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Sleep is regulated in a homeostatic manner. Sleep deprivation increases sleep need, which is compensated mainly by
increased EEG 0 power during non-rapid eye movement sleep (NREMS) and, to a lesser extent, by increased sleep
amount. Although genetic factors determine the constitutive level of sleep need and sleep amount in mice and humans,
the molecular entity behind sleep need remains unknown. Recently, we found that a gain-of-function Sleepy (Slp) muta-
tion in the salt-inducible kinase 3 (Sik3) gene, which produces the mutant SIK3(SLP) protein, leads to an increase in
NREMS EEG & power and sleep amount. Since Sik3%” mice express SIK3(SLP) in various types of cells in the brain as
well as multiple peripheral tissues from the embryonic stage, the cell type and developmental stage responsible for the
sleep phenotype in Sik3%” mice remain to be elucidated. Here, we generated two mouse lines, synapsin1“"**"2 and
Sik3ex13flox mice, which enable inducible Cre-mediated, conditional expression of SIK3(SLP) in neurons on tamoxifen
administration. Administration of tamoxifen to synapsin1“"**" mice during late infancy resulted in higher recombina-
tion efficiency than administration during adolescence. SIK3(SLP) expression after late infancy increased NREMS and
NREMS & power in male synapsinl“F®7%; §ik3°13M10*/* mice. The expression of SIK3(SLP) after adolescence led to a
higher NREMS ¢ power without a significant change in NREMS amounts. Thus, neuron-specific expression of SIK3(SLP)
after late infancy is sufficient to increase sleep.
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The propensity to accumulate sleep need during wakefulness and to dissipate it during sleep underlies the homeostatic regula-
tion of sleep. However, little is known about the developmental stage and cell types involved in determining the homeostatic
regulation of sleep. Here, we show that Sik3*” allele induction in mature neurons in late infancy is sufficient to increase non-
rapid eye movement sleep amount and non-rapid eye movement sleep 6 power. SIK3 signaling in neurons constitutes an in-
tracellular mechanism to increase sleep. /
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Introduction

Sleep is a well-conserved behavior in vertebrates and inverte-
brates (Cirelli, 2009; Dubowy and Sehgal, 2017) and is regulated
in a homeostatic manner so that the drive for sleep becomes
stronger after sleep deprivation, resulting in compensatory
increases in sleep intensity (Suzuki et al., 2013), which has been
modeled as Process S of the two-process model (Borbély, 1982;
Daan et al., 1984; Franken et al., 1991, 2001). Sleep amount is
regulated under genetic control in humans and mice. Large-scale
genome-wide association studies have reported several genetic
loci associated with interindividual self-reported sleep duration
(Dashti et al, 2019). Recently, several gene mutations were
reported to be associated with human pedigrees with a short
sleep phenotype (Shi et al., 2019; Xing et al., 2019). Each inbred
mouse strain has a characteristic sleep time (Franken et al., 2001;
Gurecel et al., 2007; Miyoshi et al., 2019). However, the molecular
and neural mechanisms that determine the homeostatic regula-
tion of sleep remain unknown.

Recently, we established the Sleepy mutant pedigree, which
exhibits increases in NREM sleep (NREMS) amount and NREMS
8 power (Funato et al., 2016). Sleepy mutant mice, Sik3%¥ mice,
have a splice mutation in the salt-inducible kinase 3 (Sik3) gene,
which leads to the in-frame deletion of exon 13-encoded region
that contains a protein kinase A (PKA)-phosphorylation site. This
PKA site, the 551st serine residue, is crucial for increased sleep
(Honda et al., 2018). Although the systemic expression of mutant
SIK3 protein, SIK3(SLP), increased NREMS amount and NREMS
8 power, the spatial, temporal, and cellular profiles of SIK3(SLP)
responsible for the sleep phenotypes in Sik3™¥ mice remain
uncharacterized.

One possibility is that increased sleep in Sik3%% mice is attrib-
utable to the expression of SIK3(SLP) outside the brain. SIK3 is
expressed in various tissues, including the liver, cartilage, and
blood cells, and is required for the proper development of the
skeletal system, adipose tissues, and glucose/lipid metabolism
(Sasagawa et al., 2012; Uebi et al., 2012), and macrophage differ-
entiation and interleukin production (Darling et al, 2017).
Sleep/wakefulness is susceptible to the effect of other organs and
the systemic state of inflammation via nervous and humoral
pathways (Imeri and Opp, 2009; Besedovsky et al., 2019).

The second possibility is the involvement of SIK3(SLP) in
non-neural cells, such as astrocytes and microglia (Wigren and
Porkka-Heiskanen, 2018). Astrocytes have been shown to modu-
late sleep need (Halassa et al., 2009; Pelluru et al., 2016; Haydon,
2017). Glial SIK3 affects neuronal excitability in Drosophila (H.
Lietal, 2019).

Another possibility is that the sleep amount in adulthood is
determined during brain development or in the early postnatal
period, as observed for anxiety and depressive behaviors. It is
known that events and experiences during the early postnatal pe-
riod affect anxiety or depressive behaviors in adulthood (Gross et
al., 2002; Uchida et al.,, 2010). A temporal lack of serotonin re-
ceptor 5-HT1A during the early postnatal stage, not in adult-
hood, enhance anxiety behavior in adult mice (Gross et al.,
2002). SIK3 suppresses cyclic AMP responsive element (CRE)-
dependent transcription (Takemori and Okamoto, 2008;
Sonntag et al., 2018), which can alter the expression of various
genes. Since Sik3 is expressed in brains as early as E13.5 (see
Results), altered cyclic AMP responsive element-dependent tran-
scription in Sik3** mice can affect multiple aspects of brain de-
velopment, such as cell migration, neural differentiation, axon
guidance, and synaptogenesis (Ehrlich and Josselyn, 2016),
which may eventually increase sleep need in adulthood because
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sleep need can be encoded by synaptic proteins (Tononi and
Cirelli, 2014; Ehrlich and Josselyn, 2016; Wang et al., 2018).

To investigate the above possibilities, we newly developed
synapsinl “FR12 and Sik3%'¥"°* mouse lines that enable the neu-
ron-specific, temporally regulated expression of SIK3(SLP) with
tamoxifen administration. The recombination efficiency exam-
ined using ROSA-LacZ mice was consistent with the expression
patterns of synapsinl and CreERT2 and dependent on the age of
the tamoxifen-administered mice. The expression of SIK3(SLP)
in neurons from late infancy led to increased sleep in adult mice.

Materials and Methods

Mice. Mice were housed under humidity- and temperature-con-
trolled conditions on a 12:12 h light/dark cycle. Food and water were
provided ad libitum. Mice were weaned at 4 weeks of age and housed in
groups of 4 or 5. All mice were maintained on C57BL/6N background.
The days of insemination and the day of birth are designated embryonic
day 0.5 (E0.5) and postnatal day 0 (P0), respectively. Rosa®? mouse
(The Jackson Laboratory #002073; https://www.jax.org/strain/002073)
(Soriano, 1999), Ai9 or Rosa'™"%° (The Jackson Laboratory #007909;
https://www.jax.org/strain/007909) (Madisen et al., 2010) mouse lines
were used. Sik3%% mice have a single nucleotide substitution immediately
after exon 13 resulting in the skipping of exon 13 that encodes well-con-
served PKA site, 551st serine residue (Funato et al., 2016; Honda et al.,
2018). All animal experiments in this study were approved (Protocol
#180094) and conducted following the guidelines established by the
Institutional Animal Care and Use Committee of the University of
Tsukuba.

Generation of Sik3™"*1°Y™ mice. A genomic fragment containing
exon 13 (156 bp) of the Sik3 gene was isolated from a C57BL/6 mouse
genomic BAC clone from an RP23 mouse genomic BAC library
(Advanced GenoTechs). A 1.7 kb fragment of the FRT-PGK-neo-FRT-
loxP cassette was inserted in the opposite direction after exon 13. The
targeting vector also contains a loxP sequence before exon 13. The tar-
geting vector was linearized and electroporated into the C57BL/6N ES
cell line RENKA. Correctly targeted clones were injected into eight-cell
stage ICR mouse embryos, which were cultured to produce blastocysts
and then transferred to pseudopregnant ICR females. The resulting chi-
meric male mice were crossed with female C57BL/6N mice to establish
the Sik3%<1¥10% 10/t Jine, §ik3%<110% neo/* mice were crossed with Actb-
Flp knock-in mice to remove the neomycin resistance gene with the Flp-
FRT system to establish the Sik3*"¥°¥ line,

Generation of synapsinlCreERTz mice. We created synapsin
mice as previously reported with some modifications (Sato et al., 2018)
The guide RNA (gRNA) sequence that was 5'-AGGGCTGTCTAGG
GGTTTAG-3' was inserted into the entry site of pX330 (Addgene
#42230;  https://www.addgene.org/42230/:  42230; RRID:Addgene_
42230) as described previously (Mizuno et al., 2014). For the construc-
tion of a donor vector, 2647 bp of the IRES-iCreERT2 sequence flanked
by Sall and Sacl sites was artificially synthesized (Eurofins Genomics)
and subsequently inserted into a pBluescript IT SK (-) vector. For the 5'-
and 3'-arms of the targeting vector, two 2.0 kb fragments were amplified
from the synapsinl genomic DNA regions of C57BL/6N mice and then
inserted into the Ascl and Pmel sites of the vector using an In-Fusion
HD Cloning Kit (TaKaRa), respectively. The resultant vector has the
IRES-iCreERT2 sequence 22bp downstream of the stop codon of the
synapsinla isoform. Pregnant female serum gonadotropin and human
chorionic gonadotropin were intraperitoneally injected into female
C57BL/6N mice (Charles River Laboratories), and unfertilized oocytes
were collected from their oviducts. We then performed in vitro fertiliza-
tion with these oocytes and the sperm from male C57BL/6N mice. The
pX330 and donor vectors for the synapsinl gene were microinjected into
the zygote. Shortly after, survived zygotes were transferred into oviducts
in pseudopregnant ICR females. The genomic DNA sequence of FO mice
was examined by PCR and direct sequencing. FO male synapsin1 <R
mice were crossed with C57BL/6N females. Since the synapsinl gene is

1 CreERT2
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Figure 1. Generation and characterization of synapsin mice. A, Schematic diagram of the synapsin CreERT2 genomic construct. The last three exons of synapsinia (top) and synapsinTb

isoforms (middle) are indicated. The stop codon of synapsinTa is located behind that of synapsinb. The IRES-iCre-ERT2 sequence was inserted after the stop codon of synapsinTa (bottom). B,
RT-PCR showed Cre and synapsinT expression in the brain, spinal cord, and eyeball of male synapsin 19R2 mice, B -actin (Actb) was used as a loading control. C, Representative Cre expression
in the brains of male synapsin17®*"* mice at the ages of P14 (top) and P28 (bottom). D, Selected brain regions expressing Cre in male synapsin1“®"* mice at the ages of P14 (top) and P28
(bottom). E, Representative synapsinT expression in male synapsin1““*" mice at P14 (top) and P28 (hottom). DR, Dorsal raphe nucleus; LC, locus coeruleus; Pn, pontine nucleus; VMH, ventro-

medial hypothalamic nucleus. Scale bars: C, E, 1 mm; D, 250 m.

. ERT2 .
located on the X chromosome, male synapsinl““* ™ mice were

obtained from a mating of a WT male and a synapsin1““***2 female.

Tamoxifen supplementation. Tamoxifen (T5648, Sigma Millipore)
was prepared as a 20 mg/ml stock solution in corn oil (Wako #032-
17016) (Fujiyama et al., 2009). To examine the effect of tamoxifen on ad-
olescent and adult mice, mice were administered tamoxifen in corn oil
intraperitoneally at 100 mg/kg of body weight for 5 consecutive days;
500 ug of tamoxifen at 2-3 weeks is generally equivalent to 100 mg/kg
body weight. These administration protocols were determined to achieve
the best recombination efficiency with minimal side effects and interven-
tion of pup rearing according to previous reports (Chang et al., 2013;
Valny et al., 2016; Jahn et al., 2018). The administration of corn oil alone
was used as vehicle control. Brains were dissected 7-8d after the last
injection of tamoxifen, fixed in 4% PFA, and subjected to X-gal staining
or immunohistochemistry as described below. Tamoxifen administra-
tion did not alter body weight.

RT-PCR. For checking Cre and synapsinl expression, brains and pe-
ripheral tissues were dissected from P14 male synapsinl<ERTZ
Sik3*1¥1* mice (see Fig. 1B). For embryonic expression of Sik3, the
brains and livers were dissected from male WT E13.5 embryos under a
dissecting microscope and from WT P1, P7, and P14 pups (see Fig. 3C).
For expression of Sik3 exon 13 deletion allele after tamoxifen adminis-
tration, brains and livers were dissected from P172 Sik3*” mouse and
P90 synapsinl ERT; §ik3e1310%+ mice fter tamoxifen administration at

P28, P29, P30, P31, and P32 (see Fig. 3D). Total RNA was isolated using
an RNeasy Lipid Tissue Mini Kit (QTAGEN) and used for cDNA synthe-
sis with oligo dT primers and a PrimeScript Reverse Transcriptase kit
(TaKaRa). PCRs were performed using PrimeSTAR GXL DNA polymer-
ase or TaKaRa Ex Taq (TaKaRa). The following primers were used:
synapsinl-forward, 5'-GCTTCTTCTCGTCGCTGTCT-3'; synapsinl-
reverse, 5'-TGCTTGTCTTCATCCTGGTG-3'; Cre-forward, 5'-TGC
CCAAGAAGAAGAGGAAAGT-3'; Cre-reverse, 5 -TGGTCAAAGT
CAGTGCGTTC-3'; beta-actin-forward, 5-GACCCAGATCATGTT
TGAGACCT-3’; beta-actin-reverse, 5'-ACGCAGCTCAGTAACAG
TCC-3"; Sik3-forward (used in Fig. 3D), 5-GAACAGATCTG
CAGGCACAA-3"; Sik3-reverse (used in Fig. 3D), 5'-CATCCACA
GGGGTAACTGCT-3'; Sik3-qS13 (used in Fig. 3C) , 5'-TTGTCAAT
GAGGAGGCACAC-3'; Sik3-qAS23 (used in Fig. 3C) , 5'- TCTTCT
CCAGGGTCCTCTCA-3'.

ISH. Adult male mice were perfused transcardially with PBS followed
by 4% PFA in PBS. The brains were postfixed with 4% PFA in PBS at 4°
C overnight, cryoprotected in 30% sucrose in PBS for 2 d, embedded in
OCT compound (Sakura Finetech), and stored at —80°C until use. The
brains were cryosectioned at 60 um thickness and stored in tissue cryo-
protectant solution at —20°C. ISH was performed using digoxigenin
(DIG)-labeled antisense probes. Fragment of synapsinl cDNA was gen-
erated by RT-PCR using Ex Taq (TaKaRa) from total RNA isolated from
adult C57BL/6N mouse brains with TRIzol reagent (Thermo Fisher
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Scientific). Fragments of iCre cDNA were generated by PCR using Ex
Taq (TaKaRa) from the targeting vector. Following primers were used to
generate probes: for synapsinl, 5'-GCTTCTTCTCGTCGCTGT
CT-3' and 5-TGCTTGTCTTCATCCTGGTG-3'; for iCre: 5'-TG
CCCAAGAAGAAGAGGAAAGT-3" and 5-TGGTCAAAGTCAGTG
CGTTC-3'". The amplified fragment was cloned into pGEM-T Easy
(Promega) and linearized with Spel. The linearized plasmids were puri-
fied and used to produce DIG-labeled, single-stranded RNA probes
using a DIG RNA labeling kit with T7 polymerase (Roche Diagnostics).
First, tissue cryoprotectant solution was carefully removed from the
brain sections by washing with PBS. The sections were treated with 4%
PFA and 0.3% Triton X-100 for 15 min. Sections were then permeabil-
ized with 1 ug/ml proteinase K for 30 min at 37°C, treated twice with
0.75% glycine for 15 min, and with 4% PFA for 5 min. The sections were
acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine for
15 min, prehybridized for 1-2 h at 60°C, and then hybridized overnight
with a DIG-labeled probe at 60°C; after washing twice with 2x SSC/50%
formamide/0.1% N-lauroylsarcosine for 20 min at 50°C, incubated with
5 ug/ml RNase A for 20 min at 37°C, and washed with 2x SSC/0.1% N-
lauroylsarcosine and 0.2x SSC/0.1% N-lauroylsarcosine at 37°C for
20 min for 2 times, respectively. The sections were treated with 1%
blocking reagent (Roche Diagnostics #11096176001) and incubated
with alkaline phosphatase-conjugated anti-DIG Fab fragments
(Roche Diagnostics #11175041910). After the sections were washed
with TBST for 10 min for 3 times, the reactions were visualized with
a BCIP/NBT substrate solution (Roche Diagnostics) for 2 h (synap-
sinl) or 6 h (iCre).

Immunohistochemistry. Adult mice were perfused with PBS followed
by 4% PFA in PBS, and then brains were dissected and postfixed in 4%
PFA in PBS at 4°C overnight. Fixed brains were cryoprotected in 30%
sucrose in PBS for 2 d, embedded in OCT compound (Sakura Finetech),
and frozen at —80°C. The brains were cryosectioned at 40 pm thick-
ness and stored in tissue cryoprotectant solution at —20°C. For dou-
ble immunostaining of B-galactosidase and NeuN, the sections of
male synapsinl““#8% Rosa™*“*’* mice were rinsed with PBS and
incubated in 1% Block Ace (Snow Brand Milk Products) in PBS with
0.1% Tween 20 (0.1% PBST) for 2 h at room temperature. This proce-
dure was followed by overnight incubation with mouse anti-3-galac-
tosidase (1:500; Promega #Z3783) and rabbit anti-NeuN (1:5000;
Abcam #EPR12763) in 0.4% Block Ace in 0.1% PBST overnight at 4°
C. The sections were rinsed with PBS and then incubated with
AlexaFluor-488 donkey anti-mouse IgG (1:1000; Thermo Fisher
Scientific #A-21202; RRID:AB_141607) and AlexaFluor-594 donkey
anti-rabbit 1gG (1:000; Thermo Fisher Scientific #A-21207; RRID:
AB_141637) in 0.4% Block Ace in 0.1% PBST for 2 h at room temper-
ature. Immunohistochemistry of GFAP and Ibal was performed as
described previously (Iwasaki et al., 2018). Sections of female
synapsin1“FR1% Rosa"T0me* mice were rinsed with PBS and
mounted with Vectashield mounting medium with DAPI (Vector
Lab, #H-1200; RRID:AB_2336790). The primary antibodies used
were as follows: rabbit anti-GFAP (1:1000; Dako #70334) and rabbit
anti-Ibal (1:500; Wako #019-91741). The secondary antibody was
Fluor-488 goat anti-rabbit IgG (1:1000; Thermo Fisher Scientific #A-
11008; RRID:AB_143165). Fluorescence imaging was conducted
using an LSM 780/800 confocal microscope system (Carl Zeiss).

X-Gal staining. Detection of [3-galactosidase activity using X-gal was
performed as previously described (Fujiyama et al., 2009, 2018). Adult
brains and tissues were perfused with PBS followed by 4% PFA in PBS
and postfixed with 4% PFA at 4°C overnight. The brains were cryopro-
tected in 30% sucrose in PBS, embedded in OCT compound (Sakura
Finetek), and stored at —80°C until use. The brains of male
synapsin1 PR Rosa™ %" mice were cryosectioned coronally at a
thickness of 40 um and stored in tissue cryoprotectant solution at —20°
C. After several washes with PBS, fixed tissues were incubated in the X-
gal solution (0.05% X-gal, 1 mm MgCl,, 3 mm K Fe(CN)g, 3 mm KsFe
(CN)g, and 0.1% Triton X-100 in PBS) at 37°C for 24 h. Stained samples
were washed with PBS. After mounting and drying, nuclear fast red
staining was performed. Bright-field imaging was conducted using a
NanoZoomer XR (Hamamatsu).
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Western blot. The brains of male Sik3%?5% mice, Sik3**'¥" mice
and synapsin1“"*ER1%; §ik3*1¥9¥ ™ mice were quickly dissected after cer-
vical dislocation. Brains were homogenized using a rotor-stator homoge-
nizer (PRO Scientific) in ice-cold lysis buffer [50 mwm Tris-HCI, pH 7.6,
150 mm NaCl, 1x PhosSTOP (Roche Diagnostics), 1 mm EDTA, 1x
protease inhibitor (Roche Diagnostics)], and then centrifuged at
14,000 rpm at 4°C. Protein concentrations were determined by micro
BCA assay (Thermo Fisher Scientific); 50 ug of protein in each sample
was subjected to SDS-PAGE (7% acrylamide) and transferred to PVDF
membranes. Blots were subsequently washed in TBST and incubated
overnight at 4°C with the primary antibody in TBST with 5% BSA. The
following antibodies were used for immunoblotting: rabbit anti-SIK3
(SLP) (1:2000; immunized using a peptide, QLEYKAVPA, by Eurofins),
rabbit anti-SIK3 Exonl13 (1:2000) (Honda et al., 2018), and rabbit anti-
B-tubulin (1:1000; #2128; Cell Signaling Technology). The blots were
then washed and incubated with HRP-conjugated, donkey anti-rabbit
IgG (1:2000 dilution in TBST with 5% BSA; Jackson ImmunoResearch
Laboratories; RRID:AB_2307391). After washing, the blots were exposed
to Clarity Western ECL Substrate (Bio-Rad). Chemiluminescence signal-
ing was detected using FUSION Solo 6S.EDGE (Vilber-Lourmat).

EEG/EMG electrode implantation surgery. At 8-9 weeks of age, male
mice were anesthetized with isoflurane, and the cranium was exposed.
Each mouse was implanted with an EEG/EMG electrode containing four
electrode pins and two flexible stainless-steel wires as reported previ-
ously (Miyoshi et al., 2019). The electrode pins were lowered to the dura
under stereotaxic control, and the electrode socket was subsequently
attached to the skull with dental cement (3M ESPE, RelyX U200 Unicem
Syringe Dental Resin Cement). Two ipsilateral pins (AP: 0.5 mm, ML:
—1.27 mm, DV: —1.3 mm; and AP: —4.5 mm, ML: —1.27 mm, DV:
—1.3 mm) were used for the EEG recording. For the EMG recording,
two stainless wires were inserted into the neck extensor muscles. All
mice were allowed at least 7 d for recovery from the surgery. After the re-
covery period, all mice were attached to a tether cable and then allowed
habituation to the recording conditions at least for 7 d.

EEG/EMG recording and analysis. EEG/EMG signaling was obtained
and analyzed as previously described with some modifications (Miyoshi
et al,, 2019). The recording room was kept under a 12:12 h light/dark
cycle and constant temperature (24°C-25°C). The EEG/EMG signals
were amplified, filtered (EEG: 0.3-300 Hz; EMG: 30-300 Hz) with a mul-
tichannel amplifier (NIHON KODEN, #AB-611]), and digitized at a
sampling rate of 250 Hz using an analog-to-digital converter (National
Instruments #PCI-6220). The EEG/EMG data were visualized and semi-
automatically analyzed by MATLAB (The MathWorks)-based software
followed by visual inspection. Each 20 s epoch was staged into wakeful-
ness, NREMS, and REMS. Wakefulness was scored based on the pres-
ence of low-amplitude, fast EEG activity, and high-amplitude, variable
EMG activity. NREMS was characterized by high- amplitude, 6 (1-4
Hz)-frequency EEG waves and low EMG tonus, whereas REMS was
staged based on theta (6-9 Hz)-dominant EEG oscillations and EMG
atonia. The total time spent in wakefulness, NREMS, and REMS was
derived by summing the total number of 20 s epochs in each state.
Epochs that contained movement artifacts were included in the state totals
but excluded from subsequent spectral analysis. EEG signals were subjected
to FFT analysis from 1 to 30 Hz with a 1 Hz bin using MATLAB-based cus-
tom software. The EEG power density in each frequency bin was expressed
as a percentage of the sum of 16-30 Hz bins EEG power of all sleep/wake
states. For total time spent in each vigilance stage, 20 s epoch analysis
yielded similar results to 4 s epoch analysis (total wake time: ¢4y = 0.887,
p=0.384, Student’s ¢ test; total NREMS time: fo4 = —1.138, p=0.266,
Student’s t test; total REMS time: #(,4) = 1.063, p=0.298, Student’s t test, ta-
moxifen-administered synapsinlc’eERTZ; Sik3™* mice, n= 9). However, 4 s
epoch analysis resulted in shorter episode duration compared with 20 s
epoch staging (wake: f(14253 = —8.476, p=6.10 X 1077, Welch’s ¢ test;
NREMS: tg677) = —15.729, p=3.17 x 107", Welch’s ¢ test; REMS: £y =
—4.768,p="7.5 x 10>, Student’s ¢ test).

For sleep deprivation, we performed sleep-deprived for 6 h from the
onset of the light phase, ZT0, by gentle handling, which allowed mice to
sleep for only 1 min during sleep deprivation (Suzuki et al.,, 2013). Mice
expressing SIK3(SLP) remained awake during sleep deprivation, similar
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Figure 2.  Tamoxifen-dependent recombination in synapsin mice. A, B, X-gal staining of various brain regions in male synapsin mice administered tamoxifen during
late infancy at P14, P17, and P20 (top) and during adolescence at P28, P29, P30, P31, and P32 (bottom). The brains were harvested 7-8 d after the last tamoxifen administration. C, Low-mag-
nification X-gal staining images of coronal brain sections in male synapsin1“**"%; Rosa*“* mice administered tamoxifen during late infancy at P14, P17, and P20 (top), and during adoles-
cence at P28, P29, P30, P31, and P32 (bottom). D, X-gal staining of primary motor cortex and hippocampus in male synapsin1™*™; Rosa“““™ mice without the administration of tamoxifen.
E, Intraperitoneal tamoxifen injection (100 mg/kg, 5 times at P28, P29, P30, P31, and P32) induced 3 -galactosidase expression in the arcuate nucleus of male synapsin 19612 Rosd ™Y mice
(leftmost). /3 -galactosidase-expressing cells overlap with NeuN-positive cells (white dotted line). F, Intraperitoneal tamoxifen injection (100 mg/kg, 5 times at P59, P60, P61, P62, and P63)
induced tdTomato expression in the arcuate nucleus of female synapsin1““#™*; Rosa™™* mice (leftmost). tdTomato-expressing cells did not overlap with GFAP-positive cells (white dot-
ted line, top row) or Ibal-positive cells (white dotted line, bottom row). Scale bars: A, B, D, 500 wm; C, 1 mm; E, F, 20 um. AMB, Nucleus ambiguus; AQ, cerebral aqueduct; CP, caudoputamen;
DG, dentate gyrus; GL, granular layer; DMH, dorsomedial hypothalamus; DMX, dorsal motor nucleus of the vagus nerve; DR, dorsal raphe nucleus; LC, locus coeruleus; LH, lateral habenula;
LRN, lateral reticular nucleus; LS, lateral septum; LV, lateral ventricle; ML, molecular layer; PAG, periaqueductal gray; PAS, parasolitary nucleus; Pn, pontine nucleus; PVT, paraventricular thala-
mus; RO, raphe obscurus; SN, substantia nigra pars reticulata; VMH, ventromedial hypothalamus; VTA, ventral tegmental area.
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shown in the brains correspond to a minor transcript variant skipping exon 15. D, RT-PR using the brains and livers of synapsin

1CreERT2. i 3813108+ mice treated with corn ol or tamoxifen.

The cerebral cortex (Ctx) and hypothalamus (Hypo) of the tamoxifen-treated synapsin1“™%; Sik3%"*™* mice showed shorter bands (asterisks) corresponding to Sik3(Slp) in addition to the
Sik3(Wild type). Sik3*”*¥ mouse tissues only have the shorter bands. E, Western blotting of brain homogenates. An antibody specific to SIK3(SLP) detected the protein (asterisks) in tamoxifen-
administered synapsin1“R%; Sik3%™3%¢+ mice and Sik3*"*® mice (top row). An antibody specific to the exon 13-encoded region detected WT SIK3 protein in tamoxifen- or vehicle-adminis-

tered synapsin1 <72, i3+

to WT mice, consistent with the fact that Sik3%" mice exhibited similar
wake responses to environmental stimuli as WT mice (Funato et al.,
2016). Relative 6 density over the sum of 1-30 Hz bins during NREMS
during ZT6-ZT9 was calculated for both the basal recording and after 6
h sleep deprivation. During sleep deprivation, food and water were avail-
able. EEG power density was calculated as described above. NREMS &
power change was calculated as hourly average of 6 power divided by
the average of § power at ZT11 of the basal recording.

Process S simulation. According to the two-process model of sleep
regulation, the homeostatic Process S consists of an increasing and a
decreasing exponential process during wakefulness and sleep,
respectively (Borbély, 1982; Daan et al., 1984), which was modeled
by a saturating exponential function (Franken et al., 1991, 2001;
Huber et al., 2000). Time course of Process S was calculated itera-
tively by assuming that it increases according to an exponential sat-
urating function (Eq. 1) during wakefulness or REMS and decreases
according to an exponential function (Eq. 2) during NREMS
(Franken et al., 2001, 2006).

Syuy =UA — (UA—S,) - e /" (Eq.1)

Ses1 = LA+(S, — LA) - e /™ (Eq.2)

Si+1 and S; are values of S for consecutive epochs. Ti is the time con-
stant of the increasing exponential saturating function with an upper as-
ymptote (UA), and Td is the time constant of the decreasing exponential
function with a lower asymptote (LA). dt is the time step of the iteration
(epoch duration). UA was set to the 99% level of 6 power during
NREMS, and LA was set to the intercept of 6 power distribution of
REMS and NREMS by use of Kernel density estimation (Franken et al.,
2001, 2006). EEG data of the basal recording from ZTO0 for 24 h followed
by 6 h sleep deprivation and subsequent recording for 18 h were used.
All epochs of NREMS were combined, and the median 8 power was cal-
culated every 20 min, which was used for determining the parameters
(Ti, Td) to minimize the mean square of the difference between empiri-
cal data and simulation. The median 6 power of the first 20 min of the
combined NREMS was determined as an initial value of S (S0). To save
computational effort, initially, the best combination of Ti and Td was
selected for a range of Ti (0-25 h, 1 h step) and Td (0-25 h, 0.25 h step),

mouse brains, but not in Sik3™PP mouse brains (middle row). B3 -tubulin was used as a loading control (bottom row).

and then further optimized with finer steps (0.1 h step for both Ti and
Td) within the 2 h around the initial combination of time constants. The
goodness of the fit was assessed by the sum of the square of residuals.
The simulation was performed using Python 3.7. Hourly average of
Process S was expressed as absolute power (see Fig. 8F,G) and normal-
ized power, which was divided by the power of Process S during the last
4 h of the light phase of the basal recording.

Experimental design and statistical analysis. The sample size was
determined using Python 3.6 based on averages and SDs that were
obtained in previous studies (Funato et al., 2016; Honda et al., 2018).
The experimenters were blinded to genotypes and treatment assign-
ments. Statistical analyses were performed using SPSS Statistics 26
(IBM). g values used in Tukey’s test were calculated with R. All data
were tested for Gaussian distribution and variance. Homogeneity of var-
iance was tested with Levene’s test. We used Student’s ¢ test for pairwise
comparisons, one-way repeated-measures ANOVA for multiple com-
parisons with multiple data points, and two-way ANOVA for multiple
comparisons involving two independent variables. ANOVAs were sub-
jected to Tukey’s test. When deviation from normality or lack of homo-
geneity of variances occurred (p <0.05), Welch’s ¢ test was used for
pairwise comparison. p << 0.05 was considered statistically significant.

Results

Earlier administration of tamoxifen led to higher

recombination efficiency in synapsin1 “"***"2 mice

To express SIK3(SLP) protein in neurons from a specific devel-
opmental stage, we generated two mouse lines: synapsinl<"***"?
(Fig. 1A) and Sik3*'7"* mice (see Fig. 3A). Synapsinl©R12
mice have an IRES-Cre-ERT2 sequence after the stop codon of
synapsinl (Fig. 1A) and show strong expression of Cre in the
brain and spinal cord and low expression in other peripheral tis-
sues, such as the testis, stomach, intestine, and adrenal gland
(Fig. 1B). At P14, Cre ISH showed broad and strong expression
in the cerebral cortex, thalamus, hypothalamus, and brainstem
with moderate expression in the striatum and several brain stem
regions in synapsinl“"**"2 mice (Fig. 1C). At P28, Cre was
expressed strongly in the cerebral cortex, hippocampus, and thal-
amus but moderately or weakly in the hypothalamus and
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Figure 4.  Sleep/wakefulness of synapsin1“™™%; §ik3°™*™* mice injected with tamoxifen during late infancy. A~C, Time spent in wake (), NREMS (B), and REMS (C) over 24 h and during

the light and dark phases of synapsin1“"2; Sjk3e7107+

mice that were administered tamoxifen at P14, P17, and P20. Two-way ANOVA followed by Tukey’s test; n = 13 mice per group. D—

F, Daily variations of wake (D), NREMS (E), and REMS (F) of the tamoxifen-administered synapsinif’emz; Sik3%T™7+ mice. Two-tailed t test for the total time in early dark phases (Z112-18);
1= 13 mice per group. G-I, EEG power spectra of the tamoxifen-administered synapsin1“*™%; Sik3®™*™* mice in wake (G), NREMS (H), and REMS (I). n = 13 mice per group. Two-tailed ¢
test for the &- and theta-ranges. Data are mean == SEM. *p << 0.05. **p << 0.01. ***p < 0.001.

brainstem compared with P14, except for the ventromedial hypo-
thalamic nucleus, raphe nuclei, pontine nucleus, and locus coeruleus
(LC) (Fig. 1D). The age-dependent decrease in Cre expression reca-
pitulated synapsinl expression in synapsinl“"“**'2 mice (Fig. 1E).

Next, we examined tamoxifen-dependent recombination effi-
ciency after administrations at the late infancy and adolescence
stages of synapsinl“"*f% ROSA™#™ mice. When the mice
received three intraperitoneal injections of 500 ug tamoxifen
during late infancy (P14, P17, and P20), the synapsinl“***'%;
ROSA™#"* mice showed strong 3 -galactosidase expression in
the cerebral cortex, hippocampus, basal ganglia, thalamus, hypo-
thalamus, and cerebellum with mild expression in the caudopu-
tamen (Fig. 2A). Whereas 3 -galactosidase expression tended to
be low in the brainstem, strong expressions were observed in the
pontine nuclei, dorsal raphe nucleus, locus coeruleus, nucleus
ambiguous, dorsal motor nucleus of the vagus nerve, parasolitary
nucleus, and lateral reticular nucleus (Fig. 2B). The 3 -galactosi-
dase activity was also detected in the retina and several peripheral
tissues, including the adrenal medulla, neural cells in the stom-
ach and intestine walls, and several cells in the seminiferous
tubules of the testis (data not shown).

In the second protocol, when the mice received five intraperi-
toneal injections of 100 mg/kg tamoxifen during adolescence

(P28, P29, P30, P31, and P32), the numbers of X-gal spots
in brain regions were smaller than those observed following
administration at late infancy (Fig. 2C). However, brain regions,
including the medial hypothalamus, dorsal raphe nucleus, LC,
nucleus ambiguous, and dorsal motor nucleus of the vagus nerve,
showed similar levels of X-gal expression between late infancy
and adolescence (Fig. 2A,B). No X-gal spots were observed in
synapsinl "FRT% ROSA™#™ mice without tamoxifen supple-
mentation, indicating tight control of Cre recombinase activity
in synapsin1 "2 mice (Fig. 2D).

Neuron-specific Cre recombination was confirmed by colocali-
zation of [ -galactosidase and NeuN expressions in tamoxifen-
administered synapsin1““**"%;, ROSA™*“™ mice (Fig. 2E), and the
lack of tdTomato expression in GFAP-positive astrocytes or Ibal-
positive microglia in tamoxifen-administered synapsinl“*R2/*;
ROSA™™omato/* mice (Fig. 2F).

Tamoxifen administration induced SIK3(SLP) expression in
synapsinICreERTZ’_ Sl-k3ex13ﬂnx/+ mice

We generated a Sik3%/¥°" mouse line in which Sik3 exon 13 is
flanked with loxP sequences (Fig. 3A). Sik3°1310¥/+ mice enable
the Cre recombinase-dependent expression of SIK3(SLP) protein
that lacks the exon 13-encoded region (Fig. 3B). RT-PCR
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Figure 5.  Sleep/wakefulness of synapsin

mice injected with tamoxifen during late infancy after 6 h of sleep deprivation. A, NREMS & density during ZT6-ZT9 in the ba-

sal recordings of the tamoxifen-administered synapsin1“2; Sik3%™™Y* mice (n=13) and synapsin1“*"2 Sik3™*/* mice (n=13) and after 6 h of sleep deprivation in the tamoxifen-
administered synapsin1%7%; Sik3*™* mice (n=6) and synapsin1“"% Sik3™/* mice (n=6). Two-way ANOVA followed by Tukey's test. B, NREMS & power changes after sleep depriva-
tion relative to that during ZT11 under the basal condition. Two-way ANOVA n = 6 mice per group. C~E, EEG power spectra of the tamoxifen-administered synapsin1““"2; Sik3%"™7* mice
(n=16) and synapsin1™"2, Sik3™/* mice (n = 6) in wake (€), NREMS (D), and REMS (E) after sleep deprivation. Two-tailed ¢ test for the &- and theta-ranges. Data are group mean =+ SEM.

*9 < 0.05. *¥p < 0.01. **p < 0,001,

confirmed Sik3 mRNA expression in the brain and liver as early
as E13.5 in WT embryos (Fig. 3C). The administration of tamox-
ifen in synapsin1“" 8% §ik3*131°¥* mice led to the expression
of Sik3(Slp) mRNA in the brain but not the liver, which was not
observed in vehicle-administered mice (Fig. 3D). The adminis-
tration of tamoxifen in synapsin1 %1% §ik3*1¥19¥* mice at ei-
ther late infancy or adolescence resulted in the appearance of
SIK3(SLP) and a decrease in WT SIK3 protein in the brains,
which was detected with anti-SIK3 exon 13 antibody (Fig. 3E).

Tamoxifen administration during late infancy increased
NREMS

We confirmed that vehicle-administered synapsin
Sik3°*1310*/* mice showed similar sleep/wake behavior as vehicle-
administered synapsinl™; Sik3*'¥*" mice. The two groups
of vehicle-administered mice showed similar time spent in wake
(synapsinl™;  Sik3*¥T mice: 711.1+214min for 24 h,
203.7 = 6.9 min during the light phase, 507.4 = 20.1 min during the
dark phase; synapsin1“*"%; $ik3*¥* mice: 690.8 + 10.9 min
for 24 h, 199.2 = 6.9 min during the light phase, 491.6 == 9.7 min
during the dark phase; F; 75) = 1.301, p = 0.258, two-way ANOVA),
NREMS (synapsin1™; Sik3*" ¥ mice: 649.7 + 18.6 min for 24 h,
453.4 = 5.8 min during the light phase, 196.3 = 18.2 min during the
dark phase; synapsinl“**"% $ik3* ¥ mice: 670.7 + 12.2 min
for 24 h, 458.3 * 6.9 min during the light phase, 212.4 = 9.2 min
during the dark phase; F(;7,) = 1.65, p=0.203, two-way ANOVA)
and REMS (synapsinl™*; Sik3*"*’* mice: 79.3 + 4.2 min for 24 h,
62.9 = 3.2 min during the light phase, 16.3 = 2.1 min during the
dark phase; synapsinl“°X1%; Sik3*1¥1¥* mice: 78,5 + 3.3 min for
24 h, 62.4 = 3.2 min during the light phase, 16.1 = 1.0 min during
the dark phase; F(;7,) = 0.042, p=0.839, two-way ANOVA), and
EEG spectral profiles, except for the 6 power during REMS

CreERT2
1 5

(8 during wake: 1.430 + 0.053 in synapsinl™; Sik3*™* mice,
1.539 = 0.049 in synapsinl 7% Sik3™ I mice, t,4) = 1.442,
p=0.162, Student’s ¢ test; theta during wake: 0.954 £ 0.027 in syn-
apsinl™;  Sik3*1T mice, 0998 +0.032 in synapsinl“ERTZ;
Sik3*1 7 mice, t,4) = 1.026, p=0.315, Student’s ¢ test; § during
NREMS: 4.239 * 0.190 in synapsinl*; Sik3™ 7" mice, 4.348 +
0298 in synapsinl“RT% Sik3™ T mice, tno36 = 0295,
p=0.771, Welch’s ¢ test; theta during NREMS: 1.661 = 0.054 in syn-
apsinl™;  Sik3*1F°T mice, 1.688 +0.047 in synapsinl <R
Sik3*1 7+ mice, to4 = 0.36, p=0.722, Student’s ¢ test; & during
REMS: 0.881 =+ 0.023 in synapsinl™; Sik3™'¥*" mice, 0.989 +
0.032 in synapsin1"R1Z; §ik3*1H¥ mice, t,,) = 2.635, p=0.015,
Student’s ¢ test; theta during REMS: 1.152 * 0.062 in synapsinl *;
Sik3™1X ™ mice, 1.264 + 0.043 in synapsinl“ERT%; k31 ox/+
mice, toq) = 1.423, p=0.168, Student’s ¢ test).

We then investigated sleep/wakefulness in adult
synapsinl “"ERTZ; gk 3°¥1310%/+ mice that were administered ta-
moxifen during late infancy. Tamoxifen-treated synapsinl“" %"
Sik3*13%* mice exhibited a decreased wake time and an increased
NREMS time over 24 h and during the dark phase and similar
REMS time compared with tamoxifen-treated synapsinl“**%%%
Sik3™* mice (Fig. 4A-C; wake: F( 75 = 73.561, p < 0.001, two-way
ANOVA; wake in 24 h: g = —7.428, p=2.664 x 10~°, Tukey’s
test; wake in dark: q,) = —6.864, p=2.928 x 10~°, Tukey’s test;
NREMS: F(; 75 = 79.373, p < 0.001, two-way ANOVA; NREMS in
24 h: qrp) = 7.716, p=7.773 x 10~ ', Tukey’s test; NREMS in dark:
Q72 = 6979, p=1.799 x 1078 Tukey’s test; REMS: Fy 72 = 3.011,
p=0.087, two-way ANOVA). During the early dark phase, tamoxi-
fen-treated synapsinl %% Sik3* " mice exhibited longer
NREMS and REMS time (Fig. 4D-F; wake t(56) = 1.400 x 10>,
Welch’s ¢ test; NREMS: f(4) = 4.703, p=8.800 x 10~ ", Student’s
t test; REMS: fq = 3209, p=4.000 x 10>, Student’s ¢ test).
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Figure 6.  Sleep/wakefulness of synapsin1“™"; $ik3%™3%7* mice injected with tamoxifen during adolescence. AC, Time spent in wake (4), NREMS (B), and REMS (C) over 24 h and during

the light and dark phases of synapsin 1", Sik3°™%“* mice that were administered tamoxifen at P28, P29, P30, P31, and P32. Two-way ANOVA. D—F, Daily variations in wake (D), NREMS

(E), and REMS (F) of the tamoxifen-administered syngpsin1 @2, Sjk3e 1310w+

mice. Two-way ANOVA. G-I, EEG power spectra of the tamoxifen-administered synapsin 1772, Sjk3e730x+

mice in wake (G), NREMS (H), and REMS (). Two-tailed ¢ test for the 5- and theta-ranges. Synapsin1™®'%; Sik3™/* mice (n=10) and synapsin1“™*2; Sik3*™™* mice (n=24).

*p < 0.05. **p < 0.01. Data are group mean = SEM.

Additionally, spectral analysis showed increased 6 power during
the wake, NREMS, and REMS and increased theta power during
the REMS of the tamoxifen-treated synapsinl <<% Sik3!ex/
mice (Fig. 4G-I wake &: f35 = 2.098, p=0.043, Student’s ¢ test;
NREMS 6 t(36) = 2.926, p=0.006, Student’s ¢ test; REMS &: t6) =
2.626, p=0.013, Student’s ¢ test; REMS theta: #(56) = 2.418, p=0.021,
Student’s ¢ test).

Next, we examined the homeostatic regulation of sleep/wake-
fulness in adult synapsin <72 Sik3*¥°¥* mice that were
administered tamoxifen during late infancy. After 6 h of sleep
deprivation from ZTO0 to ZT6, both tamoxifen-administered
synapsinlcreERTZ; Sik3ex13ﬂox/+ and SynapsinICreERTZ; Sik3+/+
mice showed higher & density than the basal condition (Fig. 5A;
F134) = 48.74, p = 4.72 x 10~%, two-way ANOVA; sleep depriva-
tion vs basal recording in synapsin1<"**"%; Sik3*/" mice: q(aq) =
3.665, p=0.004, Tukey’s test; after sleep deprivation vs basal re-
cording in synapsinl "R Sik3* It mice: gy = 6.208,
=300 x 10"°, Tukey’s test). Importantly, synapsinl“**"?;
Sik3°1310** showed a larger increase in NREMS & power
than synapsin1“"**"2; $ik3™/" mice for 6 h after sleep depri-
vation (Fig. 5B; F(; 60y = 5.313, p =0.025, two-way ANOVA).
Spectral analysis also showed that increased 6 power for 3 h
after sleep deprivation during NREMS, but not during wake
or REMS (Fig. 5C-E; wake 0: to = 0.219, p=0.831,

Student’s ¢ test; NREMS 8: t(10) = 4.487, p=0.001, Student’s ¢
test; REMS 8: t(10) = 0.988, p=0.346, Student’s t test). Thus,
the expression of SIK3(SLP) after late infancy enhanced
increase in 6 power during NREMS in response to sleep loss.

Tamoxifen administration during adolescence increased
NREMS 6 power

Next, we investigated sleep/wakefulness in adult synapsin
Sik3*13#°* mice that were administered tamoxifen during
adolescence, or at 5 consecutive days from P28. Tamoxifen-
treated synapsinl 1% §ik3* ¥+ mice exhibited similar times
spent in wake, NREMS, or REMS to tamoxifen-administered
synapsin1““*"2; Sik3*/* mice (Fig. 6A-C; for wake: F(j o6) = 2.629,
p=0.108, two-way ANOVA; for NREMS: F; ¢6) = 3.279, p=0.073,
two-way ANOVA; for REMS: F( 96y = 0.907, p=0.343, two-way
ANOVA). The circadian variations in the wake, NREMS, and
REMS time were also similar between the tamoxifen-administered
synapsin1“*1Z; Sik3* 1 mice and the control mice (Fig.
6D-F; wake: F(; 768) = 2.67, p=0.103, two-way ANOVA; NREMS:
Fues) = 3.839, p=0.050, two-way ANOVA; REMS: Fy 6) = 0.589,
p=0.443, two-way ANOVA). Furthermore, the tamoxifen-treated
synapsinl "ERTZ; §ik3= 1+ mice showed an elevated 8 power
density during NREMS but not during wake or REMS (Fig. 6G-I;

CreERT2,
1 5
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Figure 7.  Sleep/wakefulness of synapsin1®7%; Sik3®™™7* mice injected with tamoxifen during adolescence after 6 h of sleep deprivation. 4, NREMS & density during ZT6-ZT9 under the

basal condition in the tamoxifen-administered synapsin1“®'2; Sik3e70¥+

administered synapsin1°%7%; Sik3® 710 mice (n=12) and synapsin171%; Sik3+/*

mice (n=24) and synapsin
mice (n = 10). Two-way ANOVA followed by Tukey's test. B, NREMS & power change after 6 h sleep

19¥R 2. §ik3 /" mice (n=10) and after 6 h of sleep deprivation in the tamoxifen-

deprivation relative to that during ZT11 under the basal condition in the tamoxifen-administered synapsin“*%; Sik3#"™* mice (n="12) and synapsin1™="%; Sik3*/* mice (n=10).
Two-way ANOVA. (~E, EEG power specira of the tamoxifen-administered synapsin TCTeERT2. i 3130V i (n=12) and synapsin 16eERT2. ik 3/ mice (n = 10) in wake (€), NREMS (D), and
REMS (E) after 6 h sleep deprivation. Two-tailed ¢ test for the &- and theta-ranges. *p << 0.05. **p << 0.01. ***p < 0.001. Data are group mean = SEM.

wake O: f@z) = —0.062, p=0.951, Student’s ¢ test; NREMS &:
tos7as = 2.769, p=0.01, Welch’s ¢ test; REMS 8: f35 = —2.004,
Pp=0.054, Student’s ¢ test).

After 6 h of sleep deprivation from ZT0 to ZT6, both tamoxi-
fen-administered  synapsinl“*R7% g3 X/t and
synapsinl <812 §ik3"/* mice showed higher NREMS & density
after sleep deprivation than the basal condition (Fig. 7A; F(; 55) =
64.456, p=1.15 x 10~ '°, two-way ANOVA; sleep deprivation vs
basal recording in synapsinl““*8"%; $ik3* mice: q(sy) =
7.147, p=1.72 x 10~ %, Tukey’s test; sleep deprivation vs basal re-
cording in synapsin1“"FR1% Sik3T/T mice: gy = 4.584,
p=1.66 x 10*, Tukey’s test). Synapsinl “ERT2; §ik3130%/* apnd
synapsinl““*1% Sik3*/* mice showed a similar 8 power
increase after sleep deprivation (Fig. 7B; F(1120) = 0.306, p =0.581,
two-way ANOVA). An increased & density was observed for 3 h
after sleep deprivation during NREMS but not during wake or
REMS (Fig. 7C-E; wake &8: t;0) = —0.818, p=0.423, Student’s ¢
test; NREMS 6: t(50) = 2.431, p=0.025, Student’s ¢ test; REMS &:
to) = —0.748, p=0.463, Student’s ¢ test). These results indicated
that synapsin1 "R §ik3*11* mice administered tamoxifen
during adolescence increased 6 power during NREMS both in
basal and after sleep deprivation; however, the degree of the
increased 6 power after sleep loss was similar to the control
mice.

SIK3(SLP) expression increased Td/Ti ratio of process S

Last, we investigated sleep need dynamics of tamoxifen-adminis-
tered synapsin1<"FRX"2; §ik31319¥* mice with tamoxifen admin-
istration during late infancy and Sik3%”"" mice (Funato et al,,
2016) using simulation analysis. We simulated Process S based
on sleep/wake patterns over 48 h, including 6 h of sleep depriva-
tion according to Franken et al. (2001, 2006) and determined the
time constants, Ti and Td, by minimizing the differences to

empirical 6 power for a range of Ti (0-25 h) and Td (0-25 h) val-
ues (Fig. 8A). Sik3%"'" and synapsin1“"FR12; §ik3*1¥10¥/* mice
showed a tendency toward longer Td and shorter Ti values com-
pared with Sik3™* and synapsin1<"FR7Z; §ik3*/* mice, respec-
tively, whereas the changes did not reach significance (Fig. 8B,C;
Td: Fy 31y = 2.353, p=0.135, two-way ANOVA; Ti: F(y 51y = 2.39,
p=0.132, two-way ANOVA). Distributions of Td and Ti of
Sik3S"* and  synapsin1“FRTZ §ik3% 7 F mice  exhibited
higher Td aéainst Ti compared with those of Sik3"/* and
synapsinl1 "% Sik3*/* mice, respectively (Fig. 8D). The
regression line for Sik3*¥" mice data had a larger slope than
that for Sik3*/* mice. Since the differences in Td against Ti dis-
tributions can be assessed directly as decreasing to increasing
time constant ratio (Td/Ti) ratios, we further examined the Td/
Ti ratios of each mouse group. Td/Ti ratios of Sik3°”" and
synapsinl “ERTZ §ik31¥10%/* mice were higher than those of
Sik3™* and synapsin1“"**"%; Sik3™* mice, respectively (Fig.
8E; F(1.31) = 45.929, p=1.374 x 1077, two-way ANOVA; Sik3*/*
vs Sik3™: tsy = 6301, p=3.00x10"° Tukeys test
synapsin““FRTZ Sik3™* vs synapsinl “ERTZ; Sik3% IO 1)
= 3.768, p=0.004, Tukey’s test). The simulated Process S of
Sik3%""" and synapsin1“*FR12; §ik3%1°Y " mice was shown as
raw values (Fig. 8F,G) and as normalized values that were di-
vided by that during the last 4 h of the light phase of the basal re-
cording (Fig. 8H.I).

Discussion

The present study used newly developed synapsin1“**™2 and
Sik3*'¥°% mouse lines and demonstrated that the expression of
SIK3(SLP) protein in neurons from late infancy is sufficient to
cause the sleep phenotype of Sik3%¥ mice and Sik3%**'* mice in
adulthood (Funato et al., 2016; Honda et al., 2018).
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Figure 8. Sleep need dynamics of SIK3(SLP)-expressing mice. A, Representative contour plot of the sum of square of differences between simulated Process S and empirical
data as a function of an increasing (Ti) and a decreasing (Td) constant. B, Td of Sik3™™, Sik3™®'™, synapsin1%72; Sik3™/*, and synapsin1"*F2; Sik3"1* mice. Two-way
ANOVA. C, Ti of Sik3™™, Sik3*®"*, synapsin1“°72;, Sik3™/*, and synapsin1“°7%; Sik3*""* mice. Two-way ANOVA. D, Scatter plot of Ti and Td of Sik3 ™", Sik3*P/*,
synapsin1“®EF 2. Sik3™/* and synapsin1¢ERT2; Sik32 731 mice. Regression lines were drawn for Sik3™* (=9, R* = 0.6376) and Sik3*”* (n=14, R? = 0.8839) mice. E,
Td/Ti ratios of Sik3™/™", Sik3*™'™, synapsin1“®'2; Sik3™/*  and synapsin1“*12; Sik3*3™°/* mice. Two-way ANOVA followed by Tukey's test. F, Simulated Process $ for
Sik3™* and Sik3™’* mice. Sik3™" mice (n=9), Sik3*'" mice (n=14). G, Simulated Process S for synapsin1“*FZ; Sik3™F, and synapsin1TERZ; Sik3@TIF mice,
Synapsin1°ER12; Sik3*/* mice (n=6), synapsin1“<F2; Sik3%73* mice (n=6). H, Simulated Process S normalized by that during the last 4 h of the light phase of the basal
recording for Sik3*/* and Sik3*P* mice. Sik3™/* mice (n=9), Sik3*®’* mice (n=14). I, Simulated Process S normalized by that during the last 4 h of the light phase of the
basal recording for synapsin1“®"2; Sik3*/*, and synapsin1°tF12; Sik3%731 mice. Synapsin1“ERT; Sik3 /T mice (n=6), synapsin1eEFZ; Sik3#T1 T mice (n=6).
**p < 0.01. ***p < 0.001. Data are group mean = SEM.

We previously reported that the systemic expression of SIK3
(SLP) and SIK3 (S551A) led to longer NREMS time and
increased NREMS 6 power (Funato et al., 2016; Honda et al., 2018)

mice and synapsinl“R12; §ik3%1¥* mice. Lower normalized
Process S of $ik3™ mice and synapsin1““™"%; §ik3*1¥¥* mice
during the dark phase may be because of shorter wake time during

and that the alanine substitution of PKA phosphorylation sites of
SIK1 and SIK2 increased NREMS & power (Park et al., 2020). In
the present study, we showed that a greater Td/Ti of Sik3*” mice
and synapsinl““FR1Z%; Sik3=1* mice compared with Sik3"/*

the dark phase (Fig. 4A) (Funato et al,, 2016). Future studies on
SIK3 will lead to elucidation of the neural substrates of the Process
S dynamics, which may be associated with synaptic function and
structure (Tononi and Cirelli, 2014; Wang et al., 2018).
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The effect of SIK3(SLP) on sleep need in Sik3%" mice could
be attributed to tissues outside the nervous systems, non-neuro-
nal cells in the brain, and altered brain development, rather
than mature neurons. Since synapsinl is expressed in mature
neurons at the late phase of synaptogenesis (Garin and Escher,
2001; Ziv and Garner, 2004) and synapsinl“ERT% gjj3ex13flox
mice administered tamoxifen during late infancy demonstrated
the increased NREMS time and NREMS & power seen in Sik3%?
mice, the current study showed that the sleep phenotypes in
Sik3%% mice are caused by the expression of SIK3(SLP) in mature
neurons, although it does not deny the possibility that SIK3(SLP)
expressed in non-neuronal cells or outside the nervous system is
also involved in sleep change in Sik3*¥ mice.

Since sleep deprivation is primarily compensated by an
increased NREMS 6 power, not by an increased NREMS
amount, it is reasonable that the lower expression of SIK3
(SLP) in synapsin1“"ER12; §ik3°131°* mice administered ta-
moxifen during adolescence led to an increased NREMS &
power in adulthood without significant change in NREMS
amount. Lower recombination efficiency in adolescent com-
pared with infant synapsin1“"**"? mice may account for the
weaker sleep phenotype of synapsin1<"*R"2; §ik3°!¥1°¥ mice
administered tamoxifen during adolescence than during
late infancy. Although we cannot deny the possibility that
the sleep need in adulthood is determined between late
infancy and adolescence, our preliminary study (K.I., unpub-
lished data) showed that the sleep amount in adult mice can
be modulated by the expression of SIK3(SLP) in adulthood.

Currently, there is no consensus on whether sleep need is
encoded by full populations of neurons or a specific set of neu-
rons. Our result allows both interpretations. More time spent in
NREMS in synapsinl<" 7% §ik3*'¥* mice with tamoxifen
administration during late infancy than during adolescence sug-
gests that sleep need may depend on the number of SIK3(SLP)-
positive neurons. This interpretation supports the hypothesis
that sleep need reflects entire neural activities during wakefulness
and is correlated with the number of neurons involved, as Clock-
mutant chimera mice showed circadian behavior changes
depending on the Clock-mutant cell dosage (Low-Zeddies and
Takahashi, 2001).

Another interpretation is that the regional difference in the
induction of mutant Sik3%? allele accounts for differential sleep
amount in synapsin1“"*X"2; §ik3*1 ¥ mice. Since the execution
of sleep/wakefulness transitions and maintenance is controlled
by distributed neural networks in the brain (Liu and Dan, 2019),
SIK3(SLP) expression in a certain brain region may directly or
indirectly affect this sleep-regulating network to enhance
NREMS. There are several brain regions where SIK3(SLP) was
induced by tamoxifen administration during late infancy, not by
administration during adolescence. Given that brain regions
where SIK3(SLP) is induced by tamoxifen administration during
late infancy are associated with sleep need encoding, brain
regions showing very low Cre-dependent recombinase activity
after the administration of tamoxifen during late infancy may
not be crucial for sleep need determination in synapsinl %%,
Sik3°'31% mice. For example, although the lateral habenula, cau-
doputamen, and substantia nigra pars reticulata are involved in
sleep regulation (Cui et al., 2014; Cizeron et al., 2020; Liu et al,,
2020), very low Cre-dependent recombination was observed in
these regions of synapsin1 ““*8% ROSA™*** mice after tamoxi-
fen administration during late infancy. Thus, these regions may
not be responsible for increased sleep in synapsinl“FRT
Sik3*1¥°% mice or, presumably, in Sik3*¥ mice.
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. JCreERT2 __. Lo
Synapsinl~" mice showed abundant Cre expression in

the cerebral cortex but weak expression in the caudoputamen
and several brain stem areas, as was previously reported for syn-
apsinl expression (Melloni et al., 1993; Melloni and DeGennaro,
1994). Synapsinl is a synaptic vesicle phosphoprotein, and
synapsinl-deficient mice exhibited epileptic seizures (L. Li
et al., 1995; Etholm et al., 2012) and a decreased number of
synaptic vesicle pools (L. Li et al., 1995; Baldelli et al,,
2007). Moreover, synapsinl is one of the sleep-need-index
phosphoproteins that constitute a molecular signature of
sleep need (Wang et al., 2018). Although we observed
decreased synapsinl expression in synapsinlC”ERTZ mice
(data not shown), which may have resulted from Cre cas-
sette insertion in the 3'UTR region regulating mRNA sta-
bility (Mayr, 2016), synapsinl“"**"? mice showed sleep/
wake behaviors similar to those of WT mice. Thus,
synapsin1 “"**72 mice work as a valuable tool that allows us
to temporally manipulate gene expression in neurons.

We found that the recombination efficiency differs depending
on the brain region. For example, the LC and nucleus ambiguus
showed a hi%h recombination efficiency in tamoxifen-treated
synapsinl “"*7%; ROSA™#™ mice despite the moderate expres-
sion of Cre in the LC and nucleus ambiguus of synapsin1<“**"2
mice. Different regional concentrations of tamoxifen in the brain
resulting from different levels of accessibility or permissiveness
of the blood-brain barrier near the circumventricular organs
(Tusuf et al.,, 2011; Jahn et al, 2018) may have also facilitated
uneven recombination efficiency.

In conclusion, this study provides a tool to modify sleep
amount and NREMS & power through a selected population of
cells and proved the concept of neuronal encoding of sleep need.
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