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The mammalian central circadian clock, located in the suprachiasmatic nucleus (SCN), coordinates the timing of Commons Attribution
physiology and behavior to local time cues. In the SCN, second messengers, such as cAMP and Ca?*, are sug- NonCommercial
gested to be involved in the input and/or output of the molecular circadian clock. However, the functional roles License 4.0 (CC BY-NC).
of second messengers and their dynamics in the SCN remain largely unclear. In the present study, we visualized

the spatiotemporal patterns of circadian rhythms of second messengers and neurotransmitter release in the

SCN. Here, we show that neuronal activity regulates the rhythmic release of vasoactive intestinal peptides

from the SCN, which drives the circadian rhythms of intracellular cAMP in the SCN. Furthermore, optical manip-

ulation of intracellular cAMP levels in the SCN shifts molecular and behavioral circadian rhythms. Together, our

study demonstrates that intracellular cAMP is a key molecule in the organization of the SCN circadian neuro-

nal network.

INTRODUCTION
The circadian clock coordinates the timing of physiology and be-
havior. In mammals, the suprachiasmatic nucleus (SCN) of the hy-
pothalamus plays a crucial role in the regulation of rhythmic
physiological functions such as sleep and wakefulness. Individual
SCN neurons show intrinsic circadian rhythms that are considered
to be regulated by transcription-translation negative feedback loops
(TTFLs) involving clock genes, whereby protein products from
Period (Per) and Cryptochrome (Cry) genes periodically suppress
their own gene expression (I). A variety of real-time recording
methods have revealed the existence of cellular circadian rhythms
in spontaneous firing, gene expression, and protein levels in the
SCN (2-4). Circadian rhythms of individual cells within the SCN
network synchronize with one another via neuronal and humoral
factors to increase the robustness and stability of the ensemble
output (5, 6). Thus, the SCN neuronal network plays a critical
role in integrating and transducing rhythms of individual oscillators
to overt and stable outputs that time physiology and behavior.
Second messengers such as cyclic adenosine monophosphate
(cAMP) and Ca** play a variety of roles in biological functions by
transmitting and amplifying signals from receptors on the cell
surface to target molecules inside the cell (7). There, the second
messenger signaling cascade can alter gene expression and cellular
function. In the mammalian SCN, several neurotransmitters, such
as vasoactive intestinal peptide (VIP), arginine vasopressin, and
gastrin-releasing peptide, are suggested to be involved in the SCN
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neuronal network (8-10). Receptors of these ligands are coupled
with heterotrimeric GTP-binding proteins (G proteins) and
second messenger signalings, such as cAMP and Ca?*. In the
SCN, pharmacological approaches imply that intracellular cAMP
and Ca?* are involved in the input and/or output of the molecular
circadian clock in the circadian oscillations of the SCN (11, 12). Cy-
tosolic Ca®* concentration shows robust circadian rhythms in indi-
vidual SCN neurons, and the rhythms do not require intercellular
communication through the neuronal network (13, 14). Another
study showed that blocking of intercellular communication slightly
compromises Ca** rhythms in individual SCN cells (15). In con-
trast, disruption of Bmall function results in loss of cytosolic
Ca?* rhythm (15, 16). Although several roles of Ca®* signaling in
the SCN were reported, little is known about the circadian dynamics
of intracellular cAMP and its functions in the SCN neuronal net-
works. In particular, the relationship between neuronal activity,
neurotransmitters, intracellular cAMP/Ca®*, and the molecular
clock in the SCN is not clearly understood.

In the present study, we simultaneously visualized the circadian
rhythms of intracellular cAMP and Ca** in the SCN using biolumi-
nescence (Okiluc-aCT) and fluorescence (GCaMP6s) and found
that cAMP rhythms were driven by neuronal networks. We also vi-
sualized neurotransmitter release using a genetically encoded G
protein—coupled receptor (GPCR) activation-based (GRAB)
sensor and found that cAMP rhythms in the SCN are regulated
by VIP from the SCN and adenosine from outside the SCN. Last,
we optically manipulated intracellular cAMP using a Beggiatoa pho-
toactivatable adenylyl cyclase (bPAC) and found that the manipu-
lation of intracellular cAMP shifted circadian molecular rhythms in
the SCN and behavioral rhythms. Our findings provide notable in-
sights into the dynamics of intracellular cAMP in the central circa-
dian clock neurons.
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RESULTS

Time-lapse imaging of intracellular cAMP and Ca?* in the
SCN slice

Previously, we developed Okiluc-CaM, which is a split-type biolu-
minescent Ca®* probe (17). To measure intracellular cAMP concen-
tration using bioluminescence proteins, we developed an Okiluc-
based cAMP probe (Okiluc-aCT; Fig. 1A). The wavelength of
maximum bioluminescence of Okiluc-aCT was approximately
610 to 620 nm with p-luciferin application (fig. SIA). The bright-
ness of Okiluc-aCT was approximately six times higher than that of
the North American firefly luciferase-based cAMP probe (18). To
evaluate the functions of Okiluc-aCT, we transfected Okiluc-aCT
into human embryonic kidney (HEK) cells and measured biolumi-
nescence using a photomultiplier tube (PMT) as previously report-
ed (19). The application of forskolin significantly increased the
bioluminescence intensity in a dose-dependent manner, indicating
that the bioluminescence intensity of Okiluc-aCT reflects intracel-
lular cAMP concentration (fig. S1, B to D).

To perform time-lapse recordings of intracellular cAMP in the
SCN, we prepared SCN slices from wild-type mice, infected them
with adeno-associated virus (AAV)- human synapsinl promoter
(hSyn)-Okiluc-aCT, and then measured bioluminescence using a
PMT. We observed robust circadian cAMP rhythms in the SCN,
and the application of forskolin increased the intensity of biolumi-
nescence (fig. S1, E and F). These results indicate that Okiluc-aCT
can be used to analyze the circadian dynamics of intracellular cAMP
in the SCN.

A B

It is suggested that intracellular cAMP and Ca?* rhythms are
coupled with the TTFL (20). To monitor the spatiotemporal pat-
terns of cAMP and Ca®* rhythms in the SCN, we infected the
SCN slices with AAV-hSyn-Okiluc-aCT and AAV-hSyn-
GCaMP6s (Ca** fluorescence indicator) and simultaneously mea-
sured bioluminescence and fluorescence (Fig. 1, B to D). We ob-
served robust circadian rhythms in Okiluc-aCT (referred to as
cAMP) and GCaMP6s (referred to as Ca®*) signals in the SCN,
and no phase difference was found between the two rhythms
when compared across the SCN (Fig. 1, D and E). We then analyzed
the circadian rhythms of cAMP and Ca?" in the SCN at the pixel
level using a cosine curve fitting method (21). Ca** rhythms in
the SCN showed wave-like patterns, and the peak phase of Ca**
rhythms in the dorsal and ventral SCN was significantly different
as compared with that of cAMP rhythms (Fig. 1E and movie SI).
cAMP showed robust circadian rhythms in the SCN, but clear
wave-like patterns were not observed, indicating that the spatiotem-
poral patterns of the two rhythms were different (movie S1). The
normalized synchrony (mean vector, r) was not different between
cAMP and Ca** rhythms when comparing the whole SCN, but
they were significantly different when comparing the dorsal,
middle, and ventral SCN (Fig. 1F). The application of forskolin
reduced the amplitude of Ca** rhythms but did not change Ca**
levels in the SCN. However, forskolin application significantly in-
creased cCAMP levels in the SCN (fig. S1I). These results suggest
that intracellular cAMP and Ca** show circadian rhythms but
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Fig. 1. Time-lapse imaging of intracellular cAMP and Ca?* in the SCN. (A and B) Schematic drawing of the bioluminescence cAMP probe, Okiluc-aCT, and the viral
infection of the SCN slice. PKA, protein kinase A. (C) Representative examples of bioluminescence (Okiluc-aCT) and fluorescence (GCaMP6s) images of the SCN slice and
acrophase map calculated from the time series data. (D) Circadian cAMP (purple) and Ca?* (green) rhythms in the SCN slice. (E) Mean acrophase of cAMP and Ca?*
rhythms in the SCN slice (n = 4). Phase 0 indicates mean acrophase of cAMP rhythms obtained from the whole SCN slice [**P < 0.01 and *P < 0.05, two-way repeated
measures analysis of variance (ANOVA) followed by Bonferroni's multiple comparisons test]. (F) For cAAMP rhythms and for Ca* rhythms, the degree of synchrony within
the slice at the pixel level was measured by the mean vector length from Rayleigh plots (two-way repeated measures ANOVA: region X probe interaction, P = 0.0407). Data
are shown as means + SD. Scale bars, 200 um. Bioluminescence intensity was expressed as relative light units (RLU).
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might have different functions for the circadian rhythms in
the SCN.

Circadian cAMP rhythms in the SCN are driven by action
potential-dependent mechanisms

Cellular circadian rhythms in the SCN are reinforced and synchro-
nized by intercellular coupling within the neuronal network, which
is an important function for stabilizing circadian rhythms (5, 6). It is
suggested that cAMP and Ca®* signaling work as mediators of cel-
lular coupling and/or circadian oscillation in the SCN (11, 12, 20).
To investigate the contribution of the neuronal network to the in-
tracellular cAMP and Ca*" rhythms of the SCN, we used a voltage-
gated Na* channel blocker, tetrodotoxin (TTX), which inhibits
action potentials, resulting in the blocking of cellular coupling in
the SCN (4, 22). TTX application reduced the amplitude of cAMP
and Ca®* rhythms, and the amplitude of cAMP rhythms was signif-
icantly smaller than that of the Ca®* rhythms in the SCN during
TTX application (Fig. 2, A and C). Then, circadian rhythms in
the SCN were analyzed at the pixel level. Application of TTX to
the cultured SCN resulted in a slight decrease in the percent
rhythm value (which indicates the prominence of the rhythm) of
circadian Ca®* rhythms but resulted in a significant decrease in
the percent rhythm value of circadian cAMP rhythms at a signifi-
cant level (P = 0.01; Fig. 2D and movie S2). Furthermore, synchrony
of cellular cAMP rhythms was significantly attenuated by TTX

application (Fig. 2E). The concentration of both cAMP and Ca**
in SCN neurons during TTX application also decreased (Fig. 2F).
These results suggest that intracellular cAMP rhythms in the SCN
are driven by action potential-dependent mechanisms.

Circadian cAMP rhythms in the SCN are driven by rhythmic
VIP release from the SCN

Attenuation of circadian rhythmicity in the SCN during TTX appli-
cation was more evident in cAMP compared to Ca** (Fig. 2, C to F),
suggesting that action potentials play a more important role in co-
ordinating cAMP rhythms than Ca** rhythms. TTX could inhibit
neurotransmitter release, which results in the desynchronization
of cellular rhythms in the SCN. VIP is expressed in the SCN (23),
which is important for cellular coupling (8, 10). Furthermore, VIP
receptor 2 (VPAC2) is a GPCR that activates adenylate cyclase and
may be coupled to cAMP rhythms in the SCN (24). Therefore, we
hypothesized that rhythmic VIP release is crucial for intracellular
cAMP rhythms in the SCN. To understand the relationship
between cAMP/Ca** rhythms and VIP in the SCN, we applied an
excessive amount of VIP (1 uM) to the culture medium to block the
VIP-related neuronal network and measured cAMP and Ca*
rhythms in the SCN slice (Fig. 3A). As predicted, the amplitude
of cAMP rhythms was significantly smaller than that of the Ca**
rhythms in the SCN during VIP application (Fig. 3, A and C). Fur-
thermore, the application of VIP increased cAMP concentration
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Fig. 2. Circadian cAMP rhythms in the SCN are driven by action potential-dependent mechanisms. (A) Representative example of circadian cAMP and Ca?* rhythms
in the SCN slice during TTX (0.5 uM) application. (B) Percent rhythm and acrophase map of cAMP and Ca?* rhythms in the SCN slice before and during TTX application.
Percent rhythm refers to rhythm prominence, defined as the percentage of the variance accounted for by the fitted cosine model, which corresponds to the coefficient of
determination r? in the regression analysis (56). (C) Normalized amplitude of cAMP and Ca?* rhythms in the SCN slice. The amplitude before TTX application was nor-
malized as 1.0 (n = 6; **P < 0.01, two-way repeated measures ANOVA followed by Bonferroni's multiple comparisons test). (D) Normalized (left) and mean value (right) of
percent rhythm of cAMP and Ca?* rhythms in the SCN before and during TTX application. Percent rhythm before TTX application was normalized as 1.0 (**P < 0.01, paired
t-test). The dotted gray line in the right panel indicates the significance level (P =0.01). TTX application attenuated percent rhythm near the level of significance (two-way
repeated measures ANOVA: main effect of the drug, P < 0.001; main effect of the probe, P = 0.0159). (E) For cAMP rhythms and for Ca?* rhythms, the degree of synchrony
within the slice at the pixel level was measured by the mean vector length from Rayleigh plots before and during the TTX application. Normalized (left) and mean value
(right) of synchrony of cAMP and Ca?* rhythms in the SCN before and during TTX application (**P < 0.01, two-way repeated measures ANOVA followed by Bonferroni's
multiple comparisons test). (F) Normalized mean intensity of Okiluc-aCT and GCaMPé6s in the SCN 24 hours before and after TTX application (two-way repeated measures
ANOVA: main effect of the drug, P < 0.001). Data are shown as means * SD. Scale bars, 200 pum.
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Fig. 3. Circadian cAMP rhythms in the SCN are driven by rhythmic VIP release from the SCN. (A) Representative example of circadian cAMP and Ca?* rhythms in the
SCN slice during VIP (1 uM) application. (B) Percent rhythm and acrophase map of cAMP and Ca?* rhythms in the SCN slice before and during VIP application. (C) Nor-
malized amplitude of cAMP and Ca?* rhythms in the SCN slice before and during VIP application (n = 5; **P < 0.01, two-way repeated measures ANOVA followed by
Bonferroni's multiple comparisons test). (D) Normalized (left) and mean value (right) of percent rhythm of cAMP and Ca?* rhythms in the SCN before and during VIP
application (**P < 0.01, paired t-test). The dotted gray line in the right panel indicates the significance level (P = 0.01). VIP application attenuated percent rhythm value
near the level of significance (two-way repeated measures ANOVA: main effect of the drug, P = 0.0011; main effect of the probe, P =0.001). (E) Normalized (left) and mean
value (right) of synchrony of cAMP and Ca* rhythms in the SCN before and during VIP application (**P < 0.01 and *P < 0.05, two-way repeated measures ANOVA followed
by Bonferroni's multiple comparisons test). (F) Normalized mean intensity of Okiluc-aCT and GCaMP6s in the SCN 24 hours before and after VIP application (**P < 0.01,
two-way repeated measures ANOVA followed by Bonferroni's multiple comparisons test). (G) Schematic drawing of GRAByp1 ¢ sensor. (H) Representative example of
circadian cAMP and VIP release rhythms in the SCN slice. (I) Pseudo color maps of fluorescence intensity obtained from GRAByp; o sensor. (J) Representative example
of acrophase of circadian cAMP and VIP release rhythm in the SCN slice. (K) Acrophase of cAMP and VIP release rhythms in the SCN slice (n = 4). (L) The degree of
synchrony within the slice at the pixel level. Data are shown as means + SD. Scale bars, 200 um.
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and decreased the percent rhythm value of cAMP rhythm at a sig-
nificant level (P = 0.01; Fig. 3, A, B, D, and F, and movie S3).
However, the VIP application did not change the level of Ca** con-
centration and only slightly attenuated the percent rhythm value
(Fig. 3, D and F). Synchrony of circadian rhythms was significantly
attenuated in cAMP and Ca®* rhythms in the SCN (Fig. 3E). These
results suggest that the circadian rhythms of cAMP may be mainly
regulated by VIP release from the SCN.

If VIP release is crucial for ;cAMP rhythms in the SCN, then its
release should show circadian oscillations. To determine whether
VIP is rhythmically released in the SCN, we introduced a genetically
encoded GRAB VIP sensor (GRAByp ) (25). Circularly permu-
tated green fluorescent protein was inserted into VPAC2, and the
sensor showed fluorescent changes depending on the extracellular
VIP concentration, which allowed us to monitor VIP release or VIP
binding to the receptors (Fig. 3G). We infected the cultured SCN
slices with AAV-hSyn-GRAByp; o and AAV-hSyn-Okiluc-aCT
and simultaneously measured VIP release and cAMP rhythms.
We observed circadian rhythms of VIP release in the SCN, and
the peak phase of circadian VIP release was the same as that of
cAMP rhythms (Fig. 3, H, ], and K, and movie S4). Furthermore,
no phase gradient was observed in the VIP release rhythms,
which had the same patterns of cAMP rhythms in the SCN
(Fig. 3, ] and K). Excessive VIP application increased the intensity
of Okiluc-aCT and GRAByjp; in the SCN. Even when only
GRAByp; o was expressed in the SCN, it exhibited circadian
rhythms (fig. S2). These results suggest that intracellular cAMP
rhythms may be regulated by the rhythmic release of VIP in
the SCN.

Neuronal activity is critical for VIP release in the SCN
Because intracellular cAMP rhythms in the SCN were not observed
during TTX application and these rhythms were driven by the
rhythmic release of VIP (Figs. 2 and 3), we hypothesized that the
rhythmic release of VIP depends on neuronal activity in the SCN.
To answer this, we measured VIP release and molecular oscillation
in the SCN slice using GRABy;p; o and PERIOD2 (PER2):LUC re-
porter (a fusion protein of PER2 and firefly luciferase), respectively,
and applied TTX. The difference in the peak phases of these
rhythms was 5.0 + 0.8 hours (n = 4; Fig. 4A). As predicted, the am-
plitude of GRABy1p; o and PER2:LUC rhythms was decreased
during TTX application (Fig. 4, A and C). The percent rhythm
value of circadian rhythms of VIP release was decreased at a signifi-
cant level during TTX application (P = 0.01; Fig. 4D and movie S5).
Synchrony of circadian rhythms was attenuated in the GRAByp;
and PER2:LUC rhythms in the SCN (Fig. 4E). TTX application to
the cultured SCN decreased the PER2::LUC level (Fig. 4F). These
results indicate that circadian rhythms of VIP release are driven
by neuronal activity in the SCN.

Circadian cAMP dynamics in the SCN are modulated by VIP
and adenosine

In the SCN, adenosine A2A receptors are expressed (26). These re-
ceptors are Gs-coupled GPCRs that have the potential to increase
cytosolic cAMP concentration. To determine whether adenosine
signaling changes cAMP rhythms in the SCN, we applied an aden-
osine agonist (IB-MECA) and measured cAMP and Ca®* rhythms
in the SCN. Application of IB-MECA (10 uM) significantly in-
creased the amplitude of circadian cAMP rhythms (Fig. 5C), but

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

the application also increased cytosolic cAMP concentration in
the SCN (Fig. 5, A and F). Although a significant increase in
cAMP by the adenosine agonist was observed, the robustness and
synchrony of circadian cAMP rhythms were not affected (Fig. 5,
D and E). This is due to the fact that under IB-MECA (10 uM) ap-
plication, VIP is still rhythmically released (fig. S2). These results
suggest that cytosolic cAMP concentration in the SCN is regulated
by VIP and adenosine.

To further understand the functional role of SCN-secreted VIP
and adenosine in the circadian rhythms of intracellular cAMP, we
introduced VPAC2 and adenosine A2A receptor antagonists. We
measured cAMP rhythms in the SCN using Okiluc-aCT and
applied a VPAC2 antagonist (PG99-465) or an adenosine A2A re-
ceptor antagonist (ZM241385). PG99-465 (1 uM) application atten-
uated the amplitude of cAMP rhythms in the SCN; in contrast,
ZM241385 (100 nM and 5 pM) did not change the amplitude of
cAMP rhythms as compared with the dimethyl sulfoxide
(DMSO) control (Fig. 5, G and H). Furthermore, PG99-465 (1
uM) application decreased the amplitude of circadian PER2:LUC
rhythms at the SCN slice level and desynchronized cellular circadi-
an rhythms in the SCN (fig. S3), which are similar results to that of
VIP-deficient SCN. We also confirmed that the cAMP level in the
SCN was increased depending on VIP concentration (fig. S1, G and
H). These results suggest that the main contribution of intracellular
cAMP rhythms in the SCN is the rhythmic release of VIP from the
SCN and adenosine from outside the SCN could also influence the
intracellular cAMP concentration.

Optical manipulation of intracellular cAMP shifts circadian
PER2::LUC rhythms in the SCN slice

Intracellular cAMP rhythms were attenuated by the application of
TTX and excessive VIP (Figs. 2 and 3). Furthermore, it is suggested
that cAMP functions as an input factor for molecular oscillations in
the SCN (11, 12). If this is true, manipulation of cAMP could shift
the circadian molecular rhythms in the SCN. To clarify this, we in-
troduced a bPAC, which translates a blue light signal into the pro-
duction of cAMP (27). First, we prepared SCN slices from glutamate
decarboxylase (GAD67)-Cre mice and infected them with AAV-
CMV-flex-bPAC-2A-mCherry and AAV-hSyn-Okiluc-aCT.
Because almost all SCN neurons are GABAergic, we used
GAD67-Cre mice. We confirmed that blue light stimulation (10
Hz; duration, 20 ms) significantly increased bioluminescence inten-
sity in HEK cells and the SCN, indicating that blue light stimulation
increases cAMP levels in the SCN (fig. S4). Next, to measure mo-
lecular circadian rhythms, we made SCN slices from GAD67-Cre or
control mice with the PER2:LUC heterozygous reporter and then
infected the SCN slice with AAV-hSyn-bPAC-2A-mCherry (Fig. 6,
A and C). After recording PER2::LUC bioluminescence for several
days, we flashed blue light (10 Hz) for 1 hour, and bioluminescence
was measured again (Fig. 6B). Flashing blue light for 1 hour around
circadian time (CT) 6 to 12 (CT12 is defined as the peak phase of the
PER2:LUC rhythm in the SCN) caused phase delay shifts of
PER2::LUC rhythms in the SCN of GAD67-Cre mice but not in
the control mice (Fig. 6, D to F, and fig. S3). In addition, optical
manipulation of cAMP in the SCN under VPAC2 antagonist appli-
cation induced a large phase delay shift as compared with vehicle
application (fig. S5B). We also checked the dose-dependent
effects of light stimulation on the circadian PER2:LUC rhythms
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Fig. 4. Neuronal activity is critical for VIP release in the SCN. (A) Representative example of circadian VIP release and PER2:LUC rhythms in the SCN slice during TTX
(0.5 uM) application. (B) Percent rhythm and acrophase map of VIP release and PER2::LUC rhythms in the SCN slice before and during TTX application. (C) Normalized
amplitude of VIP release and PER2:LUC rhythms in the SCN slice before and during TTX application. The amplitude before TTX application was normalized as 1.0 (n = 4;
two-way repeated measures ANOVA: main effect of the drug, P = 0.0002). (D) Normalized (left) and mean value (right) of percent rhythm of VIP release and PER2:LUC
rhythms in the SCN before and during VIP application. Percent rhythm before VIP application was normalized as 1.0. The dotted gray line in the right panel indicates the
significance level (P = 0.01). VIP application attenuated percent rhythm value near the level of significance (**P < 0.01, two-way repeated measures ANOVA followed by
Bonferroni’s multiple comparisons test). (E) Normalized (left) and mean value (right) of synchrony of VIP release and PER2:LUC rhythms in the SCN before and during VIP
application (two-way repeated measures ANOVA: main effect of the drug, P = 0.0113; main effect of the probe, P = 0.0431). (F) Normalized mean intensity of GRAByp1 o
and PER2:LUC in the SCN 24 hours before and after TTX application (**P < 0.01, two-way repeated measures ANOVA followed by Bonferroni’s multiple comparisons test).

Data are shown as means + SD. Scale bars, 200 um.

in the SCN (fig. S5C). These results indicate that phase-dependent
manipulation of cAMP shifts circadian rhythms in the SCN.
Because intercellular coupling via VIP is critical for synchroniz-
ing rhythms of oscillators across the SCN, if the VIP-dependent
network regulates cAMP rhythms in the SCN, then suppression
of cAMP should affect circadian molecular rhythms in the SCN
but not in culture cell lines that lack VIP-dependent coupling. To
assess this possibility, we added the adenylate cyclase inhibitor
(MDL12330A) into the culture medium and measured
PER2:LUC rhythms in the SCN. We observed that MDL12330A
(5 uM) application significantly attenuated the amplitude of
PER2::LUC circadian rhythms in the SCN, which was consistent
with previous reports (fig. S6A) (12, 21). However, MDL12330A
(5 uM) application did not change the amplitude of circadian
rhythms in Per2-luc of U20S cells (fig. S6B). Together, these
results indicate that intracellular cAMP rhythms driven by rhythmic
VIP release in the SCN may modulate circadian molecular rhythms.

Optical manipulation of intracellular cAMP shifts circadian
behavioral rhythms

Last, to characterize the role of cAMP in vivo, we measured circa-
dian behavioral rhythms in constant darkness (DD) while optoge-
netically manipulating cAMP levels in the SCN. We injected AAV
with Cre-dependent expression of bPAC or tdTomato into the SCN
of GAD67-Cre mice and inserted an optical fiber just above the SCN

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

(Fig. 7, A and C). Locomotor activity was measured using an infra-
red sensor as previously described (21). After housing in DD for
approximately 10 days, we flashed blue light (10 Hz) for 1 hour
every 24 hours. Behavioral rhythms of bPAC-expressing GAD67-
Cre mice were shifted by flashing blue light (Fig. 7B and fig.
S5A). On the other hand, control mice in which bPAC expression
failed continued to free-run independent of flashing blue light
(Fig. 7 and fig. S5, B to D). The circadian period during blue light
stimulation was significantly different between pre- and post-flash-
ing in bPAC-expressing GAD67-Cre mice, but it was not different
in the control mice (Fig. 7D). These results indicate that optical ma-
nipulation of intracellular cAMP shifts circadian behavio-
ral rhythms.

DISCUSSION

In this study, we used a cAMP bioluminescence probe combined
with GRABvyp; o sensor or bPAC and found that (i) the circadian
rhythms of intracellular cAMP in the SCN were driven by neuronal
activity, (ii) neuronal activity regulated rhythmic VIP release, (iii)
circadian rhythms of VIP release further regulated cAMP
rhythms in the SCN, (iv) VIP from the SCN and adenosine from
outside the SCN might contribute to cAMP rhythms in the SCN,
and (v) optical manipulation of cAMP in the SCN shifted the mo-
lecular circadian rhythms in the SCN and locomotor activity
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Fig. 5. Circadian cAMP dynamics in the SCN are modulated by VIP and adenosine. (A) Representative example of circadian cAMP and Ca?* rhythms in the SCN slice
during adenosine agonist (IB-MECA, 10 uM) application. (B) Percent rhythm and acrophase map of cAMP and Ca?* rhythms in the SCN slice before and during IB-MECA
application. (C) Normalized amplitude of cAMP and Ca®* rhythms in the SCN slice. The amplitude before IB-MECA application was normalized as 1.0 (n = 5; **P < 0.01, two-
way repeated measures ANOVA followed by Bonferroni's multiple comparisons test). (D) Normalized (left) and mean value (right) of percent rhythm of cAMP and Ca?*
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antagonist (light blue, n = 4; ZM241385, 100 nM; dark blue, n = 4, ZM241385, 5 uM) application. (H) Mean relative amplitude of cAMP rhythms during DMSO or antagonist

application (*P < 0.05, one-way ANOVA followed by Dunnett’'s multiple comparisons test). Data are shown as means + SD. Scale bars, 200 pm.

rhythms. These results demonstrate that intracellular cAMP in the
SCN is a key mediator in the circadian neuronal network (fig. S8).

The existence of intracellular ;cAMP rhythms in the SCN was re-
ported using intermittent tissue sampling of the SCN (12, 28, 29),
which lacked precise spatiotemporal information on cAMP
rhythms in the SCN. In the present study, we successfully visualized
intracellular cAMP rhythms together with Ca®* rhythms in the SCN
and found that circadian cAMP and Ca** rhythms showed different
spatiotemporal patterns. These results suggest that circadian cAMP
and Ca** rhythms play different roles in the SCN. TTX application
seemed to attenuate circadian Ca®* rhythmicity in the SCN (Fig. 2),
which is consistent with previous work (15), suggesting that circa-
dian Ca** rhythms are regulated by intracellular oscillatory mecha-
nisms and neuronal networks. Recently, Morioka et al. (30)
reported that the knockdown of a mitochondrial cation antiporter
(Leucine zipper-EF-hand-containing transmembrane protein 1:

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

LETM]1) in the SCN deteriorated circadian molecular and Ca**
rhythms, suggesting that Ca?* rhythms in SCN neurons could be
associated with mitochondrial ion transport. In contrast, TTX ap-
plication significantly attenuated the circadian rhythmicity of
cAMP (Fig. 2) and the cAMP response element (CRE) activity in
SCN neurons (31), indicating that intercellular communication in
the SCN neuronal network is critical for intracellular cAMP
rhythms in the SCN.

Using the GRAB sensor, we first visualized the spatiotemporal
patterns of circadian VIP release in the SCN. This result is consis-
tent with those of previous studies that lacked spatiotemporal infor-
mation (32, 33). Here, we found that the circadian phase of VIP
release and cAMP rhythms were similar in the SCN, and the appli-
cation of VIP increased cAMP levels but did not increase Ca** levels
(Fig. 3). Furthermore, circadian Ca** rhythms, but not cAMP
rhythms, were observed during VIP administration. The degree of
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Fig. 6. Optical manipulation of intracellular cAMP shifts circadian PER2::LUC rhythms in the SCN slice. (A and B) Schematic drawing of viral infection of SCN slices
from PER2::LUC reporter mice and experimental scheme of optical recording and manipulation. (C) Representative examples of fluorescence images in the SCN slices of
control or GAD67-Cre mice. (D) Double-plotted PER2::LUC rhythms in the SCN. Blue rectangles indicate the timing of the flashing blue light (10 Hz, 1 hour). Acrophases
and regression lines obtained from PER2:LUC rhythms before blue light stimulation are shown by magenta dots and a line, respectively. (E) The phase response curve of
PER2::LUC rhythms in control and GAD67-Cre SCN. The peak phase of PER2:LUC was defined as CT12. (F) Quantified data of A phase shift (0 defined as the mean phase
shift of control) of PER2:LUC rhythms (control: n = 41 trials from 16 SCN slices; GAD67-Cre: n = 48 trials from 17 SCN slices; *P < 0.05, mixed-effects model with post hoc
Sidak's multiple comparisons test). The presented data are quantification of the phase shift separated by the time in the circadian phase at which the pulse of bPAC was

provided. Data are shown as means + SD. Scale bars, 200 um. Wild type, WT.

synchrony of Ca** rhythms within the slice at the pixel level was
attenuated by the VIP application. These results suggest that the
rhythmic release of VIP from the SCN driven by neuronal activity
is critical for the synchronization of cellular circadian Ca** rhythms,
and it is crucial for the circadian rhythmicity of cAMP in the
SCN cells.

We also found that intracellular cAMP levels were regulated by
adenosine. This regulation may be due to adenosine A2A G,-
coupled receptors (34), and the application of an adenosine
agonist increased cAMP concentration in the SCN (Fig. 5).
However, endogenous adenosine within the SCN slice may not
appear to play a role in driving cAMP rhythms because pharmaco-
logical suppression of adenosine A2A receptors had no effect
(Fig. 5). Inhibition of adenosine signaling suppresses light-
induced phase shifts of behavioral rhythms (26), and caffeine
works as an antagonist of adenosine A2A receptors (35). Further-
more, the adenosine concentration in the SCN obtained from in
vivo sampling has shown circadian rhythms in which the peak
phase was located during the day (26). Thus, the rhythmic release
of VIP from the SCN and adenosine release outside the SCN could
contribute to intracellular cAMP rhythm in the SCN in vivo.

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

VIP treatment of SCN slices around CT10 causes phase delay
shifts in circadian PER2:LUC rhythms (24). Furthermore, optical
stimulation of VIP neurons using channelrhodopsin-2 (ChR2)
also induces phase delay shifts in circadian rhythms in the SCN
(36). These delays associated with VIP or VIP neuronal stimulation
may depend on the induction of intracellular cAMP in the SCN slice
because optogenetic activation of cAMP concentration in the SCN
showed similar phase shifts to PER2:LUC rhythms (Fig. 6).
However, the cAMP analogs only induced phase advance shifts in
circadian firing rhythms in the SCN (37). This discrepancy may be
due to differences in overt rhythm recording methods. It is reported
that clock gene and firing rhythms in the SCN exhibit different
rhythms (38, 39). VIP application increased cAMP levels in the
SCN, but it did not increase intracellular Ca** levels, suggesting
that VIP release directly regulates intracellular cAMP rhythms,
but not Ca®* rhythms, in the SCN (Fig. 3).

Although VIP and adenosine may regulate intracellular cAMP
concentration, other factors also have the potential to modulate
cAMP rhythms in the SCN. For instance, regulators of G protein
signaling 16 (Rgs16) or Gpr176 have a role in the modulation of in-
tracellular cAMP rhythms, and Rgs16 deficiency impairs spatiotem-
poral patterns of PerI-Iuc expression rhythms in the SCN (28, 40).
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Fig. 7. Optical manipulation of intracellular cAMP shifts circadian behavioral rhythms. (A) Schematic drawing of the experimental setup of in vivo optogenetics. AAV
was injected into the SCN, and an optical fiber was inserted just above the SCN. (B) Representative examples of double-plotted actogram of control and bPAC-expressed
mice under light-dark (LD) and DD conditions. The blue rectangle indicates the timing of blue light stimulation (10 Hz, 1 hour/day). Activity onset is plotted as a colored
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extrapolated thereafter. (C) Fluorescence images of the SCN (red, mCherry or tdTomato; blue, 4',6-diamidino-2-phenylindole). Solid lines indicate an estimated trace of an
optical fiber. Broken lines indicate an estimated border of the SCN. (D) Quantified data of circadian period before, during, and after blue light stimulation (control, n = 6;
bPAC, n = 7; **P < 0.01, one-way repeated measures ANOVA with post hoc Tukey-Kramer test). Data are shown as means + SD. Scale bars, 200 pm.

Furthermore, the Cry protein inhibits GPCR activity directly
through interaction with Gsa (41). Thus, rhythmic changes in
extra- and intracellular factors contribute to circadian cAMP
rhythms in the SCN.

VIP-deficient mice show deteriorated circadian behavioral
rhythms and desynchrony of cellular circadian rhythms in the
SCN (8, 42). We found that cAMP rhythms were regulated by the
rhythmic release of VIP from the SCN, and optical manipulation of
cAMP induced a phase shift of circadian rhythms of the SCN. Fur-
thermore, we observed that optical manipulation of cAMP in the
SCN induced a large phase shift under VPAC2 receptor antagonist
application. Therefore, it would be possible to rescue the VIP defect
in vivo using optical manipulation of cAMP in the SCN.

Increased cAMP levels facilitate the induction of the phosphor-
ylated form of the transcription factor cAMP response element—
binding protein (CREB), which binds the CRE located in the pro-
moter region of Perl and Per2 (43). CRE-mediated gene expression
shows circadian rhythms in which the circadian peak phase is ap-
proximately CT12 (44). The CREB and CRE pathways are thought
to be important pathways located downstream of cAMP rhythms
(31). However, other input pathways are also suggested to be in-
volved with the input pathway to the TTFL. For example, CryI pro-
moter—driven luciferase activity shows circadian rhythms in Perl/
Per2 null SCN with coculturing of the wild-type SCN (45), although

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

the CRE sequence is not located in the Cryl promoter region.
Therefore, CRE-dependent and CRE-independent input pathways
from cAMP to TTFL may be involved in the intracellular mecha-
nisms of the circadian rhythm.

Intracellular Ca** levels in the SCN were suppressed by the TTX
application, but the circadian Ca** rhythm was sustained during the
application. Furthermore, the VIP application did not change the
Ca?* level in the SCN (Figs. 2 and 3). These results suggest that cir-
cadian Ca** rhythms in the SCN are regulated by both the TTFL
and membrane potential but are indirectly regulated by VIP
release. Circadian rhythms of VIP release drive intracellular
cAMP rhythms in the SCN, which can reset TTFL oscillations.
TTFL then regulates intracellular Ca** levels via cellular organelles,
such as the endoplasmic reticulum, mitochondria, and/or extracel-
lular space. Intracellular Ca** rhythms are suggested to be regulated
by TTFL (16). However, circadian Ca®* rhythms are observed in the
SCN even when functional TTFL is disrupted (Cryl/Cry2-deficient
SCN) (46). In previous studies, several clock gene—deficient mice
(Cryl1/Cry2-, Bmall-, or Perl/Per2-deficient mice) showed circadi-
an rhythms in the SCN slice, although these mice demonstrated ar-
rhythmic behavior (9, 19, 45, 47). A circadian oscillatory
mechanism without TTFL was found in cyanobacteria (48, 49),
and a similar mechanism has also been suggested to be involved
in mammalian cells (50, 5I). Thus, it is plausible that intracellular
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Ca** and/or cAMP are coupled with non-TTFL oscillatory mecha-
nisms. Further research will uncover the mechanisms of circadian
oscillation without TTFL and its relationship with cytosolic events
in the SCN.

In the present study, we simultaneously measured the second
messenger signaling of cAMP and Ca** in the SCN using biolumi-
nescence and fluorescence, respectively. Because these second mes-
senger signaling pathways regulate a variety of cellular functions,
such as the formation of long-term potentiation in the hippocam-
pus, the long-term imaging (more than 1 week) of cAMP and Ca®*
that we performed in this study would be applicable to many fields
in biology.

In conclusion, intracellular cAMP rhythms in the SCN are reg-
ulated by VIP-dependent neuronal networks and other factors
outside the SCN. The network-driven cAMP rhythm coordinates
circadian molecular rhythm in the SCN and behavioral rhythm.

MATERIALS AND METHODS

Animals

We used wild-type, GAD67-Cre (52), or Vgat-internal ribosome
entry site (IRES)-Cre (53) mice with C57BL/6] background. The cir-
cadian reporter system was introduced by breeding PER2:LUC
mice, which carry a fusion protein of PER2 and firefly luciferase
(54). Mice were bred and reared in the animal facility at Nagoya
University, where environmental conditions were controlled
(lights on, 0800 to 2000, ambient temperature, 23° + 2°C; humidity,
60 + 10%). Mice had free access to food pellets and water. Male and
female mice were used in the experiments. The day of birth was des-
ignated as postnatal day 0. All experimental protocols were ap-
proved by the Institutional Animal Care and Use Committees of
the Research Institute of Environmental Medicine, Nagoya Univer-
sity, Japan (approval #R210729 and #R210730).

Bioluminescent cAMP indicator gene construction

The cDNA of firefly luciferase derived from Pyrocoelia matsumurai
(Oki) and Stenocladius flavipennis (SfRE) were gifts from K. Ogo
(Olympus Corporation). Okiluc-aCT was created following a previ-
ously reported methodology (17). An N-terminal fragment of
mouse protein kinase A regulatory subunit Ia gene (amino acid res-
idues L141 to V381; aCT) was fused to the C-terminal half (residues
T352 to M555) of SfRE luciferase and to the N-terminal half (resi-
dues M1 to D416) of Oki luciferase at the C terminus. For bacterial
and mammalian expression, the Okiluc-aCT gene was subcloned
into the Bam HI/Eco Rl sites of pRSET-B and pcDNA3.1(+) to con-
struct pRSET-Okiluc-aCT and pcDNA3.1(+)-Okiluc-aCT,
respectively.

In vitro titration of bioluminescent indicators

Recombinant proteins were purified from bacteria transformed
with pRSET-Okiluc-aCT plasmids using QIAexpressionist
(QIAGEN), following the manufacturer’s instructions as previously
reported (17). The concentration of purified protein was deter-
mined using a Bio-Rad protein assay and diluted with a buffer con-
sisting of 10 mM ethylene glycol-bis(2-aminoethylether)-
N,N,N',N'-tetraacetic acid (EGTA), 100 mM KCI, and 10 mM
Mops (pH 7.2) to a concentration of 1 pg of protein/pl. Recombi-
nant protein (1 pug) was mixed with a dilution series of cAMP in 50
wl of buffer and incubated for 10 min at room temperature (<24°C).

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

Following incubation, 50 ul of the sample was added to 50 ul of lu-
ciferase assay reagent (Bright-Glo; Promega) solution and incubat-
ed further for 15 min at room temperature. Luminescence was
measured using a Luminescencer JNR (ATTO Corporation,
Tokyo, Japan). The data from four independent measurements
were averaged using Microsoft Excel 2003 (Microsoft Corporation,
Redmond, WA), and the results are expressed as means + SD.

Preparation of SCN slice culture

To measure the circadian rhythms of the SCN, coronal slices (300
pum thick) were made with a tissue chopper (Mcllwain) from neo-
natal mice at postnatal days 5 to 7, and the SCN area was dissected at
the mid rostrocaudal region. A paired SCN was cultured on a Milli-
cell-CM culture insert (Millipore Corporation) as described previ-
ously (17). Briefly, the slice was cultured at 36.5°C with 1.0 ml of
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) with
5% fetal bovine serum. Two to 4 days after preparation of the
SCN slice, we applied AAV (0.5 to 1.0 pl; AAV-hSyn-Okiluc-aCT,
6.3 x 10" genome copies/ml; AAVSyn-flex-bPAC-2A-Cherry, 4.8 x
10'2 genome copies/ml) onto the surface of the cultured SCN slice.
More than 15 days after the viral infection, we started recording.

Measurement of bioluminescence from U20S cells

Real-time monitoring of gene expression rhythms in U20S cells
stably expressing Per2-luc reporter was performed (55). The cells
were plated on 35-mm dishes (5 x 10° cells per dish) and cultured
at 37°C under 5% CO, in a culture medium of DMEM (Sigma-
Aldrich, catalog no. D5796) supplemented with 10% FBS
(Biosera, FB-1290/500), penicillin (50 U/ml), and streptomycin
(50 pg/ml). One day after plating, the cells were treated with 0.1
uM dexamethasone for 1 hour, and the medium was replaced
with a recording medium (DMEM; Sigma-Aldrich, catalog no.
D2902) supplemented with 10% FBS, glucose (3.5 mg/ml), penicil-
lin (25 U/ml), streptomycin (25 pg/ml), 0.1 mM luciferin, and 10
mM Hepes-NaOH (pH 7.0). The bioluminescence signals were
continually recorded once per 10 min by a dish-type biolumines-
cence detector LumiCycle (Actimetrics) for 6 days as previously re-
ported (55).

Measurement of bioluminescence and/or fluorescence on
the SCN slice

To measure bioluminescence at the tissue level, we used a PMT
equipped with a photon-counting device (Kronos, ATTO). The in-
tensity of bioluminescence was recorded every 10 min with an ex-
posure time of 1 min. p-Luciferase K (0.1 mM) was added to the
culture medium. For the measurement of spatiotemporal patterns
of circadian rhythms in the SCN, we used a microscope
(ECLIPSE 80i or ECLIPSE Ni-U, Nikon) equipped with an elec-
tron-multiplying charge coupled device (EM-CCD) camera
(ImagEM, Hamamatsu Photonics). Bioluminescence was measured
without any optical filters, and the fluorescent calcium sensor
(GCaMP6s) was excited at cyan color (470/40 nm) with a light-
emitting diode (LED) light source (RETRA Light Engine; Lumen-
cor, X-Cite 120; Excelitas Technologies Corp.) and visualized with
500-nm dichroic mirror and 535/50-nm emission filters (Semrock).
Forskolin (Cayman Chemical), TTX (Alomone Labs), VIP (Peptide
Institute), MDL12330A (Sigma-Aldrich), an agonist of adenosine
(IB-MECA, Tocris Bioscience), an antagonist of VPAC2 receptors
(PG99-465, Bachem), and an antagonist of adenosine A2A
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receptors (ZM241385, Sigma-Aldrich) were dissolved in water or
DMSO. These chemicals were then added to the culture medium.

Optical manipulation of cAMP in the SCN slice

To manipulate intracellular cAMP using bPAC, we used an LED
array system (470 nm; LEDA-B, BRC). To manipulate cAMP into
the SCN slice by blue light (frequency, 10 Hz; duration, 20 ms; in-
tensity, 0.3 mW/mm?), a pulse generator (STOmk-2) was connected
to an LED driver. The stimulation was performed for 1 hour at
36.0°C. We measured PER2::LUC rhythms of the SCN slice for
several days, and then, the culture dishes were moved onto the
LED array to apply blue light. After blue light stimulation, the
dishes were returned to a photon-counting device. We performed
optical manipulation of cAMP up to three times in each SCN slice.

Virus injection and stereotaxic surgery

The mice (2 to 5 months old) were anesthetized with isoflurane (in-
duction dose of ~2.5% and maintenance dose of ~1%) and placed in
a stereotaxic instrument (David Kopf Instruments). We injected
120 nl of AAV (AAV-hSyn-flex-bPAC-2A-mCherry, 4.8 x 10'?
genome copies/ml; AAV-CMV-flex-tdTomato, 2.8 x 10'? genome
copies/ml) into the SCN (anteroposterior (AP), +0.0 mm; medio-
lateral (ML), £0.2 mm; dorsoventral (DV), —5.8 mm) with a glass
micropipette and an air pressure injection system (BJ-110, BEX)
(17). After infusion, the glass micropipette was left in place for at
least 8 min. More than 2 weeks after AAV injection, we anesthetized
the mice again and stereotaxically inserted an optical fiber [400-pm-
diameter core; 0.39 numerical aperture (NA); Kyocera] just above
the SCN (AP, £0.0 mm; ML, 0.0 mm; DV, —5.5 mm), and the
fiber was fixed with dental cement. Carprofen (20 mg/kg; Zoetis
Inc., Japan) was administered on the day of surgery for its anti-in-
flammatory and analgesic properties. After surgery, the mice were
housed separately for at least 7 days before the start of locomotor
activity measurements.

Optical manipulation of cAMP in the SCN in vivo

A flexible fiber-optic cable (BFYL4LS01; 400-um-diameter core;
0.39 NA; Thorlabs) was connected to an optical fiber implanted
in the mice, and the cable was attached to an LED light source
(470 nm; 5 mW at the tip of the fiber; Thorlabs) as previously re-
ported (17). To manipulate cAMP into SCN neurons by blue light
(frequency, 10 Hz; duration, 20 ms), a pulse generator was connect-
ed to an LED driver. The stimulation was performed for 1 hour
(from 1200 or 1300) every 24 hours under DD.

Measurement of locomotor activity

We measured the spontaneous movement of mice with a passive in-
frared sensor that detects changes in animal thermal radiation due
to movement. Mice were housed individually in polycarbonate
cages placed in a light-tight and air-conditioned box. The amount
of movement was recorded every minute using a computer software
(ClockLab, Actimetrics) (17).

Histological study

After recording locomotor activity, mice were anesthetized with iso-
flurane and perfused with saline, followed by a 10% formalin solu-
tion (Wako). Brains were extracted and postfixed in the same
solution for 24 hours at 4°C, followed by 30% sucrose solution at
4°C for at least 2 days. Forty-micrometer coronal sections of the

Ono et al., Sci. Adv. 9, eabq7032 (2023) 4 January 2023

SCN were prepared using a cryostat (Leica CM3050S; Leica Micro-
systems) and stored at 4°C in phosphate-buffered saline (PBS). Im-
munostaining was performed as previously described (17). Briefly,
brain sections were immersed in blocking buffer (1% bovine serum
albumin and 0.25% Triton X-100 in PBS) and incubated with
primary antibodies at 4°C overnight. The sections were washed
with blocking buffer and incubated with secondary antibodies at
4°C overnight. The brain sections were counterstained with 4',6-di-
amidino-2-phenylindole, mounted, and examined under a confocal
microscope (LSM 710, Carl Zeiss AG). The primary antibody was
mouse anti-mCherry (1:500 dilution; Sigma-Aldrich), and the sec-
ondary antibody was CF 594—conjugated donkey anti-mouse anti-
body (1:1000 dilution; Biotium). If the mCherry signal was barely
detectable in the SCN under an optical fiber tract, then it was
defined as expression failure.

Data analysis

Bioluminescence records of the first 12 hours were not used for
rhythm analyses because of an initial high level of bioluminescence.
The raw bioluminescence data obtained from the PMT were
smoothed using a five-point moving average method and then de-
trended using a 24-hour running average subtraction method. The
circadian amplitude was defined as the difference between the peak
and trough in a circadian cycle and standardized by the peak level as
described previously (19). The properties of circadian rhythm in bi-
oluminescence and fluorescence signals at the pixel level (2.3 um by
2.3 um) were analyzed using a cosine curve fitting method as de-
scribed previously (21, 38). The dorsal, middle, and ventral areas
of the SCN were separated by lines drawn every one-third
between the dorsal and ventral edges. The 48-hour raw data were
applied to curve fitting after subtracting the linear trend. The back-
ground level was calculated using the region of interest outside the
SCN for each slice and was defined as the mean plus 5 x SD. The
significance of the curve fitting was evaluated using the percent
rhythm analysis (56). The acrophase of the circadian rhythm in
the SCN was estimated from the best-fitted cosine curve and ex-
pressed as heatmaps. The percent rhythm indicates the variability
estimated by the cosine regression and was expressed as a percent-
age of the total variability of raw data. To calculate the magnitude of
the phase shifts, the acrophase of the PER2:LUC rhythms was cal-
culated from the best-fitted cosine curve. The magnitude of the
phase shift in response to optical manipulation of cAMP was then
calculated as the differences between the phase predicted by forward
extrapolation of the regression line obtained from the acrophase of
the data before optical manipulation and the first acrophase after
manipulation. The circadian period of behavioral rhythms under
DD was calculated using a linear regression line through activity
onsets (ClockLab, Actimetrics).

Statistics

We performed the following statistical analyses in Prism 8.0
(GraphPad): Student's t-test, Mann-Whitney U test, paired t-test,
one-sample ¢-test, one-way analysis of variance (ANOVA), one-
way repeated measures ANOVA, two-way repeated measures
ANOVA, mixed-effects model test, Sidak’s multiple comparisons
test, Bonferroni's multiple comparisons test, and Tukey-Kramer
test. A Rayleigh plot analysis was performed using the Oriana4 soft-
ware (Kovach Computing Service). Data are expressed
as means * SD.
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