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SUMMARY

Calcium signaling is pivotal to the circadian clockwork in the suprachiasmatic nucleus (SCN), particularly in
rhythm entrainment to environmental light-dark cycles. Here, we show that a small G-protein Gem, an endog-
enous inhibitor of high-voltage-activated voltage-dependent calcium channels (VDCCs), is rapidly induced
by light in SCN neurons via the calcium (Ca2+)-mediated CREB/CRE transcriptional pathway. Gem attenuates
light-induced calcium signaling through its interaction with VDCCs. The phase-shift magnitude of locomotor
activity rhythms by light, at night, increases in Gem-deficient (Gem�/�) mice. Similarly, in SCN slices from
Gem�/� mice, depolarizing stimuli induce larger phase shifts of clock gene transcription rhythms that are
normalized by the application of an L-type VDCC blocker, nifedipine. Voltage-clamp recordings from SCN
neurons reveal that Ca2+ currents through L-type channels increase in Gem�/� mice. Our findings suggest
that transcriptionally activated Gem feeds back to suppress excessive light-evoked L-type VDCC activation,
adjusting the light-induced phase-shift magnitude to an appropriate level in mammals.

INTRODUCTION

In mammals, the hypothalamic suprachiasmatic nucleus (SCN)

is the master circadian clock dictating daily cycles of behavior

and physiology (Herzog et al., 2017; Hastings et al., 2019).

Cellular rhythms generated by the cell-autonomous transcrip-

tion-translation feedback loop (TTFL) of clock genes (Takahashi,

2017) synchronize to produce a robust and coherent daily oscil-

lation through circuit-level interactions among SCN cells (Yama-

guchi et al., 2003; Colwell, 2011; Allen et al., 2017). SCN-gener-

ated circadian rhythms must be entrained daily to the

environmental light-dark cycle through zeitgebers ("time

givers"). Light signals travel from the eye to the SCN via the mel-

anopsin-containing retinohypothalamic tract (RHT) (LeGates

et al., 2014). Glutamatergic RHT signaling activates Ca2+-medi-

ated mitogen-activated protein kinase (MAPK)-cyclic AMP

(cAMP) response element-binding protein (CREB)/cAMP

response element (CRE) biochemical pathways in SCN neurons

(Obrietan et al., 1998) via AMPA/NMDA receptor stimulation

(Colwell and Menaker, 1992; Kim and Dudek, 1991). This

pathway promotes chromatin remodeling (Crosio et al., 2000)

and the rapid induction of immediate-early genes (Schwartz

et al., 2000) and clock gene expression (Shigeyoshi et al.,

1997); this causes a TTFL phase shift in oscillating cells within

the SCN (Allen et al., 2017).

In mammals, a phase shift in circadian rhythms in response to

a single light pulse is phase dependent (Daan and Pittendrich

1976,; Schwartz and Zimmerman, 1990); light during early night

induces a phase delay and light during late night induces a phase

advance, whereas light at midday does not shift the clock.

Although phase-shift magnitude in mammals may be tightly

controlled, the mechanisms underlying this limitation in phase-

shift magnitude have long been a source of speculation.

Ca2+-mediated circadian phase shifts occur through Ca2+ influx

into SCN neurons via membrane depolarization and activation of

voltage-dependent calcium channels (VDCCs) (Irwin and Allen,
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Figure 1. The RGK GTPase Gem is highly expressed in the SCN

(A) Representative autoradiograms showing mouse coronal SCN brain sections hybridized with radioisotopic RGK family probes (Gem, Rad, Rem1, and Rem2).

Circadian time (CT) is defined as CT0, subjective dawn, and CT12, subjective dusk in constant darkness (DD). Note SCNGem signals in autoradiograms in (A and

B) are presented as red arrows. Similar results were obtained from three independent experiments. Bar, 2 mm.

(B) Light induces Gem in the SCN. (Upper) Induction of Gem by a light pulse (30 min, 200 lux) at various CT points (CT5, CT14, and CT23) (bar graph with red bar

[after light], gray bar [no-light control]; n = 5 at each time point) versus circadian expression (gray line graph; n = 5). Relative RNA abundance was calculated by

adjusting the circadian peak value at CT0 to 100. Representative autoradiograms at CT0, CT14 without light, and CT14 after light are shown on top. Note that the

light-evoked induction of Gem (red bar) is greater than the Gem circadian expression level (gray line) in the SCN. (Lower) Temporal change of light-induced Gem

induction at CT14. Relative RNA abundance was calculated, adjusting the mean of 60 min after the light exposure defined to 100 (n = 5 at each time point in light-

exposed group and light-unexposed group). Representative autoradiogram images at 30 min, 60 min, 90 min, 120 min, and 240 min were shown at the top of the

lower figure. Note that Gem is rapidly induced within 30 min, reaches peak expression after 1 h, and returns to basal level 4 h after light exposure. Scale bars in

autoradiograms: 200 mm. Values are mean ± SEM. **p < 0.01.

(C) CRE-mediated Gem transcription. (Upper) The CRE (boxed in red) site is located immediately upstream of the TATA box (thin-lined, boxed in

black) and transcription start site (thick-lined, boxed in black) and is conserved between mouse and human. (Lower) Gem transcription is

(legend continued on next page)
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2007); this also occurs in the circadian clocks of the marine mol-

lusks (Colwell et al., 1994). The RGK proteins Rad, Rem, Rem2,

and Gem/Kir are members of the Ras superfamily of small guano-

sine triphosphate (GTP)-binding proteins and are endogenous in-

hibitors of high-voltage-activated VDCCs. Gem, discovered

through yeast two-hybrid screening (Béguin et al., 2001), binds

directly to the bsubunit of VDCCs and blocks high-voltage-acti-

vated CaV1.2-containing L-type Ca2+ channel currents. Rem,

Rem2, and Rad proteins inhibit high-voltage-activated L-type

(CaV1.1, CaV1.2, and CaV1.3), P/Q-type (CaV2.1), N-type

(CaV2.2), and R-type (CaV2.3) VDCCs but not low-voltage-acti-

vated T-type (CaV3.1, CaV3.2, and CaV3.3) VDCCs (Chen et al.,

2005; Colecraft, 2020). RGK binding to the VDCC-b subunit is

essential for CaV1.1 andCaV1.2Ca
2+current blockade; secondary

RGK-binding sites within the pore-forming a subunit, however,

also inhibit channel expression and reduce their open channel

probability (Buraei et al., 2015; Colecraft, 2020).

RGK protein-regulated high-voltage-activated (CaV1/CaV2)

VDCCs are widely expressed in excitable cells, including cardiac

myocytes, endocrine cells, andneurons,where they controlmus-

cle contraction, hormone secretion, and synaptic transmission,

respectively (Colecraft, 2020). Despite extensive research into

cardiac (Chang et al., 2007; Magyar et al., 2012; Manning et al.,

2013; Zhang et al., 2011) and endocrine cell functions (Gunton

et al., 2012) using RGK-knockout mice, the physiological signifi-

cance of RGK proteins in the central nervous system is unclear.

In the present study, we investigated the role of RGK proteins

in the mammalian circadian system. We found that the RGK pro-

tein Gem (kinase-inducible Ras-like [Kir]) was rapidly induced in

the SCN in response to light exposure in a circadian-phase-

dependent manner. The magnitude of the locomotor activity

rhythm phase shift by light, at night, was increased in Gem-defi-

cient (Gem�/�) mice. Depolarizing stimuli, applied ex vivo to SCN

slices from Gem�/� mice, induced large phase shifts in Period1

(Per1) clock gene transcription rhythms; this effect was normal-

ized with the L-type VDCC blocker nifedipine. Voltage-clamp-re-

corded L-type Ca2+ channel currents from SCN neurons were

increased in Gem�/� mice. These data suggest that transcrip-

tionally Ca2+-activated Gem expression feeds back to suppress

light-evoked Ca2+ influx by regulating L-type VDCCs; this re-

duces the magnitude of light-induced phase shifts in mammals.

This RGK-mediated feedback inhibition contributes to the atten-

uation of glutamate-evoked Ca2+ signaling, limiting the phase-

shift magnitude of the circadian clock in the SCN. The present

study shows the neurophysiological role of circadian-regulated

RGK proteins.

RESULTS

We first screened the involvement of RGK protein expressions in

the SCN by in situ hybridization at various circadian time points

by a screening strategy (Okamura, 2007). Because RGK proteins

are encoded byGem,Rem1,Rem2 andRad, wemade antisense

isotope-labeled probes to detect the expression of each tran-

script. Gem was uniquely expressed in the SCN, with a peak at

circadian time (CT) 0–2 and a trough at CT14–16; no appreciable

expression, however, was observed for Rad, Rem1, or Rem2

(Figure 1A and S1A).

Gem is inducible in vitro by mitogenic stimulation (Cohen et al.,

1994; Maguire et al., 1994) and in vivo in nerve-injury-stimulated

dorsal root ganglion neurons (Scamps et al., 2015). We, therefore,

first examined whether Gem expression in the SCN is light

responsive. A light pulse (30 min, 200 lux) strongly induced Gem

expression (�10-fold) during early night (CT14) and at a moderate

but significant level (�1.5-fold) during late night (CT23); no induc-

tion, however, was found during the subjective day (CT8) (Fig-

ure 1B). The level of Gem expression, after light induction, was

transient (Figure 1B, lower) and more than three times higher

than daily peakGem expression (Figure 1B, upper). This induction

involved transcriptional activation through the CRE site

(TGACGTCA) in the Gem promoter, approximately 72 base pairs

(bp) upstream of the transcription start site. Reporter assays re-

vealed that forskolin, phorbol 12-myristate 13-acetate (PMA),

and Ca2+-ionophore induced Gem transcription (Figure 1C); this

induction, however,was silenced following the deletionof the cen-

tral four nucleotides within the CRE site. Activation of E-box by

CLOCK/BMAL1 did not activate Gem promoter (Figure S1B).

Light-induced Gem was coexpressed with cFos in the SCN;

cFos is induced by CREB/CRE activation (Schwartz et al.,

2000) and the concurrent activation of extracellular signal-regu-

lated kinase (ERK) (Obrietan et al., 1998) after light exposure (Fig-

ure 1D). Light, possibly via Ca2+–CRE-mediated signaling, there-

fore produces strong Gem expression in the SCN.

To elucidate the role of Gem in light-induced phase shifts of

the circadian clock, we generated Gem-deficient mice using a

neo-cassette vector to target the genomic sequence encoding

the G2 domain; this region is a highly conserved and essential

motif for GTPase activity (Figure 2A) (Maguire et al., 1994).

Southern blot (Figure 2B) and PCR (Figure S2A) analyses

confirmed genomic Gem disruption. Loss of Gem expression

inGem�/�mice was confirmed histologically by in situ hybridiza-

tion using radioisotope-labeled probes: Gem expression was

undetectable following light application at CT14 (Figure 2C).

Western blotting, using micropunched SCN extracts, further

confirmed Gem targeting. A light pulse (30 min, 200 lux) at

CT14 increased Gem protein levels 2 h after light exposure, re-

flecting an immediate increase in transcription; this was

completely absent in Gem�/� mice (Figure 2D).

To determine the effect of Gem deficiency on the circadian

clock system, we examined the phase shift of circadian activity

in mice in response to a 30 min brief light pulse at various CT

points. The inherent pacemaker activity of the circadian clock

was not altered by Gem deletion (free-running periods: Gem+/+

[23.72 ± 0.05 h; n = 10] and Gem�/� [23.71 ± 0.06 h; n = 10];

p > 0.05, Student’s t-test) (Figure S2B); the light-induced phase

shift, however, increased (Figure 2E). A brief light at CT14

upregulated more than 5-fold following the addition of forskolin, PMA, or ionophore. Deletion of four central nucleotides in the CRE site abolishes the

cellular response.

(D) Coexpression of cFos with Gem (arrows in left), and pERK with Gem (arrows in right) by immunohistochemistry (anti-cFos serum or anti-phospholylated ERK

serum) and in situ hybridization with digoxigenin in the ventrolateral SCN. Bar, 10 mm.
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induced significantly larger phase delay in Gem�/� mice (phase

shift: Gem+/+ [�2.66 ± 0.07 h; mean ± SEM; n = 10] versus

Gem�/� [�3.20 ± 0.12 h; n = 10]; p < 0.01, Student’s t test),

although no significant difference was noted at CT5 in both ge-

notypes. At CT23, when light proceeds circadian rhythm to

advance phase, a light pulse also induces larger phase advance

in Gem�/� mice (phase advance: Gem+/+ [0.65 ± 0.07; n = 10]

versus Gem�/� [1.10 ± 0.12 h; n = 10; p < 0.01) (Figure 2E).

The intensified response of phase-dependent phase shifts to a

pulse of light was similarly observed in a different line of Gem�/�

mice (Figure S2C); this suggested that the observed difference is

not dependent onGem�/� lines, but on the absence or presence

of Gem.

The enhanced response of circadian rhythms to light, without

alternating the phase dependency in Gem�/� mice, showed that

Gem reduced the phase-shift magnitude. To confirm this, we

examined the phase-shift magnitudes with light strengths of 2,

30, 200, and 1,000 lux. At each light intensity, the phase-shift

magnitude was consistently higher in Gem�/� than Gem+/+

mice (Figure 2F). The increase in phase shift wasmost noticeable

under very weak (2 lux) light exposure; here, the phase shift

in Gem�/� mice was twice that of Gem+/+ control animals

(Gem+/+ 0.91 ± 0.08 h versus Gem�/� 1.63 ± 0.07 h). The

phase-shift magnitude in Gem�/� mice reached 3.20 ± 0.11 h

at 200 lux and 3.25 ± 0.07 h at 1,000 lux; this is significant

because mean extent of phase shifts in wild-type animals were

almost 2.6 h, and none exceed 3 h (Figure 2F). These data indi-

cate that Gem is a key molecule in reducing the magnitude of

phase shifts, particularly when exposed to weak light.

Retinal glutamatergic signaling increases Ca2+ influx in SCN

cells, primarily by opening L-type VDCCs (Irwin and Allen,

2007). The L-type-VDCC blocker nifedipine inhibits glutamate-

induced phase shifts in SCN slices ex vivo (Kim et al., 2005),

and light-induced phase shifts are blocked in VDCC a1-sub-

unit-deficient mice (Schmutz et al., 2014); VDCC-induced cal-

cium influx may, therefore, generate phase shifts in the circadian

clock. We, therefore, hypothesized that the increased phase-

shift in Gem�/� mice was caused by an increase in Ca2+ influx

through L-type VDCCs. VDCCs comprise a pore-forming a1

subunit and accessory b, a2d, and g subunits (Nanou andCatter-

all, 2018). Because Gem inhibits Ca2+ influx through the pore-

forming a1 subunit of the CaV1.2 and CaV1.3 VDCC subtypes

(Béguin et al., 2001), we examined the expression of these

channels in SCN neurons (Figure S3). Cacna1c and Cacna1d

transcripts, encoding a1 subunits of CaV1.2 and CaV1.3, respec-

tively, were strongly expressed in the SCN (Figure 2G upper,

and Figure S3); in situ hybridization showed that light-induced

Gem was coexpressed with these VDCCs in SCN neurons (Fig-

ure 2G, lower). These data suggest that Gem modulates Ca2+

influx in light-responsive SCN neurons that express CaV1.2 and

CaV1.3.

We next examined how light-induced Gem modulates L-type

VDCCs during circadian clock phase shifts. Organotypic SCN

slice cultures were prepared from Per1-luc transgenic mice

crossbred with Gem�/� or Gem+/+ mice. Per1-luc transgenic

mice were engineered to produce luciferase bioluminescence

under the control of thePer1 promoter in the presence of luciferin

(Yamaguchi et al., 2003). Depolarizing stimuli (50 mM K+) were

applied to SCN slice cultures 6 h after the luminescence peak;

this corresponds to the period when NMDA and AMPA produce

maximal phase delay (Asai et al., 2001; Mizoro et al., 2010). As

shown in Figure S4A, just after the depolarizing stimulus of K+

(50 mM), there is an immediate peak that is then followed by

the phase delay of the second Per1-luc circadian expression;

Figure 2. Accelerated phase shifts in Gem-deficient (Gem�/�) mice are normalized by an L-type VDCC blocker

(A) Schematic showing the targeted genome sequence and targeting vector. A part of exon 1 (E1) and the entire exon 2 (E2) were replaced by a targeting vector,

eliminating the G1 and G2 motifs of the GTPase.

(B) Genotype of Gem�/� mice were determined by Southern blot.

(C) Radioisotopic in situ hybridization autoradiographs showing the absence of Gem mRNA from the SCN in Gem�/� mice. Scale bar, 200 mm.

(D) Western blots assessing Gem protein levels in the SCN. The SCNwas collected from eitherGem+/+ orGem�/�mice bymicrodissection at the indicated hours

following light stimulation at CT14. Gem protein levels increased after 2 h and remained higher at 4 h than at baseline; Gem protein, was absent in Gem�/�

animals. Asterisk, nonspecific bands. Similar results were obtained from three independent experiments.

(E) Light-induced phase-dependent phase shift of locomotor rhythms in Gem+/+ and Gem�/� mice housed in constant dark conditions. A brief light stimulus

(30 min, 200 lux) was applied at CT2, 5, 8, 11, 14, 17, 20, and 23, and a phase-response curve was drawn for each genotype (Gem+/+: blue line and Gem�/�: red
line) (n = 10). The phase-dependent phase shift increased during the phase-delaying and phase-advancing periods in Gem�/� mice. Time of short light pulse

(30min) is indicated as red diamonds in these actograms at day 0. Periods of darkness are indicated by gray backgrounds. Actograms are shown in single-plotted

formats.

(F) Magnitude of phase shifts at CT14 by various intensities of light exposure (2, 30, 200, and 1,000 lux for 30 min) (n = 10). A brief light was exposed at day 0.

Representative actograms of locomotor activity ofGem+/+ andGem�/�mice before and after exposure to various intensities of light are shown in the upper panels

with a regression line to activity onset. Actograms are shown in single-plotted formats.

(G) (Left) Low-magnification autoradiography showing mouse coronal brain sections hybridized in situwith radioisotopic probes forCacna1c orCacna1d. Arrows

show the position of the SCN. Scale bar: 2 mm. (Right) High-magnification photomicrographs of the SCN, double in situ hybridized with a digoxigenin-labeled

probe for Gem (blue) and isotope-labeled probes for Cacna1c or Cacna1d (silver grains). Arrows show double-labeled neurons. Scale bar: 5 mm. Note the strong

expression of Gem in L-type VDCC-expressing cells in the SCN in response to light exposure.

(H) (Upper) The second circadian cycle ofPer1-luc luminescence in SCN slice culture, following application of vehicle (black), KCl (50mM) (blue), or KCl (50mM) +

Nifedipine (20 mM) (red), 6 h after the circadian luminescent peak. Real data shown in gray wave are simulated to fitted curve (vehicle: black line; KCl: blue line; and

KCl + nifedipine: red line). Note a high concentration of K+ (50 mM) induced Per1-luc phase shifts at different magnitudes in Gem+/+ and Gem�/� mice: depo-

larizing stimulus of K+ increased phase shifts of Per1-luc bioluminescence in Gem�/� mice; this effect is restored by the L-type calcium channel blocker nifed-

ipine. An example of the short application of KCl (30 min) on the first and second circadian cycle of Per1-luc slice is shown in Figure S4A. (Lower) The phase delay

was calculated by subtracting time of the second peak of nontreated SCN slices from that of high-K+-treated SCN slices. Although Gem�/� SCN slices show

increased phase delay to a depolarizing stimulus than Gem+/+ slices, nifedipine (20 mM) normalized this delay. Graphs show mean ± SEM. *p < 0.05, **p <

0.01, ***p < 0.001.
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slices from Gem�/� mice had an approximately 2-fold greater

phase delay than that of Gem+/+ slices (Gem+/+ mice, 55.20 ±

13.54 min [n = 11] versus Gem�/� mice, 99.83 ± 8.56 min [n =

8]; p < 0.001] (Figure 2H). Nifedipine (20 mM) normalized phase

delays in Gem�/� slices (Gem�/�, 61.42 ± 7.68 min; n = 11).

Gem, therefore, inhibited L-type VDCC activity and reduced

the magnitude of depolarization-induced phase shifts of the

circadian clock. The remnant nifedipine unresponsive part of de-

polarization-induced phase shift may be induced through other

types of VDCC (T and P/Q type) (Kim et al., 2005) and/or intracel-

lular Ca2+ stores.

To confirm an increase in Ca2+ influx in the SCN, we then used

voltage-clamp to directlymeasure transmembraneCa2+ currents

in neurons in SCN slice cultures from Gem�/� mice. Membrane

capacitance and resistance in SCN neurons were the same in

both genotypes (Figure 3A). Inward currentswere virtually absent

in the presence of nifedipine (20 mM), showing that the inward

currentwasconductedmainly throughL-typeVDCCs (Figure3B).

At a membrane potential of 0 mV, the maximum Ca2+ current in

slices from Gem�/� mice was significantly higher (�137.71 ±

25.53 pA; n = 16) than in Gem+/+ slices (�76.20 ± 15.65 pA;

n = 21) (p < 0.05) (Figure 3C). These data show that Gem defi-

Figure 3. Increased Ca2+ current in SCN

neurons from Gem�/� mice

(A) Membrane capacitance and membrane resis-

tance of SCN neurons in Gem�/� and Gem+/+

mice.

(B) Nifedipine (20 mM) blocks inward Ca2+ currents.

(C) Ca2+ current density, the current corrected by

membrane capacitance (pA/pF) in SCN neurons

(Gem+/+, n = 21; Gem�/�; n = 17). The current-

voltage (I-V) curve of Gem�/� (red line) and

Gem+/+ neurons (blue line). At a membrane poten-

tial of approximately 0 mV, the inward calcium cur-

rent was larger in Gem�/� than in Gem+/+ neurons.

p < 0.05.

ciency induces an increase in Ca2+ influx

through L-type VDCCs. Because Cac-

na1c and Cacna1d expression levels in

the SCN were not altered by light expo-

sure (Figure S4B) or Gem deletion (Fig-

ure S4C), Gem may decrease the Ca2+

current by acting directly on VDCC

without changing its transcription level.

DISCUSSION

Glutamate is the primary neurotransmitter

in the RHT and, in response to light, acts

at postsynaptic glutamate receptors on

SCN neurons; membrane depolarization

then induces circadian phase shifts. In

depolarized SCN neurons, Ca2+ influx

into oscillating neurons via L-type

VDCCs activates Ca2+-mediated intracel-

lular signaling cascades and induces

chromatin remodeling accompanied with

the alternation of transcription of a signif-

icant number of genes in retinorecipient SCN neurons (Alzate-

Correa et al., 2021; Jagannath et al., 2013).Per induction in these

cells (Shigeyoshi et al., 1997), derived from the calcium/CREB/

CRE transcriptional pathway (Ginty et al., 1993), phase shifts

the circadian clock in the SCN (Hastings et al., 2019). In the pre-

sent study, the same transcriptional pathway implicated in

increasing intracellular Ca2+ activates Gem.

Gem is expressed in many organs, including the pituitary

gland, thymus, pancreatic islets, kidney, spleen, liver, and testis

(Béguin et al., 2001). Although Gem was believed to not be ex-

pressed in neuronal tissues, including mouse brain and the rat

phaeochromocytoma-derived (PC12) cell line (Béguin et al.,

2001), Gem is induced in sensory neurons in dorsal root ganglia

in response to a noxious stimulus (Scamps et al., 2015). No other

studies, performed under conditions of an experimental stim-

ulus, have since reported Gem expression in the brain. Rem2

is reported in several brain areas (Finlin et al., 2000; Liput et al.,

2016), but no functional studies have been described.

In the present study, light-induced CRE-mediated Gem induc-

tion in the SCN occurs phase dependently; induction occurs dur-

ing early night, when there is light-induced phase delay, and dur-

ing late night, when there is light-induced phase advance. The
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magnitude of light-induced phase shift is significantly acceler-

ated in Gem-deficient mice; light-induced Gem, therefore, con-

tributes to a reduction in phase shift. The intracellular compo-

nents required for phase-change of the biological rhythms

have been extensively demonstrated, but little is known about

the modulation or termination of this signaling mechanism. The

magnitude of light-induced phase shifts in circadian rhythm in

mammals increases sigmoidally in response to photon accumu-

lation derived from given light (Daan and Pittendrich, 1976;

Nelson and Takahashi, 1991). During light-induced phase shift

in Gem+/+ and Gem�/� mice, the effect of Gem was, approxi-

mately, only 20% under conditions of high light exposure

(30 min, and above 200 lux) and approaches 50% under condi-

tions of low light exposure (30 min, 2 lux); these data show that

Gem induction is effective at canceling environmental light-noise

in the circadian clock.

VDCCs are important for maintaining neuronal function, partic-

ularly in neurological and psychiatric diseases (Zamponi, 2016).

Rad-knockout (Chang et al., 2007; Manning et al., 2013; Zhang

et al., 2011) and Rem-knockout mice (Magyar et al., 2012) exhibit

increasedcardiacCaV1.2 currents andcardiac hypertrophy.Gem

expression in the atrioventricular node is effective at electrically

uncoupling ventricular excitation from fibrillating atria in a porcine

model of atrial fibrillation (Murata et al., 2004).Gem-deficientmice

Figure 4. Schematic of Gem-mediated cal-

cium channel feedback inhibition in the

mouse SCN

Light stimulation causes glutamate release from

retinohypothalamic tract (RHT) synaptic nerve

terminals. Glutamate binds to glutamate receptors

on retinorecipient cells in the SCN, which de-

polarizes neurons, inducing VDCC activation and

facilitating Ca2+ influx and intracellular signal

transduction. These signals reach the CRE site in

Per gene promotors and shift the TTFL. Down-

stream signaling mechanisms also induce expres-

sion of the Gem promoter. Gem feeds back to

inhibit L-type VDCCs, inhibiting calcium influx.

Gem decreases the magnitude of light-induced

calcium signaling, inhibiting inappropriately large

phase shifts of the circadian clock by light. B,

BMAL1; C, CLOCK; CRE, cAMP response

element; CREB, CRE-binding protein; D, DBP;

ERK, extracellular signal-regulated kinase; L-

VDCC, L-type voltage-dependent calcium chan-

nel; Per, Period gene; TTFL, transcription-transla-

tion feedback loop.

have impaired glucose intolerance and

glucose-stimulated insulin release in the

endocrine pancreas (Gunton et al., 2012).

In either case, RGKs are likely to adjust in-

dividual function to an appropriate level,

suppressing excessive VDCC activation.

Clarification of the functional role of Gem

in the circadian center of the brain

may lead to the development of new ther-

apeutic targets for sleep/wake rhythm

disorders.

The present study revealed a previously unknown mechanism

of feedback regulation of circadian clock phase shifts. Our data

provide a model (Figure 4) in which glutamate, released from

RHT nerve terminals following light stimulation, binds to gluta-

mate receptors in SCN retinorecipient cells; calcium/CREB/

CRE-mediated signaling not only phase shifts the TTFL but

also induces a small G-protein Gem. Induced Gem terminates

Ca2+ entry through L-type VDCCs, negatively regulating and,

therefore, limiting the phase-shift magnitude.

Limitations of the study
With reference to the mechanism used by Gem to reduce phase

shifts, Ca2+ influx through depolarization-activated membrane-

localized calcium channels is important for critical cellular pro-

cesses, particularly in neuronal communication. All four mem-

bers of the RGK protein family, including Gem, are endogenous

inhibitors of high-voltage-activated VDCC channels, and Gem

inhibits the transmembrane calcium influx in a variety of cells

(Béguin et al., 2007; Colecraft, 2020). We used voltage-clamp

to directly measure the transmembrane Ca2+ current in neurons

from SCN slices from Gem+/+ and Gem�/�mice and found that

Gem deficiency caused an increase in Ca2+ influx through

L-type VDCCs, presumably Cav1.2 and Cav1.3 (Figures S3

and S4B). However, we have not yet specified the cellular
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mechanism how Gem downregulates VDCC. RGK proteins are

proposed to inhibit VDCCs by a slow, trafficking-dependent

mechanism via accelerating endocytosis (Béguin et al., 2007;

Buraei et al., 2015) and by a fast mechanism that inhibits mem-

brane-resident channels (Buraei et al., 2015; Colecraft, 2020).

Whether former or latter or both mechanisms are involved in

the SCN clock cells for Gem-induced inhibition of VDCC current

remains for future study.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to and will be fulfilled by Hitoshi Okamura (e-mail: okamura.hitoshi.

4u@kyoto-u.ac.jp).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody Cell ignaling Tech Cat#9101

Gem monoclonal antibody (M01), clone 4B12 Abnova Cat#H00002669-M01

c-Fos antibody Abcam Cat#ab7963

Chemicals, peptides, and recombinant proteins

Toluidine blue Sigma-Aldrich Cat#T3260

TRIzol reagent Thermo Cat#15596026

RNeasy micro kit Qiagen Cat#74004

Tetrodotoxin Wako Cat# 206-11071

One-Cycle Target Labelling and Control

Reagents Kit

Affymetrix Discontinued

3,3’-Diaminobenzidine (DAB) Wako Cat#R-074N

Goat Biotinylated anti-rabbit IgG Vector lab Cat# BP-9100-50

Lipofectamine 2000 Thermo Cat#11668027

Bicculine Wako Cat#0130

proteinase K Wako Cat#161-28701

RNAse A Wako Cat#318-06391

Avidin/biotinylated horseradish peroxidase Vector lab Cat#PK-4005

Diaminobenzidine Wako Cat#349-00903

Entellan Merck Cat#107960

SuperScript III First-Strand Synthesis SuperMix Thermo Cat#18080400

Platinum SYBR Green qPCR SuperMix-UDG Thermo Cat#11733038

PrimeScript RT reagent kits Takara Cat#RR037A

Thunderbird SYBR qPCR mix Toyobo Cat#QPS-201

2-mercaptoethanol Nacalai Cat#21417-52

RNeasy Mini Kit Qiagen Cat#74104

SuperScriptTM VILOTM cDNA Synthesis Thermo Cat#11754050

ROCHE Digoxigenin-11-UTP MilliporeSigma Cat#12352200

Nifedipine Wako Cat# 141-05783

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega E1910

Experimental models: Organisms/strains

Mouse: Gem�/� In this paper N/A

Mouse: Per1-promoter-luc Curr Biol. 10(14):873-6,2000. N/A

Recombinant DNA

pGL3-Promoter Promega E1751

pRL-CMV Renilla reporter Promega E2261

Software and algorithms

Prism 5 GraphPad https://www.graphpad.com/
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Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We developed and mated male and female C57BL6 backcrossed Gem knockout mice (Gem�/�) and Gem+/+ mice in housing con-

ditions under 12-h light: 12-h dark (LD) cycles at 22 ± 2�C, with food and water provided ad libitum. We used male mice to avoid the

effect of sexual cycle on circadian rhythms. At 8–12weeks of age, micewere transferred to individually housed conditions under 12-h

light: 12-h dark (LD) cycles and kept there for at least one week before the behavioral analysis. For electrophysiological studies, adult

Gem�/� and Gem+/+ mice (6- to 10-week-old) were housed in the same condition for at least 2 weeks prior to experiments. For or-

ganotypic slice culture study, we sampled SCN from both sexes of neonatal (4- to 7- day old) Gem�/� and Gem+/+ mice harboring

Per1-luc transgene, and luciferase experiments were performed after 2 to 4 weeks of initiation of culture.

All animal experimental procedures were pre-approved by the Animal Experimentation Committee at Kyoto University and the

Institutional Animal Care and Use Committee of RIKEN Kobe Branch. Experimental protocols for mice were in accordance with

the guidelines for animal experiments approved by the Animal Ethics Committee at Kyoto University and RIKEN Regulations for

the Animal Experiments.

METHOD DETAILS

Screening strategy of SCN gene project
We first screened the involvement of RGK protein expressions in the SCN by in situ hybridization at various circadian time point by a

screening strategy called SCN-Gene Project (Okamura, 2007), in which we already found key signaling molecules for the circadian

generation and synchronization of cellular clocks in the SCN (Doi et al., 2011; Yamaguchi et al., 2013,; Matsuo et al., 2021). In the

project, we (i) used histochemistry to identify genes whose expression is enriched in themouse SCN, (ii) generatedmutant mice lack-

ing candidate genes of interest, and (iii) measured the locomotor activity at various environmental conditions.

Generation of gem�/� mice
The Gem knockout mice (Accession No. CDB0673K: http://www2.clst.riken.jp/arg/mutant%20mice%20list.html) were generated. The

targeting construct, containing a part of the first exon and full range of the second exon ofGem, was prepared using genomic DNA frag-

ments fromaBACclone.Briefly, 7.0kbadjacentupstreamofGemand3.4kbdownstreamofGemwasamplifiedbyPCRandsub-cloned

into PGK-Neo-pA/DT-ApA vector and verified by full sequencing. The targeting constructs were linearizedwith NotI and electroporated

into the TT2 embryonic stem (ES) cells (Yagi et al., 1993). The constructwas introduced intoC57BL/6/CBAbackgroundEScells, and two

independent chimericmouse lines were established. These lines were independently crossedwith C57BL/6mice to produce F1N0 het-

erozygousmice, and then crossed further for at least three times before use in experiments.Gem�/�mice did not have gross abnormal-

ities. Theywere fertile andwereborn at the expectedMendelian ratio.Disruption ofGem in the genomewas confirmedbySouthernblot-

ting, conventional PCR, and in situ hybridization. We further confirmed targeting of Gem by western blotting with micro-punched SCN

extracts.

Genotypes were determined by Southern blot and PCR. NheI-digested DNA was Southern blotted and hybridized with a 32P-

labeled external probe. Genotyping primers we used for detecting WT and KO alleles were 50-CCGTGCATTGGCTTTATC-TT-30

(Fw primer for WT), 50-TCGCCTTCTTGACGAGTTCT-30 (Fw primer for KO), and 50-AGCTCAGGCCTCCTAAGTCC-30 (common

Rev primer for WT and KO).

Gem activates Rho kinase-mediated cytoskeletal reorganization, such as stress fiber formation and neurite retraction (Krey et al.,

2013; Ward et al., 2002). Gem-knockout mice (Gem�/�) develop normally at young ages. We also assessed behaviors at 8–10-

weeks-of-age and found no evidence of significant neurological impairment such as cerebellar ataxia, vestibular ataxia, or chorea.

Examination of animal behavior
Todetermine the impact ofGemdeficiencyon the circadian clock system,wemonitored thecircadian activity ofmiceand their response

toabrief light pulse at8-12-weeks-of-age.Gem�/�miceand theirGem+/+ littermateswere individually housed incircadianactivity-moni-

toringchambers. Foodandwaterweregiven ad libitumanddaily activityof eachmousewas recordedusing infraredsensors. Locomotor

activity was detectedwith passive (pyroelectric) infrared sensors (FA-05 F5B; Omron), and the data obtainedwere analyzedwith Clock-

lab software (Actimetrics) developedonMatLab (Mathworks).Micewere initiallymaintainedon12h light/12hdark (LD) cycles for at least

10 days to establish entrainment before being transferred to constant darkness (DD). A free-running periodwas determinedwith a linear

regression line fit to the activity onset of 14 consecutive days in DD.
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For the phase-dependent phase-shift experiments, mice in DD were exposed to a 30 min light pulse (200 lux) at eight different

designated time points: CT2, 5, 8, 11, 14, 17, 20, and 23. The effect of light intensity on phase-shift was examined by changing light

intensities (2, 30, 200, and 1000 lux) at CT14. Phase-shifts were quantified as the time difference between regression lines of activity

onset before and after light application. Regression lines were made based on the activity onset 7 days before light stimulation, and

7 days activity onset starting 3 days after the light stimulation.

All animal procedures described in this study were approved by the Animal Research Committee of Kyoto University (2010-43) and

the Committee for Animal Research of Kobe University (P060601).

Electrophysiological recordings
For electrophysiological studies, adult mice (6- to 10-week-old) were entrained for at least 2 weeks on a 12 h light/dark schedule prior

to experiments. SCNslices (250mm-thick)werepreparedwith aMicroslicer (DTK-300K,DohsakaEM, Japan) in ice-cold reducedCa2+

artificial cerebrospinal fluid (aCSF) containing (inmM): 120.0 NaCl, 2.5 KCl, 1.2 NaH2PO4, 10.0 glucose, 26.0 NaHCO3, 5.0MgCl2, and

0.5CaCl2 (Chuhma et al., 2001).Whole-cell patch-clamp recordings in voltage-clampmode fromSCNneuronswere carried out. SCN

neuronswere randomly selected. Patch pipetteswere prepared from thick-walled borosilicate glass to a tip resistance of 5–8MU. The

intracellular recordingmediumcontained (inmM): 155.0Cs-methanesulfonate, 5.0NaCl, 10.0HEPES, 0.2 ethylenediaminetetraacetic

acid (EGTA), and 3.0 MgCl2. Corrections were made for the liquid junction potential (�18 mV). To reduce large Na+ currents and Cl�

currents in SCN neurons, tetrodotoxin (TTX, 1 mM) and bicuculline (40 mM) were added to the recording medium. The membrane po-

tential was held at�80mV, and voltage stepswere applied between�90 and +70mVper 10mV step. Active currents were generated

from approximately �20 mV. Current is normalized to cell membrane capacitance to produce current density for each cell (pA/pF).

Luciferase activity
Organotypic SCNslice cultures fromPer1-luc neonatal transgenicmice (4- to 7-day-old) were obtained as described previously (Yama-

guchi et al., 2003, 2000).Gem+/�micewere crossed toPer1-luc transgenicmice togeneratePer1-luc transgenicmiceharboring either a

Gem�/�orGem+/+genotype.Ourbioluminescent systemisable todetermine thephaseof theSCNwithahigh time-resolution (5min). To

align the phase condition between slices, tissues were entrained with a 36 h-bath application of 10 mg/mL cycloheximide (CHX) (Yama-

guchi et al., 2003), and the phase of the circadian clock in each SCN was determined by the peak time of Per1-luciferase activity. SCN

slice culturesweremaintained in a sealed 24-well cell culture plate; during bioluminescence recording, each well contained 240 mL cul-

ture mediumwith 1 mM luciferin at 35�C. For high K+ (50 mM) stimulation, SCN slice cultures were transferred 6 h after the first peak to

control medium (50% minimum essential medium, 50% Hank’s balanced salt solution, 36 mM glucose, and penicillin/streptomycin),

with or without K+ (50mM) and/or nifedipine (20 mM), for 30min at 35�C. The tissueswere thenwashed three timeswith control medium

for 30min at 35�C, and returned to the original culturemedium. Sample sizes were vehicle-control (n = 10), high K+ (n = 11), high K+ plus

nifedipine (n = 11), and nifedipine (n = 10), respectively. A one-way ANOVA was used to analyze these data.

Radioisotopic in situ hybridization
In situ hybridization was performed as previously described (Shigeyoshi et al., 1997). Briefly, paraformaldehyde-fixed brains were

frozen and cryoprotected. Serial coronal sections (40 mm-thick) were prepared from the rostral end to the caudal end of the SCN

with a cryostat. Free-floating tissue sections were then transferred through 4 3 saline sodium citrate (SSC) buffer, proteinase K

(1 mg/mL) in 0.1 M Tris buffer [pH 8.0], 50 mM EDTA for 15 min at 37�C, 0.25% acetic anhydride in 0.1 M triethanolamine for

10 min, and 4 3 SSC for 10 min. The sections were then incubated in hybridization buffer [55% formamide, 10% dextran sulfate,

10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), 0.6 M NaCl, 0.2% N-laurylsarcosine, 500 mg/mL tRNA, 1 3 Denhardt’s, 0.25%

SDS, and 10 mM dithiothreitol (DTT)] containing radiolabeled riboprobes for 16 h at 60�C.
Radiolabeled molecular-specific riboprobes were prepared based on the following sequences: for Gem, nucleotides 254–988 of

Gem (NM_010276.4); forRad, nucleotides 1–543 of (NM_019662.1); forRem1, nucleotides 100–629 of (NM_009047.4); forRem2, nu-

cleotides 103–700 of (NM_080726.2); forCacna1s, nucleotides 2291–2851 of (XM_358335.4); forCacna1c, nucleotides 5470–5914 of

(NM_009781.3); for Cacna1d, nucleotides 5504–5979 of (NM_028981.2); for Cacna1f, nucleotides 4837–5261 of (NM_019582.2); for

Cacna1a, nucleotides 3339–3736 of (NM_007578.3); for Cacna1b, nucleotides 5910–6406 of (NM_007579.1); for Cacna1e, nucleo-

tides 1353–1832 of (AK171983.1); for Cacna1g, nucleotides 7155–7608 of (NM_009783.1); for Cacna1h, nucleotides 6968–7397 of

(NM_021415.3); for Cacna1i, nucleotides 6874–7255 of (NM_001044308.2); for Cacna2d1, nucleotides 2141–2683 of

(NM_001110843.1); for Cacna2d2, nucleotides 1172–1643 of (NM_001174047.1); for Cacna2d3, nucleotides 2443–2986

of (NM_009785.1); for Cacnb1, nucleotides 193–748 of (NM_031173.3); for Cacnb2, nucleotides 1434–2003 of (NM_023116.4); for

Cacnb3, nucleotides 1699–2179 of (NM_007581.2); for Cacnb4, nucleotides 1278–1799 of (NM_001037099.1). The corresponding

cDNA fragment was cloned and used as a template for the generation of riboprobes. The riboprobes were radiolabeled with [33P]

UTP (PerkinElmer, Waltham, MA), using a standard protocol for the cRNA synthesis. Following a high-stringency post-hybridization

wash, the sections were treated with RNase A. Air-dried sections were exposed to X-ray film (Kodak Biomax).

Autoradiographic films (Kodak, Biomax) were quantified with MCID imaging software (Imaging Research Inc., Canada) after con-

version into the relative optical densities using 14C-autoradiographic microscales (Amersham, UK); ten SCN sections were then

summed.

Cell Reports 39, 110844, May 24, 2022 e3

Report
ll

OPEN ACCESS

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



In situ hybridization of gem with digoxigenin-labeled riboprobes
Digoxigenin-labeled probes allow for a better resolution than isotope probes for analyzing the cellular distribution of mRNA. We,

therefore, prepared digoxigenin-labeled antisense cRNA probes using digoxigenin-UTP (Roche Diagnostics) following a standard

protocol for cRNA synthesis. Tissue preparation, pre-hybridization, hybridization, and post-hybridization washing were identical

as in isotope probe hybridization, with the exception that we used 20 mm-thick sections of the SCN. Brain sections hybridized

with the digoxigenin-labeled probe were processed for immunochemistry with a nucleic acid detection kit (Roche Diagnostics). Sig-

nals were visualized in a solution containing nitroblue tetrazolium salt (0.34 mg/mL) and 5-bromo-4-chloro-3-indolyl phosphate tol-

uidinium salt (0.18 mg/mL) (Roche Diagnostics).

Immunohistochemistry for pERK and cFos
For immunohistochemical labeling of pERK and cFos, animals were anesthetized and systemically perfused with 25 mL of cold fixa-

tive containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (Doi et al., 2011). Isolated brains were transferred to the same

fixative for 12 h at 4�C, and then immersed in 20% sucrose in 0.1 M PB for cryoprotection. Coronal brain cryosections (20 mm-thick)

were processed for free-floating immunohistochemistry. We used a rabbit polyclonal antibody specific for the phosphorylated forms

of ERK 1 and 2 (Cell Signaling; catalog code 9101) and a rabbit antibody for cFos protein identification (Abcam; catalog code 7963).

Free-floating sections were pretreated with hydrogen peroxide (1.5% in 0.1 M PB, for 20 min at 4�C) and blocked with 5% horse

serum (in 0.1 M PB) for 1 h at room temperature. The sections were then incubated with pERK antibody [1:500 dilution, in 0.1 M

PB containing 0.3% Triton X-100 (PBX)], or with cFos antibody [1:8000] for 12 h at room temperature. After washing with PBX,

the sections were incubated with a biotinylated anti-rabbit IgG secondary antibody (1:500 dilution in PBX) (Vector Laboratories)

for 1 h at room temperature. The tissues were then subjected to standard avidin-biotin-immunoperoxidase staining (Vectorstain Elite

ABC kit, Vector Laboratories). Immunoreactivity was visualized with 3,30-diaminobenzidine (DAB). Immunostained sections were

then washed with 50 mM Tris-HCl buffer (pH 7.5), dehydrated in ethanol, and coverslipped with Entellan mounting medium.

Double-labeling histochemistry for cFos/pErk and gem

To examine whether cFos or pErk are coexpressed with Gem in SCN cells, we performed double-labeling immunocytochemistry

and in situ hybridization. Free-floating sections were incubated with the cFos antibody (1:8000 dilution) or with the pERK antibody

(1:500 dilution), followed by treatment with the goat biotinylated anti-rabbit IgG and avidin-biotin-complex. Following the visual-

ization of cFos or pERK by DAB, sections were processed for subsequent in situ hybridization with digoxigenin-labeling for

Gem. Pre-hybridization, hybridization, and post-hybridization washes were as described above. DAB-stained reactions were

observed in the nucleus for cFos and in the cytoplasm for pErk. Digoxigenin-labeled Gem mRNA signals were stained blue

with a nucleic acid detection kit (Roche Diagnostics) in the cytoplasm. Photomicrographs were captured using a Zeiss microscope

and imaging software.

Reporter assay
A sequence containing Gem-CRE was tandem ligated 3-fold, upstream of luciferase in the luciferase reporter vector pGL3 (Prom-

ega). A deletion mutant that lacks the central four nucleotides in the CRE site was used as a negative control. For measurement

of CRE site activity, luciferase constructs containing a 3-fold tandem-aligned wild-type Gem-CRE site or deletion mutant of Gem-

CRE were used. Cells were transfected with 400 mg of either construct. Cells were stimulated with forskolin (10 mM), ionophore

(1 mM), and PMA (100 ng/mL). Six hours later, the cells were harvested for the luciferase assay.

Immunoblotting with SCN extracts
For the analysis of light-dependent Gem expression in the SCN, light (200 lux, fluorescent) was administered to the animals at CT16

for either 2 or 4 h. The animals were then sacrificed and the SCNwas isolated as per our standardmethod (Doi et al., 2011). Briefly, the

brain was collected from the animal and frozen immediately on dry ice. Coronal brain sections (300 mm-thick) containing the SCN

were obtainedwith a cryostat (CM3050S, Leica). The frozen sections weremounted on a silicon rubber stage at�17 �C.We obtained

a tissue punch of the bilateral SCN with a magnifying glass and a 20-gauge syringe needle. The SCN punches (n = 5, for each time

point) were pooled in Laemmli buffer, and western blotting was then performed as described (34) using a monoclonal Gem antibody

(1:250 dilution) (Abnova, clone 4B12).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data values are reported as mean ± standard error of mean with dots representing each individual value. Unpaired Student’s t tests

were used to compare groups for phase shift test unless otherwise specified. Two-way ANOVA with Bonferroni’s post hoc test was

applied light intensity dependent phase shift. One-way ANOVA with Tukey-Kramer post hoc test was applied to slice culture phase

shift. The threshold for statistical significance for this and all other analysis was set at p < 0.05. All data were analyzed using Prism 5

(Graphpad Software).

e4 Cell Reports 39, 110844, May 24, 2022

Report
ll

OPEN ACCESS

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp


	A light-induced small G-protein gem limits the circadian clock phase-shift magnitude by inhibiting voltage-dependent calciu ...
	Introduction
	Results
	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Screening strategy of SCN gene project
	Generation of gem−/− mice
	Examination of animal behavior
	Electrophysiological recordings
	Luciferase activity
	Radioisotopic in situ hybridization
	In situ hybridization of gem with digoxigenin-labeled riboprobes
	Immunohistochemistry for pERK and cFos
	Double-labeling histochemistry for cFos/pErk and gem
	Reporter assay
	Immunoblotting with SCN extracts

	Quantification and statistical analysis





