e., CT7.5/CT 15.5/CT 23.5) of
the light pulse. Dark control mice did not receive a light pulse and were perfused at the
same circadian times. The perfusion protocol consists of first perfusing the animal with
approximately 5 mL of 1x phosphate-buffered saline (PBS) followed by approximately 40
mL of 4% paraformaldehyde (PFA) in PBS. Brains were removed and kept in 4% PFA
overnight at 4 °C. Brains were then removed from PFA and kept in 30% sucrose in PBS for
48 h and then mounted in frozen OCT blocks. Brains were cryostat sectioned at a thickness
of 35 um and stored free floating in 0.05% PBS-azide and kept at 4 °C. Each animal yielded
a total of 2 sets of brain sections (with each set containing 6 sections spanning the entire
rostral-caudal SCN).
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Immunofluorescence Staining

RESULTS

One set of SCN sections (containing 6 sections spanning the entire rostral-caudal SCN)
from each animal was subjected to immunofluorescence staining, which was performed
free-floating in 24-well plates. For pH3 and Ki67 staining, sections were first washed in
0.5% PBST. After 3 washes, the sections underwent antigen retrieval at 80 °C for 30 min
in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0). Sections were
cooled down at room temperature for approximately 20 min and then transferred to 0.5%
PBST for washing. Sections were blocked in 10% bovine serum albumin (BSA; in 0.5%
PBST) for 1 h and incubated in primary antibody diluted in 2.5% BSA (in 0.5% PBST);
1:1000 Phospho-Histone H3 rabbit mAb (Cell Signaling Technology, Danvers, MA) or
1:500 Ki67 rabbit mAb (Cell Signaling Technology). Primary incubation took 32 h at 4 °C.
Sections were then washed in 0.5% PBST and incubated in secondary antibody diluted in
2.5% BSA (in 0.5% PBST), 1:500 donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher) for
1 h. Sections were then washed in 0.5% PBST and incubated in DAPI solution 1:1000 in
0.5% PBST (Thermo Fisher) for 10 min at room temperature. Sections were finally washed
in 0.5% PBST and mounted on slides by using Gold Antifade Mountant (Thermo Fisher,
Waltham, MA).

For cFos and pSé6 staining, after washing with 0.5% PBST, the sections were blocked in 10%
BSA (in 0.5% PBST) for 1 h at room temperature and then incubated for 16 hat 4 °C in
1:2500 rabbit cFos mAb (Cell Signaling Technology). Sections were washed in 0.5% PBST
and incubated in secondary antibody for 1 h, 1:500 donkey anti-rabbit Alexa Fluor 555
(Thermo Fisher). The sections were washed in 0.5% PBST and blocked with 1:500 rabbit
immunoglobulin G diluted in 2.5% BSA (in 0.5% PBST) for 1 h at room temperature. Then
the sections were incubated in primary rabbit mAb pS6 conjugated to Alexa Fluor 488 (Cell
Signaling Technology), 1:750 diluted in 2.5% BSA (in 0.5% PBST) for 16 h at 4 °C. All
steps were also followed for arginine vasopressin staining at 1:500 dilution for the primary
antibody (rabbit mAb, Cell Signaling Technology).

After staining with the secondary antibody, sections were then washed in 0.5% PBST and
incubated in DAPI solution 1:1000 in PBS (Thermo Fisher) for 20 min. Sections were
finally washed in 0.5% PBST and mounted on a slide using Gold Antifade Mountant
(Thermo Fisher).

We collected data from the harvested brains of adult WT C57/BL6 mice throughout various
times of the circadian cycle: CT2, CT6, CT10, CT14, CT18, and CT22. We also measured
light responses to a 15-min light pulse given at CT6, 14, and 22. We only chose one

time (15 min) to carry out the light responses, because previous studies (Takahashi et al.,
1984) showed that this duration is strong enough to induce phase shifts but short enough

to prevent internal changes in the SCN that are related to intra-SCN signaling. To analyze
the distribution of the molecular responses in the SCN and to show the spatiotemporal
changes in a consistent fashion, we collected sections throughout the rostral-caudal extent
of the SCN, which were marked by an unambiguous nuclear DAPI staining and were then
delineated into the core and shell subdivisions based on arginine vasopressin expression, a
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marker of the SCN shell (Fig. 1A). We are aware that our divisions of the shell and core of
the SCN are arbitrary, but they will serve as posts for future studies since we are showing all
SCN sections.

Circadian Analysis of cFos, pS6, and pH3 Expression in the SCN

We began by assessing circadian influences on cFos, the most studied light-inducible
molecular marker (Rusak et al., 1990). This is partially due to the contradictory results in
the literature regarding whether cFos expression is rhythmic (see van der \Veen et al., 2008,
for a detailed literature review). We found a strong circadian rhythm in cFos expression

in the SCN across the rostral to caudal demarcations of the SCN (Fig. 1C). The circadian
rhythm of cFos, however, was largely restricted to the shell subdivision of the SCN (Fig. 1C,
D). This rhythm in cFos peaked during the middle of the subjective day (CT6) and reached
its nadir during the middle of the subjective night (CT18). Next, we assessed the circadian
influence on pS6, a marker of translation that has been shown to be correlated with neuronal
activity and circadian phase shifting (Cao et al., 2008, 2011). Similar to cFos, we found that
pS6 exhibited rhythmic expression in the SCN that peaked at CT6 (Fig. 1E, F). Thus far,
both markers of neuronal activity and circadian phase shifting (cFos and pS6) have shown
rhythmic expression under constant darkness. Consistent with previous observations (Crosio
et al., 2000), we found an absence of pH3 staining in the SCN throughout all circadian
phases under constant darkness (Fig. 1B).

Light-Induced Effects on cFos, pS6, and pH3 Expression in the SCN

There is a lack of spatial analyses of how light induces cFos in the SCN across the rostral

to caudal aspects of the SCN. Consistent with previous studies (Rusak et al., 1990, Schwartz
et al., 2000), cFos expression was not increased by light at CT6 (Fig. 2A, B). Despite high
expression levels in the shell, light failed to induce any cFos in the core region (Fig. 2A,

red circles). The overall density of cFos+ cells was similar between light at CT14 and light
at CT22 (Fig. 2B). However, the greatest differences in the density of cFos+ cells were
observed spatially, specifically, in the most rostral part of the SCN, which we considered to
be part of the shell in our topographic analysis of cFos induction by light (Figs. 1A, 2A, B).

We then investigated the translational marker pS6. As expected, pS6 staining in the SCN
was not increased by light at CT6 (Fig. 2C, D). However, we found a phase-dependent
difference in the subjective night for pS6 staining. Specifically, the increases in the density
of pS6+ cells at CT22 were much greater as compared with CT14 throughout the rostral-
caudal levels of the SCN (Fig. 2C, D).

We and others have observed that phase-shifting light results in strong pH3 induction in the
SCN and that light-induced pH3 responses are stymied in animals with impaired circadian
phase shifting (Crosio et al., 2000). Light at CT6 did not result in pH3 induction in the SCN
(Fig. 2E). Although the pH3 levels were not detected in constant darkness, light induced a
robust level of pH3 at both CT14 and CT22 (Fig. 2E, F). Similar to pS6, but different from
cFos, the density of pH3+ cells was significantly higher at CT22 as compared with CT14
throughout the rostral-caudal levels of the SCN (Fig. 2E, F).
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Molecular Changes during Phase Delays versus Phase advances

To compare the effects of light on all 3 markers at CT14 and CT22, we plotted the data in
comparison with dark controls for each molecular marker (Fig. 3). Light pulses at CT14 and
CT22 generated a strong induction of cFos+ throughout the SCN (in both the core and shell;
Fig. 3A). Despite the fact that light at CT14 induces much larger phase shifts in the phase

of the circadian oscillator as compared with CT22, the cFos levels were similar (see also the
section on MKO animals below). Furthermore, phase-advancing light stimuli showed a small
but significant increase in cFos induction in the shell (Fig. 3A).

Similar to cFos, light pulses at CT14 and CT22 led to a strong induction of pS6+ throughout
the SCN (in both the core and shell; Fig. 3B). Light at CT22 induced a greater density of
pS6+ cells in the SCN as a whole as compared with light at CT14 (Fig. 3B), again despite
smaller phase shifts at CT22. In addition, light at CT22 induced higher levels of pS6 in the
shell regions as compared with light at CT14 (Fig. 3B), which led us to generate a model to
explain the data.

Although both cFos and pS6 data showed differences between CT22 and CT14, the pH3
results were much more striking because of the lack of any staining in darkness (Fig. 3C).
Light at CT22 showed a substantially greater density of pH3+ cells in the SCN as a whole
as compared with light at CT14 (Fig. 3C). More detailed analysis revealed that the density
of pH3+ cells was greater in both the core and shell subdivisions as well as in the rostral
and medial parts of the SCN after light at CT22 as compared with light at CT14 (Fig. 3C).
Importantly, given that pH3 is also a marker of mitotic cells, we also stained for Ki67,

a marker of cell proliferation (Gerdes et al., 1983). We did not find any Ki67+ cells in

the following phase-shifting light pulses (CT14 and CT22) or in the dark controls (Suppl.
Fig. S1), indicating that light induction of pH3 in the SCN was not due to increased cell
proliferation and more likely due to epigenetic changes. These observations show that unlike
cFos and pS6, pH3 induction occurs only under settings of phase-shifting light stimuli and
that this induction is much greater throughout the SCN following phase-advancing light as
compared with phase-delaying light.

Investigating the Molecular Changes in MKO Animals

Previous studies have shown that MKO animals show attenuated phase delays in response
to a 15-min light pulse (Panda et al., 2002). Thus, this would predict that the molecular
changes in the marker genes would be attenuated in MKOs as compared with WTs.
However, we observed attenuations in pSé levels only in MKOs as compared with WT
littermates (Fig. 4B [a-c]). The attenuation in pS6 was observed across the whole SCN,
although it was only significant in the shell but not core region of the SCN. Both cFos

and pH3 showed nearly similar changes in response to the light pulse (Fig. 4A [a-c], 4C
[a-c]). We then investigated the molecular changes in these markers at CT22. Remarkably,
all 3 markers showed a huge reduction in response to light for MKOs as compared with
WT animals (Fig. 4A [d-f], 4B [d-f], 4C [d-f]). Future studies should investigate the phase-
advancing effects of light on MKOs with regard to behavior as compared with WT animals
to further understand this significant reduction in responses at CT22.
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DISCUSSION

This study provides a systematic spatiotemporal characterization of the circadian and light
effects on 3 markers of transcriptional, translational, and epigenetic activities. We confirmed
several known facts about the light responses and provided new insights into the process.
For example, we found that in all 3 markers, there are phase-dependent responses in the core
of the SCN at CT14, when light can induce phase delays. This could explain why the field
has assumed for so long that only VIP neurons receive light input from the retina. However,
we also show that at CT22, there are clear light effects in the shell region of the SCN as
well. In addition, we show that cFos has a circadian rhythm and find that it is confined
predominantly to the shell region of the SCN.

We also revealed several novel findings. First, with the 3 markers, there was an increase

in activation to light in the shell region at CT22 but not at CT14, indicating a possible
inhibitory mechanism for blunting the phase-shift magnitude (Fig. 5; see also Romijn et al.,
1996; Yamaguchi et al., 2013). Second, pS6 is a better marker than cFos for correlating the
activity of the SCN, because it is high throughout the whole nucleus at CT6, when the firing
rate of the SCN is highest. In contrast, cFos is low in the SCN core, where the activity is
high. Third, pH3 provides the clearest light-dependent function in the SCN, because it is
not observed in constant dark conditions. In addition, based on the results from the MKO
animals, we predict that MKOs will have major deficits in phase advancing the clock.

cFos and pS6 exhibit strong rhythmic expression in the SCN under constant darkness,

with the cFos confined to the shell region, whereas pH3 expression was induced only by
phase-shifting light. Thus, among the markers we examined, we suggest that pH3 is an ideal
marker for strictly studying the external effects of light on the SCN. Although cFos is the
most commonly used molecular correlate for phase shifting, its rhythmic expression in the
SCN shell that peaks during the middle of the day (when light produces no phase shift)
suggests that cFos may also be a molecular marker for an internal gating mechanism in the
SCN that limits the phase-shift responses (Schwartz et al., 1996). While pS6 expression is
also rhythmic in the SCN, its expression is the highest in the entire SCN at CT6 (whereas
cFos expression is limited to the shell), which correlates with previous observations that
SCN neural activity peaks during the subjective day (Schaap et al., 2003; Kuhlman and
McMahon 2006; Ko et al., 2009). Thus, we suggest that pS6 may be a molecular marker for
neural activity. Our suggestion that different molecular markers reflect different properties
of the clock (cFos for gating, pS6 for neural activity, and pH3 for external light effects)
provides a new idea for understanding how light and the circadian clock interact to drive
photoentrainment.

Our findings from WT and MKOs show that, in addition to the gating (represented by an
asterisk [*] in our model; see Fig. 5) observed in the SCN between subjective day and night,
the SCN unexpectedly responds to light at the subjective night also in a phase-dependent
manner, as shown at CT14 and CT22. It is widely believed that phase advances and phase
delays occur through the same mechanism, whereby advances and delays are determined

by changes in the state variables of the circadian clockwork in response to light (Myers et
al., 1996). Indeed, most studies show that both phase-advancing and phase-delaying photic
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stimuli induce similar patterns (Kornhauser et al., 1990; Chambille et al., 1993; Masana et
al., 1996). However, in our study, we found that phase-advancing light results in a wider
distribution of pS6 and pH3 expression in the SCN, particularly in the shell, suggesting

the potential involvement of separate neuronal populations in regulating phase advances
and phase delays. Our study thus provides strong evidence that the same photic stimulus
delivered at different time points of the subjective night leads to divergent molecular
responses in the mouse SCN. Therefore, future investigations should specifically determine
how the core and shell interact in coordinating circadian responses to phase-shifting light
stimuli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Circadian analyses of pH3, cFos, and pS6 expression in the SCN. Delineation of the SCN
into core and shell (A). Circadian expression of pH3 (B), cFos (C), and pS6 (E) in the SCN
is outlined by the black dotted line, with the magenta circles showing the approximate core
region. Quantification of the rhythms as mean £ SEM for cFos (D) row factor (circadian
time), /5 24 = 97.98, p< 0.0001; column factor (core vs. shell), /5 24 = 80.44, p< 0.0001.
Quantification of the rhythms as mean + SEM for pS6 (F) row factor (circadian time), /5 24
= 1040, p< 0.0001; column factor (core vs. shell), 5 24 = 212.7, p< 0.0001. 7= 3 mice per
time point (24 animals total for both D and F). Some error bars are not visible because they
are within the symbol in the plot. Scale bar: 94 um.
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Figure2.

Light-induced effects on cFos, pS6, and pH3 expression in the SCN. cFos (A), pS6 (C), and
pH3 (E) expression in the SCN in darkness and following light pulses at CT6, CT14, or
CT22. SCN is defined as in Figure 1. Quantification of cFos+ (B), pS6 (D), and ph3 (F) cell
density (defined as the number of positive cells/area in mm?2) throughout the rostral-caudal
levels of the SCN after light at CT14 (7= 7-9, each marker) or CT22 (n=7-9, each
marker). cFos (B) row factor (rostral to caudal), /5 72 = 31.86, p < 0.0001; column factor
(CT14 light pulse vs. CT22 light pulse), F1 72 = 13.50, p = 0.0005. pS6 (D) row factor
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(rostral to caudal), f5 72 = 16.14, p < 0.0001; column factor (CT14 light pulse vs. CT22 light
pulse), £ 72 =129.2, p<0.0001. pH3 (F) row factor (rostral to caudal), /5 g6 = 74.81, p<
0.0001; column factor (CT14 light pulse vs. CT22 light pulse), F11 96 = 125.6, p< 0.0001,
2-way analysis of variance. The asterisk (*) on the graph represents the difference between
CT14 light pulse versus CT22 light pulse. Scale bar: 94 pum.
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Molecular changes during phase delays versus phase advances. Quantification of cFos+ cell

density in the SCN core and shell in dark control (7= 7, each CT) and after a 15-min
light pulse (n=7, each CT) at CT14 or CT22 (a). ****p < 0.0001, 1-way analysis of

variance (ANOVA), post hoc by Bonferroni’s multiple comparisons test; ns indicates p >
0.05. Quantification of pS6+ cell density in the SCN core and shell in dark control (7=7,
each CT) and after a 15-min light pulse (n=7, each CT) at CT14 or CT22 (B). ****p<
0.0001; ns indicates p> 0.05, 1-way ANOVA. Quantification of pH3+ cell density in the
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SCN core and shell in dark control (n=7, each CT) and after a 15-min light pulse (n=9,
each CT) at CT14 or CT22 (C). ****p < 0.0001; ns indicates p> 0.05, 1-way ANOVA.
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Figure 4.

Investigating the molecular changes in melanopsin knockout animals (MKOs). (a) SCN cFos
expression following the light pulse at CT14. (b) Quantification of cFos+ cell density in the
SCN core and shell after light at CT14. (c) Quantification of cFos+ cell density throughout
rostral-caudal levels of the SCN after light at CT14. (d) SCN cFos expression following light
pulse at CT22. (e) Quantification of cFos+ cell density in the SCN core and shell after light
at CT22 (*p < 0.05, unpaired ttest). (f) Quantification of cFos+ cell density throughout the
rostral-caudal levels of the SCN after light at CT22 in MKos (7= 6-7) and wild-type (WT)
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littermates (/7= 6). Row factor (rostral to caudal), /5 e = 4.439, p= 0.0015; column factor
(WT vs. MKO), A g6 = 15.78, p=0.0002: 2-way analysis of variance (ANOVA) (A). (a)
SCN pS6 expression following light pulse at CT14. (b) Quantification of pS6+ cell density
in the SCN core and shell after light at CT14 (**p < 0.05, unpaired #test). (c) Quantification
of pS6+ cell density throughout the rostral-caudal levels of the SCN after light at CT14.
row factor (rostral to caudal), /5 54 = 6.514, p < 0.0001; column factor (WT vs. MKo),

F1 54 =47.66, p<0.0001. Two-way ANOVA. (d) SCN pS6 expression following light pulse
at CT22. (e) Quantification of pS6+ cell density in the SCN core and shell after light at
CT22 (**p < 0.05, unpaired ftest). (f) Quantification of pS6+ cell density throughout the
rostral-caudal levels of the SCN after light at CT22 in MKos (7= 6-7) and WT littermates
(n=6). Row factor (rostral to caudal), 5 g5 = 2.382, p= 0477; column factor (WT vs.
MKO), F 66 = 65.93, p<0.0001, 2-way ANOVA (B). (a) SCN pH3 expression following
light pulse at CT14. (b) Quantification of pH3+ cell density in the SCN core and shell after
light at CT14. (c) Quantification of pH3+ cell density throughout the rostral-caudal levels
of the SCN after light at CT14. (d) SCN pH3 expression following light pulse at CT22. (e)
Quantification of pH3+ cell density in the SCN core and shell after light at CT22 (***p <
0.05 unpaired ztest). (f) Quantification of pH3+ cell density throughout the rostral-caudal
levels of the SCN after light at CT22 in MKOs (7= 7) and WT littermates (7= 7). row
factor (rostral to caudal), /5 g6 = 4.469, p= 00014; column factor (WT vs. MKO), F1 g6
=37.03, p<0.0001, 2-way ANOVA (C). The asterisk (*) on the graph represents the
difference between WT and MKO. Scale bar: 94 pm.
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Figure5.
Model representing light at a different time of the day differentially alters the SCN state

dynamics and outputs. light input is received daily by specialized photoreceptor cells in

the retina, intrinsically photosensitive retinal ganglion cells (ipRGCs), and transmitted via
the retino-hypothalamic tract to the central clock located in the SCN, entraining it to

the external light-dark cycle. The SCN is a bilateral structure and can be organized into

2 functionally distinct compartments: shell and core. The SCN shell contains a dense
population of arginine vasopressin (AVP) neurons, and the SCN core contains vasoactive
intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP) neurons. Depending of the
time at which the light pulse was given, the mice will show either no change or a phase
shift of the activity rhythm after the pulse. There is also a clear phase-dependent response in
the core and shell of the SCN at the phases when light can induce a phase shift. light pulse
applied during the subjective day (CT6) causes no induction of cFos cells in the entire SCN,
and no phase shift was observed. A light pulse applied at the beginning of the subjective
night (CT14) causes a huge induction of cFos, but only in the core of the SCN, and larger
phase delays were observed in activity. light pulses applied at the end of the subjective night
(CT22) result in induction of cFos-positive cells in both the core and shell of the SCN and
produce smaller phase advances. We propose that this light-signaling responsiveness is gate
dependent and that the gating can be either at the retina level or within the SCN.
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