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SUMMARY
The mechanisms that generate robust ionic oscillation in circadian pacemaker neurons are under
investigation. Here, we demonstrate critical functions of the mitochondrial cation antiporter leucine zipper-
EF-hand-containing transmembrane protein 1 (LETM1), which exchanges K+/H+ in Drosophila and Ca2+/H+

in mammals, in circadian pacemaker neurons. Letm1 knockdown in Drosophila pacemaker neurons reduced
circadian cytosolic H+ rhythms and prolonged nuclear PERIOD/TIMELESS expression rhythms and locomo-
tor activity rhythms. In rat pacemaker neurons in the hypothalamic suprachiasmatic nucleus (SCN), circadian
rhythms in cytosolic Ca2+ andBmal1 transcriptionwere dampened by Letm1 knockdown.Mitochondrial Ca2+

uptake peaks late during the day were also observed in rat SCN neurons following photolytic elevation of
cytosolic Ca2+. Since cation transport by LETM1 is coupled to mitochondrial energy synthesis, we propose
that LETM1 integrates metabolic, ionic, and molecular clock rhythms in the central clock system in both
invertebrates and vertebrates.
INTRODUCTION

Various cellular activities are regulated by circadian clocks that

optimize activities and help anticipate and respond to cyclic

environmental changes (Partch et al., 2014). Cellular metabolic

activity displays circadian rhythms, and rhythmicity in ATP

synthesis has been demonstrated in numerous cell types, from

fibroblasts to plants cells (Schmitt et al., 2018; Reinke and Asher,

2019). The core oscillatory mechanisms have been described by

transcriptional-translational feedback loops (TTFLs) among

clock genes [such as Period (Per)1/2, Bmal1, Clock, and Crypto-

chrome (Cry) in mammals] (Dunlap, 1999; Reppert and Weaver,

2002). Indeed, deletion of clock gene(s) flattens most cellular

circadian oscillations, including metabolic rhythms (Marcheva

et al., 2013). Circadianmetabolic activities feed back to influence

TTFLs, as they are sensitive to metabolic signals such as nicotin-

amide adenine dinucleotide (NAD) status. The NAD+/NADH ratio

influences binding of the E-box in the CLOCK-BMAL1 hetero-

dimer with NAD-dependent enzymes such as sirtuin-1 and

poly ADP-ribose polymerase-1 (Rutter et al., 2001; Nakahata

et al., 2008; Ramsey et al., 2009). Additionally, AMP-dependent

protein kinase senses the ATP/AMP ratio and directly phosphor-

ylates CRY, which eventually influences protein degradation of
This is an open access article und
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PERIOD (PER) in TTFLs (Lamia et al., 2009). Thus, it seems likely

that molecular clock movements are closely associated with

cellular metabolic cycles.

Although nuclear-independent redox circadian oscillations

have been observed in various cells, from human red blood cells

to bacteria (O’Neill and Reddy, 2011; Edgar et al., 2012; Hoyle

and O’Neill, 2015), bioenergetic activities in mitochondria could

be a strong feedback signal to TTFLs in eukaryotic cells. Indeed,

a recent study by Schmitt et al. (2018) demonstrated the critical

role of dynamin-related protein 1 (DRP1) in circadian regulation.

DRP1 is essential not only for the generation of circadian rhythms

in mitochondrial fusion/fission and ATP synthesis but also for the

oscillation of TTFLs in fibroblasts (Schmitt et al., 2018). Themito-

chondrion is not only the location of ATP synthesis but also an

organelle that buffers and transports intracellular ions. It is widely

accepted that mitochondrial H+ transport across the inner mem-

brane occurs during ATP synthesis, whereas other cations such

as Na+, K+, and Ca2+ are also actively transported through the

mitochondrial inner membrane (Bernardi, 1999). However, the

link between metabolic rhythms, TTFLs, and mitochondrial ion

flux remains unclear.

Although clock gene TTFLs are found in numerous cell types

in animals (Balsalobre et al., 1998; Zylka et al., 1998; Yamazaki
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Figure 1. Circadian rhythms in cytosolic H+ concentrations in Drosophila circadian pacemaker neurons

(A) Ratiometric Ca2+ analysis was performed by TIMELESS-driven YC2.1 expression in pupal LNs in cryb background flies. However, YC2.1 displayed unique

circadian rhythms in fluorescence with donor (480 nm, blue trace) and acceptor (535 nm, green trace) oscillating in a tandem fashion.

(legend continued on next page)
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et al., 2000), central circadian pacemaker neurons are particu-

larly critical for the integration of peripheral oscillators and the

manifestation of overt behavioral rhythms (Mohawk et al.,

2012). Mammalian circadian pacemaker neurons are located

within the hypothalamic suprachiasmatic nucleus (SCN) (Ste-

phan and Zucker, 1972; Moore and Eichler, 1972) and exhibit

spontaneous circadian oscillations in action potential firing fre-

quencies even in in vitro setups (Green and Gillette, 1982;

Welsh et al., 1995). Central pacemaker neurons display more

stable TTFLs than peripheral cells (Yamazaki et al., 2000; Abe

et al., 2002; Versteven et al., 2020), although the differences

between central pacemakers and peripheral oscillators remain

obscure. The stability of TTFLs in the mammalian circadian

pacemaker can be explained by tight neural networks in SCN

neurons (Liu et al., 2007; Leise et al., 2012; Noguchi et al.,

2017), whereas network structures are widely variable among

animal species. Our group has demonstrated the presence of

robust circadian rhythms in cytosolic Ca2+ concentrations in

mouse SCN neurons (Ikeda et al., 2003). This circadian Ca2+

rhythm is maintained even after the blockade of action poten-

tials by tetrodotoxin (TTX) and is observed exclusively in the

SCN (Ikeda et al., 2003; Enoki et al., 2012). However, the mech-

anisms that generate this ultra-low-frequency Ca2+ oscillation

are unknown.

The presence of robust circadian rhythms in cytosolic Ca2+

concentration is hypothesized as a common feature of oscil-

lating cells across a wide variety of organisms (Harrisingh and

Nitabach, 2008), including Drosophila pacemaker neurons

(lateral neurons; LNs) (Liang et al., 2016). We investigated circa-

dian cytosolic Ca2+ rhythms in LNs in vitro; however, we

observed dynamic circadian rhythms in H+ concentration,

rather than Ca2+ concentration, using the classical Yellow Cam-

eleon Ca2+ sensor (YC2.1; Figures 1A and 1B). By screening

Drosophila mutants and analyzing rat SCN neurons, we

conclude here that the leucine zipper-EF-hand-containing

transmembrane protein 1 (LETM1), a mitochondrial cation anti-

porter that exchanges K+/H+ in Drosophila (McQuibban et al.,

2010) and Ca2+/H+ in mammals (Jiang et al., 2013), plays

an essential role in the generation of circadian ionic rhythms

in pacemaker neurons. Moreover, because knockdown of

Letm1 influences clock gene TTFLs in LNs and SCN neurons,

we propose a critical role for LETM1 in the integration of meta-

bolic, ionic, and molecular clock rhythms in the central clock

system.
(B) The effects of nicotine (Nic, 100 mM) and propionic acid (PA, 3 mM) were analy

donor and acceptor) was induced upon Nic stimulation, whereas intentional ac

sentative of 5–10 independent experiments.

(C) Representative images of Pdf-driven deGFP4 expressions in the pupal CN

neurons (LNs). Enlarged images within the boxed areas (yellow dotted lines) are

(D) Representative images of Pdf-driven deGFP4 expression in the adult fly brain (

neurons. Enlarged images within the boxed areas (yellow dotted lines) on the rig

(E) Ratiometric deGFP4 fluorescence (F510/F465 nm) intensities in pupal LN cultur

with high [K+] and 1 mM nigericin-containing solution. Theoretical opposing inten

(F) The pH-dependent curve fitted for the deGFP4 fluorescence ratio. n = 5–17 f

(G) Long-term time-lapse imaging of deGFP4 in pupal LN cultures. Data are pre

acidification rhythms were observed in standard culture medium (left) and in cul

excitation light (405 nm), these experiments were performed using Pdf-driven deG

lines). t = 26.92 h (p < 0.01) for the control and 27.85 h (p < 0.01) for the TTX gro
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RESULTS

LETM1-dependent circadian rhythms in cytosolic H+

concentration in Drosophila pacemaker neurons
In our examination of circadian cytosolic Ca2+ rhythms in pupal

LN cultures, we unexpectedly observed unique changes in

YC2.1 fluorescence, where fluorescence intensities of 480 nm

(donor) and 535 nm (acceptor) oscillated in tandem in a circadian

fashion (Figure 1A). This does not imply that the YC2.1 sensor ex-

pressed in LNs was not functioning properly in Drosophila,

because fluorescence resonance energy transfer (FRET), with

a reduction in donor fluorescence and an increase in

acceptor fluorescence, occurred as expected when LNs were

stimulated with nicotine (Figure 1B). Additionally, we previously

used the same sensor in Drosophila endocrine cells to detect

Ca2+-spiking activities, with no problems with FRET (Morioka

et al., 2012). The parallel changes in donor and acceptor were

observed when cells were exposed to an acidic environment

(Figure 1B), in agreement with the basic characteristics of green

fluorescent protein (GFP) mutants (Wachter et al., 1997;

Patterson et al., 1997; Miyawaki et al., 1999). To investigate

the circadian rhythms in pH in LNs, we generated a fly line ex-

pressing the ratiometric proton sensor deGFP4 (Hanson et al.,

2002) (Figures 1C–1F), which confirmed circadian pH rhythms

in LN culture (Figure 1G). The circadian pH rhythms were not

sensitive to TTX (Figure 1G), which suggests intrinsic oscillation

within the LNs.

Because action potential firing of large ventral lateral neurons

(LNvs) in adult flies is sensitive to pH perturbations (Figures 2A

and 2B), circadian pH rhythms in LNs, if any in adults, can theo-

retically influence circadian behavioral rhythms. With locomotor

activity monitoring of various mutant flies under constant dark-

ness (DD), we found significant prolongation of the free-running

period in flies carrying RNAi for Letm1 (t = 25.65 ± 0.07 h in

Pdf-Gal4;UAS-Dicer2;UAS-Letm1RNAi, 2-h extension of the

period compared with the control, F12,374 = 72.50, p < 0.001

by one-way ANOVA; Figures 3A, 3B, and S1A and Table S1).

RNAi reduced Letm1 mRNA expression by 60% compared

with that in control flies (Figure 3C). For quantitative estimation

of LETM1 function, we compared the size of the cytosolic H+

influx following treatment with a protonophore (CCCP) in pupal

LN cultures kept under 12:12-h light-dark (LD) cycles (Fig-

ure 3D). A peak in CCCP-induced H+ influx was observed

late during the daytime (zeitgeber time 8; ZT8), whereas a
zed using the sample in (A). Proper FRET (opposing intensity changes between

idification by PA caused a parallel decrease in fluorescence. Data are repre-

S (white dotted line). The fluorescent signal was concentrated in pacemaker

shown on the right.

white dotted line), also showing fluorescent signals concentrated in pacemaker

ht identify large LNvs (arrows) and small LNvs (arrowheads).

es for pH calibration. Three step changes in extracellular pH levels were applied

sity changes were successfully induced.

or each data point.

sented as the mean ± SEM of three independent experiments. The circadian

ture medium supplemented with TTX (300 nM, right). To reduce the impact of

FP4 in cryb background flies. Statistical sine curve fittings were performed (red

up.
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Figure 2. pH dependence of spontaneous firing rates in Drosophila circadian pacemaker neurons

(A) Representative whole-cell current clamp recordings for 10 s in large LNvs of adult flies in different extracellular pH conditions in control and Letm1 knockdown

flies (pdfGal4-p12c;UAS-Letm1RNAi).

(B) The extracellular pH-dependent curve for action potential firing frequencies in large LNvs was fitted by the four-parameter Hill function. The intracellular pH

(right) was estimated on the basis of the deGFP4 fluorescence intensity, and a linear regression curve was fitted on the basis of its dependence. n = 9–39 control

flies and n = 18–54 Letm1 knockdown flies.
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trough was observed late during the nighttime (ZT20) (Fig-

ure 3E). Calibration of pH in a separate set of experiments

determined the dynamic range of this H+ flux and revealed cy-

clic acidification during the nightime in pupal LNs (Figures 3D

and 3E). Notably, the pH rhythm in LNs was significantly

flattened by Letm1 RNAi (in Pdf-Gal4;UAS-deGFP4;UAS-

Letm1RNAi compared with the control [Pdf-Gal4;UAS-deGFP4],

F7,582 = 5.37, p < 0.001 by two-way ANOVA, interaction be-

tween time and genotype; Figure 3E). Among the RNAi strains

examined, daytime acidification was exclusively observed in

the Letm1 RNAi strain (Figure S1B). Consistently, the action po-

tential firing frequencies of large LNvs in adult Letm1 knock-

down flies (4.32 ± 0.45 Hz in pdfGal4-p12c;UAS-Letm1RNAi)

were significantly lower than those in control flies (5.67 ±

0.60 Hz in pdfGal4-p12c, p < 0.05 by Student’s t test) in

the middle of the day at pHe 7.3 (Figures 2A and 2B).

Taken together, these results demonstrate that LETM1 drives

action potential firing rhythms and behavioral rhythms in

Drosophila as an essential mediator of the circadian pH

rhythms in LNs.
4 Cell Reports 39, 110787, May 10, 2022
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LETM1-dependent circadian rhythms in nuclear PER/
TIM expression in Drosophila pacemaker neurons
Next, we analyzed canonical clock gene oscillations in adult

LNvs in Letm1 knockdown flies by immunofluorescent staining

of nuclear PER and TIMELESS (TIM) (Figure 4). Small LNvs ex-

hibited oscillations of relatively larger amplitude in nuclear

PER and TIM expression, and Letm1 knockdown had a limited

effect on their magnitude (Figure 4A). The peak PER/TIM

expression, however, was delayed by approximately 3–4 h

on the fourth day under DD, consistent with prolongation of

behavioral rhythms under DD. Nuclear PER in large LNvs

displayed smaller circadian variations and was difficult to fit

with a sine curve using the CircWave algorithm (p > 0.05).

Nevertheless, nuclear PER displayed an overall reduction in

expression levels in Letm1 knockdown flies (F1,420 = 5.46,

p < 0.05, two-way ANOVA, between genotypes; Figure 4B).

Nuclear TIM rhythms in large LNvs displayed less circadian

variation, and significant differences between the genotypes

were not observed (F1,480 = 0.23, p = 0.63, two-way ANOVA;

Figure 4B).
87



Figure 3. Letm1 knockdown lengthens the free-running period of circadian locomotor rhythms and suppresses intracellular pH rhythms in

Drosophila pacemaker neurons

(A) Representative actograms (left) and Chi-square periodograms (right) for flies with the following genotypes: control (UAS-Letm1RNAi), Pdf-driven Letm1

knockdown (Pdf-Gal4;UAS-Letm1RNAi), and Pdf-driven Letm1 knockdown with additional UAS-Dicer2 transgene.

(B) Average free-running periods under DD in control and Pdf-driven Letm1 knockdown flies. Number in parentheses denotes the number of flies used for ex-

periments. **p < 0.01 by Bonferroni’s test following one-way ANOVA.

(C) Letm1 mRNA expression levels in fly brains from the control (UAS-Letm1RNAi) and Elav-driven Letm1 knockdown (Elav-Gal4/CyO;UAS-Letm1RNAi) groups

were evaluated using real-time RT-PCR assays. The relative expression levels of rp49 were compared. **p < 0.01 by the Mann-Whitney U test.

(D) Effects of CCCP on intracellular pH (pHi) in pupal LN cultures during the daytime (ZT5–7, open circle) and nighttime (ZT12–24, filled circle). These experiments

were performed using control flies (Pdf-Gal4;UAS-deGFP4, left) and pdf-driven Letm1 knockdown flies (Pdf-Gal4;UAS-deGFP4; UAS-Letm1RNAi, right). Note that

addition of 10 mMCCCP decreased pHi to the steady value via H+ equilibration regardless of time or genotype, enabling the estimation of intrinsic variations in pHi.

(E) Plots of the day-night variations in pHi in LNs of control flies (black) and pdf-driven Letm1RNAi (red) flies. The circadian acidification rhythmswere estimated in

control flies, whereas the rhythm was lacking in Letm1 RNAi flies. Two-way ANOVA revealed a significant difference (***p < 0.001) between control and Letm1

RNAi flies. The white and black bars on the bottom indicate the light and dark periods, respectively. Data are presented asmean ± SEM. n = 29–47 per time point.

Please cite this article in press as: Morioka et al., Mitochondrial LETM1 drives ionic and molecular clock rhythms in circadian pacemaker neurons, Cell
Reports (2022), https://doi.org/10.1016/j.celrep.2022.110787

Article
ll

OPEN ACCESS
LETM1-dependent rhythms in rat circadian pacemaker
neurons and human model cells
The role of LETM1 in ionic and clock gene transcriptional

rhythms was further studied using rat SCN neurons. Short

hairpin RNA (shRNA) encoding Letm1 in plasmid carrying red

fluorescent protein (RFP) or control plasmid was co-transfected

with plasmid carrying the YC3.6 Ca2+ sensor and/or a Bmal1-

luciferase (Bmal1-luc) reporter using a gene gun in organotypic

SCN cultures (Figure 5A). Co-transfection with Letm1 shRNA
CELREP
gradually dampened circadian cytosolic Ca2+ rhythms in SCN

neurons during the first week after transfection (Figure 5B). On

the seventh day, the amplitude of the circadian Ca2+ rhythm

diminished to 40% of that in the control (p < 0.01, Student’s t

test). Additionally, the average circadian period of the Ca2+

rhythms prolonged to 24.9 ± 0.3 h 4–7 days after Letm1 shRNA

transfection, which was longer than the period in the control

group (23.4 ± 0.2 h, p < 0.01, Student’s t test). Additionally,

chemiluminescence imaging demonstrated a significant
Cell Reports 39, 110787, May 10, 2022 5
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Figure 4. Nuclear PER and TIM expression patterns are altered by Letm1 knockdown in Drosophila pacemaker neurons

(A) Top: Representative images of PER (left) and TIM (right) immunostaining in small LNvs of adult flies. Images were acquired using flies on the fourth day under

DD. Bottom: Nuclear-staining intensities were quantified and double plotted. Significant delays in nuclear PER and TIM expression rhythms were observed in

Letm1 knockdown flies. Data are presented as mean ± SEM. n = 13–15 per time point. Sine curves were successfully fitted for anti-PER immunoreactivity

(PER-ir) (p < 0.01) and TIM-ir (p < 0.05) in small-LNvs.

(B) Similar analysis of (A) in large LNvs, demonstrating a significant effect of Letm1 knockdown on nuclear PER levels. Note that three of six data points represent

smaller values in Letm1 knockdown flies. *p < 0.05 by Tukey’s post hoc test following two-way ANOVA. Circadian variations in nuclear PER and TIM levels were

small in large LNvs, and statistical curve fittings were not applicable. n = 36–41 per time point.
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(�79.4%) reduction in the amplitude of Bmal1-luc rhythms

during the first week after Letm1 shRNA transfection (F2,216 =

81.39, p < 0.01, Tukey’s post hoc test following one-way

ANOVA; Figures 5C and 5E). Furthermore, unstable Bmal1-luc

rhythms were induced by long-term (�1 month) Letm1
6 Cell Reports 39, 110787, May 10, 2022
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knockdown (Figure 5D). The average period in Bmal1-luc

rhythms was significantly longer at 22–31 days after transfection

(27.7 ± 1.7 h) compared with control (23.9 ± 0.3 h) or immediately

after shRNA transfection (24.0 ± 0.3 h; F2,216 = 7.70, p < 0.01,

Tukey’s post hoc test following one-way ANOVA; Figure 5E). A
87



Figure 5. Effects of Letm1 knockdown on

circadian rhythms in cytosolic Ca2+ concen-

trations and Bmal1 transcription in rat SCN

neurons

(A) Ratiometric Ca2+ sensor (YC3.6) and Bmal1-luc

were co-transfected with Letm1 shRNA or its control

vector using a gene gun in organotypic slice cultures

of rat SCNs. Representative images demonstrating

co-expression of Letm1 shRNA (visualized by RFP)

on YC3.6 and Bmal1-luc signals. Non-confocal im-

ages were acquired using a deep-cooled EM-CCD

camera in a time-lapse imaging setup. Approximate

borders of SCN regions are indicated by a yellow

dotted line, and the third ventricle (3V) is indicated

by a white dashed line. The greater RFP signals in

the 3V are due to the promoter used (NSE promoter

forYC3.6andCMVpromoter forRFP,Letm1shRNA).

(B) Representative traces of cytosolic Ca2+ rhythms

in four SCN neurons in the same organotypic culture.

Note that co-transfection of Letm1 shRNA caused

progressive reduction in circadian cytosolic Ca2+

rhythms during the first week after transfection. Ob-

servations were reproducible for 19–28 neurons in

three or four independent experiments.

(C) Representative traces of Bmal1-luc rhythms in

four SCN neurons. Note that co-transfection of

Letm1 shRNA caused significant reductions in

Bmal1-luc rhythms in SCN neurons.

(D) Unstable Bmal1-luc rhythms were produced by

long-term (�1 month) Letm1 knockdown. Intact

neuronal morphologies (no dendritic swelling) were

observedat theendof long-termchemiluminescence

imaging. Fluorescence image (left) was acquired us-

ing RFP signals on a confocal-imaging setup. Red,

green, and blue traces correspond to the signals

from numbered neurons on the RFP image.

(E) Circadian amplitude (left) and period (right) of

Bmal1-luc rhythms were statistically compared. The

amplitude was immediately reduced after Letm1

shRNA transfection, whereas the period was pro-

longed for a long time after shRNA transfection.

**p < 0.01 by Tukey’s post hoc test following one-

way ANOVA. Observations were reproducible for

18–22 neurons in three or four independent experi-

ments. Although the Bmal1 promoter is occasionally

activated in SCN glial cells, in the present analysis

we counted signals only in neurons.
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normal neuronal morphology, without dendritic swelling, was

observed at the end of long-term Letm1 knockdown experi-

ments (Figures 5D and S2).

To analyze the mechanisms underlying ionic rhythm genera-

tion by LETM1, we used a human cell line, derived from retinal

pigment epithelium, stably expressing Bmal1-luc and the
CELREP 110787
YC3.6 Ca2+ sensor (hRPE-YC) because it

exhibits Bmal1 transcriptional rhythms

and circadian Ca2+ spiking rhythms after

dexamethasone (Dex) treatment (Ikarashi

et al., 2017). Additionally, hRPE-YC cells

stably expressing Letm1 shRNA or its ran-

domized shRNA were generated to

compare phenotypes. We confirmed that
knockdown of Letm1 decreased the expression of Letm1

mRNA by 70% compared with control (p < 0.05, Mann-Whitney

U test; Figure 6A). Consistently, immunofluorescence staining

revealed that mitochondrial LETM1 protein decreased by 40%

compared with that in the control group (p < 0.01, Student’s t

test; Figures 6B and 6C). Furthermore, knockdown of Letm1
Cell Reports 39, 110787, May 10, 2022 7



Figure 6. Effects of Letm1 knockdown on transcriptional, translational, and ATP levels in human-model cells

(A) Letm1 mRNA expression in hRPE-YC cells stably expressing scrambled shRNA or Letm1 shRNA were evaluated using real-time RT-PCR. The relative ex-

pressions of b-actin were compared. *p < 0.05 by Mann-Whitney U test.

(B) Representative images ofMitoTracker Red staining (top) and LETM1 immunostaining (bottom) in hRPE-YC cells stably expressing scrambled shRNA or Letm1

shRNA.

(C) Mitochondrial LETM1 immunoreactivity levels were estimated as a function of mitochondrial dimension, which was visualized by MitoTracker Red. The av-

erages were calculated from 26–27 images of four independent experiments. **p < 0.01 by Student’s t test.

(D) ATP content was compared between hRPE-YC cells stably expressing scrambled shRNA or Letm1 shRNA. *p < 0.05 by Student’s t test.

(E) Bmal1-luc rhythms were analyzed following Dex treatment. Note that Bmal1 transcriptional rhythms were not significantly modulated by Letm1 shRNA in

hRPE-YC cells. Chemiluminescent signals from three dishes were normalized in this assay.

(F) Relative mRNA expression of Letm1 was analyzed at different time points after Dex treatment. No circadian variations were found in Letm1 expression in

hRPE-YC cells. p > 0.05 by Kruskal-Wallis test.

(G) Mitochondrial LETM1 in hRPE-YC cells was analyzed bywestern blotting. Top: Representative blotting of LETM1 and control mitochondrial protein (TOMM20)

is shown. Bottom: Quantification of LETM1 protein levels at different time points after Dex treatment demonstrated no circadian variations. n = 4, p > 0.05 by one-

way ANOVA.
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Figure 7. Circadian rhythms in mitochondrial Ca2+ uptake in model cells and rat SCN neurons
(A) Effects of Letm1 knockdown on cytosolic Ca2+ elevations were analyzed using hRPE-YC cells stably transfected with Letm1 shRNA or scrambled shRNA. For

the stimulation, preloaded caged Ca2+ probes were un-caged by a blue-violet laser pulse given at the time indicated by the arrowhead. Larger elevation of cyto-

solic Ca2+ concentrations was observed in the Letm1 knockdown group. Number of cells = 29 for each group.

(B) Same experiment as in (A), but mitochondrial Ca2+ concentrations weremonitored using the Rhod 2 Ca2+ sensor. A reducedmitochondrial Ca2+ response was

observed in the Letm1 knockdown group. Number of cells = 10–12 for this experiment.

(C) Mitochondrial Ca2+ response in (B) was analyzed at different time points (48–66 h) after Dex treatment in hRPE-YC cells. Note that the mitochondrial Ca2+

response displayed circadian variations. Number of cells = 13–20 per time point.

(D) Mitochondrial Ca2+ measurements in acutely isolated rat brain slices. Compared with early daytime (ZT2, green circles) and nighttime observations (ZT18–21,

black circles), mitochondrial Ca2+ elevation was larger during late-daytime observations (ZT8, blue circles) in rat SCN neurons. Number of neurons = 11–23 for

each group. Horizontal black bars in (A–D) indicate a statistical difference (p < 0.05 by two-way repeated-measures ANOVA followed by Tukey’s post hoc test for

individual comparisons).
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moderately (�25.2%) reduced ATP synthesis (p < 0.05, Stu-

dent’s t test; Figure 6D). In comparison, mitochondrial morphol-

ogies visualized by MitoTracker Red were indistinguishable

between the Letm1 shRNA and control groups (Figure 6B).

Using hRPE cells lacking YC3.6 expression, mitochondrial

membrane potentials were analyzed by JC-1 staining, which re-

vealed that the JC-1 fluorescence ratio (535 and 590 nm)

was also indistinguishable between the Letm1 shRNA and

control groups (Figure S3). Notably, Bmal1 transcriptional

rhythms in hRPE-YC cells after Dex treatment were not

significantly influenced by Letm1 knockdown (Period length:

control = 23.4 ± 0.1, Letm1 shRNA = 23.8 ± 0.5, p = 0.45, Stu-

dent’s t test; Figure 6E). Despite the steady oscillations in

Bmal1 transcription, intrinsic Letm1 mRNA (p = 0.55, Kruskal-

Wallis test; Figure 6F) and protein expression (p = 0.82, one-

way ANOVA; Figures 6G, S4, and S5) were not under circadian

control in hRPE-YC cells.
CELREP
To analyze intra-mitochondrial Ca2+ responses, hRPE-YC

cells were stained with Rhod 2-AM together with NP-EGTA-

AM (caged Ca2+ compound), and mitochondrial Ca2+ uptake

following photolytic Ca2+ elevation in the cytosol was quantified.

To compare cytosolic Ca2+ responses, YC3.6 fluorescence was

also monitored in these photolytic experiments. Although the

absolute intensity of Rhod 2 fluorescence before recordings

was variable (525.9 ± 53.2/12-bit depth imaging), it was not

significantly different between the Letm1 knockdown group

and the control group (p = 0.35, Student’s t test). We found

that cytosolic Ca2+ transients were elevated (+66.8% at peak

level, p < 0.05, two-way repeated-measures ANOVA; Figure 7A),

whereas mitochondrial Ca2+ transients (i.e., uptakes) were

reduced by Letm1 knockdown (�40.2% at peak level,

p < 0.05, two-way repeated-measures ANOVA; Figure 7B), con-

firming that LETM1 functions as a mitochondrial antiporter.

Importantly, time-dependent mitochondrial Ca2+ uptakes were
Cell Reports 39, 110787, May 10, 2022 9
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observed in hRPE-YC cells after Dex treatment (p < 0.05, two-

way repeated-measures ANOVA; Figure 7C). Moreover, circa-

dian rhythms in mitochondrial Ca2+ uptake were also observed

in rat SCN neurons in acute brain slices, where the largest

mitochondrial Ca2+ uptake was observed late during the daytime

(ZT8) compared with the responses early during the daytime

(ZT2) or nighttime (pooled for ZT18–21) (p < 0.05, two-way

repeated-measures ANOVA; Figure 7D).

DISCUSSION

In the present study, we demonstrate LETM1-dependent circa-

dian cytosolic H+ rhythms in Drosophila LNs as well as LETM1-

dependent circadian cytosolic Ca2+ rhythms in rat SCN neurons.

LETM1 is localized to the inner mitochondrial membrane

and functions as a K+/H+ exchanger in Drosophila and as a

Ca2+/H+ exchanger in mammals (McQuibban et al., 2010; Jiang

et al., 2013). Cation transport by LETM1 is coupled to ATP syn-

thesis in mitochondria (Doonan et al., 2014). Therefore, it is

reasonable to hypothesize that bioenergetic activity-coupled

ion transport by LETM1 underlies the robust ionic rhythms in

circadian pacemaker neurons.

Although analysis of an RNAi series with regard to behavioral

rhythms in Drosophila indicated involvement of other proton

transporters (Figure S1), the action of Letm1 RNAi observed

in the present study suggests that the essential function of

LETM1 involves clock regulation. Additionally, knockdown of

Letm1 prolonged nuclear PER/TIM rhythms in LNs and damp-

ened Bmal1 transcriptional rhythms in SCN neurons. While

Bmal1 transcriptional rhythmicity was apparent in hRPE-YC cells

following Dex treatment, it was not affected by Letm1 knock-

down. Therefore, the effects of Letm1 knockdown may be

specific for circadian pacemaker neurons, although cell type-

specific action needs to be analyzed using more diverse cell

types. Circadian rhythms in Ca2+-spiking frequencies but not

large-amplitude rhythms in steady-state Ca2+ concentration

levels were detectable in hRPE-YC cells (Ikarashi et al., 2017).

Therefore, we hypothesize that the differential effects of Letm1

knockdown on Bmal1 transcriptional rhythms may be due to

the presence or absence of ionic feedback machineries in these

cells. It has been proposed that high-density neurons in the SCN

(Liu et al., 2007; Leise et al., 2012; Noguchi et al., 2017) and

neuronal-glial communication (Brancaccio et al., 2017, 2019;

Myung et al., 2018) contribute network (i.e., cell-to-cell commu-

nication)-dependent stable oscillations within the central clock

system. Here, we additionally propose an intracellular gear in

central pacemaker neurons, comprised of LETM1-driven ionic

feedback, for the stabilization of TTFLs.

The present study used YC2.1 to analyze pupal LN cultures

but failed to observe circadian FRET during long-term fluores-

cence monitoring (Figure 1). This observation, however, does

not exclude the presence of cytosolic Ca2+ rhythms in

Drosophila LNs. Indeed, circadian cytosolic Ca2+ rhythms have

been reported in LNs in vivo in adult flies by using YC2.1 and

GCaMP6s (Liang et al., 2016). A simple explanation for this

discrepancy is the difference in the developmental stages of

LNs used for the experiments. Reported circadian cytosolic

Ca2+ rhythms in LNs in vivo (Liang et al., 2016) could be driven
10 Cell Reports 39, 110787, May 10, 2022
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by mature synaptic interactions and neuronal depolarization

(i.e., possibly via TTX-sensitive/voltage-dependent mecha-

nisms). Alternatively, immature LNs might not possess the

intracellular machinery to generate circadian cytosolic Ca2+

rhythms. Lack of apparent circadian rhythms in cytosolic Ca2+

concentrations has been found in SCN progenitor cells

(Takeuchi et al., 2014), supporting this hypothesis. Furthermore,

we should note the technical difficulties in sensing Ca2+ with

GFP-based Ca2+ sensors in LNs, because most are acid

sensitive, including GCaMP family members (personal commu-

nication with Prof. Junichi Nakai, Tohoku University, the

GCaMP designer). Therefore, we recommend further analysis

of circadian cytosolic Ca2+ rhythms in Drosophila LNs by

developing sensors based on acid-tolerant fluorescent proteins

(Shinoda et al., 2018).

Action potential firings in large LNvs have been reported to be

high during the day and low during the night (Cao and Nitabach,

2008; Sheeba et al., 2008). The pH-dependent curve demon-

strates significant reduction in action potential firing frequencies

at low pH ranges (Figure 2). Therefore, nighttime acidosis of LNs

observed in the present study may account for the silence of

these neurons during the nighttime. It has been reported that

specific types of voltage-sensitive K+ channels (Shaw Kv3 and

Shal Kv4) control circadian changes in action potential firing in

LNvs (Smith et al., 2019). Acid (pH 6.0–7.0) inactivation has

been reported in Kv3 families (Abbott et al., 2006); thus, it is

reasonable to hypothesize that such pH-sensitive mechanisms

link circadian cytosolic H+ rhythms and action potential firing

rhythms in LNs. In this regard, in SCN neurons, the large-

conductance Ca2+-sensitive K+ channel is important for the

rhythmic changes in membrane excitability. Indeed, BK mutants

alter circadian behavior (Meredith et al., 2006; Kent and

Meredith, 2008; Whitt et al., 2016). Additionally, small-conduc-

tance Ca2+-sensitive K+ channels control the rhythmic firing of

clock neurons (Belle et al., 2009). Thus, LETM1-driven circadian

cytosolic Ca2+ rhythms could further drive action potential firing

rhythms in SCN neurons. The circadian cytosolic Ca2+ rhythms

are slightly phase advanced relative to firing rhythms (Ikeda

et al., 2003; Ono et al., 2017), supporting this conjecture.

Together with the possible pH-dependent regulation of action

potential firing rhythms in LNs, we suggest that LETM1-depen-

dent ion transport could be a common ionic rhythm driving

physiological output rhythms in circadian pacemaker neurons.

In SCN neurons, circadian FRETwas observedwith a classical

YC2.1 sensor (Ikeda et al., 2003; Ikeda and Ikeda, 2014) as well

as with newer Ca2+ sensors in SCN cells (Enoki et al., 2012;

Brancaccio et al., 2013, 2017; Noguchi et al., 2017; Ono et al.,

2017; Wu et al., 2018). Circadian cytosolic Ca2+ rhythms have

been consistently observed in different experimental models

including organotypic SCN cultures and dispersed primary

cultures of SCN neurons. We have preliminary data from the

monitoring of deGFP4 fluorescence in cultured SCN neurons

and hRPE cells, but we have so far failed to observe circadian

fluctuations in fluorescence (data not shown). Although

additional studies in more diverse cell types under different

conditions (e.g., in vitro and in vivo) will be required to verify

our hypothesis, these observations suggest that circadian

pH-related rhythms, such as in Drosophila LNs, are absent in
87
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mammalian cells. The lack of strong fluctuations in cytosolic H+

in SCN neurons may be due to a stronger pH-buffering system in

mammalian neurons; however, we do not exclude the possibility

that local H+ concentrations, such as in axon terminals, fluctuate

in parallel with spontaneous firing rhythms. Thus, critical ion(s)

driving physiological output rhythms via LETM1 may be species

specific.

Our current findings demonstrate that uptake of cytosolic Ca2+

into mitochondria display circadian variations in hRPE-YC cells

and rat SCN neurons. Peak Ca2+ uptake occurred late during

the daytime in SCN neurons, consistent with the decline phase

of circadian cytosolic Ca2+ rhythms (Ikeda et al., 2003). Also,

the peak Ca2+ uptake in SCN neurons may be in phase with

mitochondrial H+ uptake in LNs because cytosolic pH in LNs

was less acidic middle-to-late during the daytime (Figures 3D

and 3E). The size of mitochondria is reported to be maximal

(i.e., fusion status) at the onset of subjective daytime in fibroblast

models (Schmitt et al., 2018; Sardon Puig et al., 2018). Although

circadian rhythms in fusion/fission status in SCN neurons are

currently unknown, Ca2+ uptake capacity may not be simply

dependent on the physical size of single mitochondria. Indeed,

we did not find apparent circadian variations in mitochondrial

morphologies in hRPE cells (Figure S5). Previous reports indi-

cated no or little circadian variation in Letm1 transcription in

the mouse SCN (Pembroke et al., 2015) and hippocampus

(Renaud et al., 2015). Consistently, no apparent circadian varia-

tions in transcriptional and protein levels of LETM1 were found in

hRPE-YC cells in the present study. Nevertheless, mitochondrial

Ca2+ uptake exhibited apparent circadian variations in hRPE-YC

cells. It has been shown that PTEN-induced kinase 1 (PINK1)-

mediated phosphorylation of LETM1 (Thr192) regulates Ca2+

transport in liposomes and mitochondrial Ca2+ transport in

mouse cortical neurons (Huang et al., 2017). Recently, sleep

phenotypes of Pink1 mutations in LNvs have been reported in

Drosophila, where reducedmorning anticipation activities during

LD cycles and significant reduction in circadian rhythmicity

under DDwere observed (Valadas et al., 2018). Thus, it is reason-

able to hypothesize that circadian regulation of LETM1 by PINK1

underlies circadian cytosolic H+ or Ca2+ rhythms in pacemaker

neurons.

Theoretically, circadian rhythms in steady-state intra-mito-

chondrial Ca2+ concentrationsmayalso account for the circadian

variations in the uptake of cytosolicCa2+ intomitochondria. How-

ever, we addressed neither circadian rhythms in intra-mitochon-

drial Ca2+ concentrations nor Ca2+ release frommitochondria via

LETM1. To directly assess intra-mitochondrial Ca2+ dynamics in

SCN neurons, we examined transfection of the mitochondrial-

targeting ratiometric Pericam into murine hypothalamic slice

cultures (Ikeda et al., 2005); however, long-term monitoring of

intra-mitochondrial ions in SCN neurons was difficult because

of the low survival rate of neurons following mitochondrial

Pericam expression. In this regard, a recent study by Scrima

et al. (2020) used flow cytometric analysis of Rhod 1 in a

HepG2 hepatocellular carcinoma cell line and estimated circa-

dian variations in mitochondrial Ca2+ contents. Although we did

not observe differences in Rhod 2 staining intensities in any

experimental groups before photolytic stimulation, it is possible

that steady-state intra-mitochondrial Ca2+ concentrations
CELREP
influence the circadian variations in uptake of cytosolic Ca2+

into mitochondria.

In SCN neurons, generation of circadian cytosolic Ca2+

rhythms was dependent on ER stores because they were

reduced by ryanodine and 8-bromo-cyclic ADP ribose (Ikeda

et al., 2003). Because cyclic ADP ribose is synthesized from

NAD+ by ADP-ribosyl cyclase, an initial trigger for the cytosolic

Ca2+ elevation may be associated with cellular metabolic

signals. In addition, Scrima et al. (2020) suggested that the mito-

chondrial Ca2+ influx originating from the ER store drives clock

gene-dependent activation of pyruvate dehydrogenase and

oxidative phosphorylation. Thus, it seems likely that cytosolic

Ca2+, mitochondrial Ca2+, and metabolic activities organize

feedback loops and strengthen cellular circadian oscillations

with TTFLs. The present results support this hypothesis and

further suggest that mitochondrial cation transport via LETM1

is critical to drive intrinsic rhythms in cytosolic Ca2+ or H+

concentrations, metabolic activities, and clock gene TTFLs in

circadian pacemaker neurons.

LETM1-driven circadian ionic rhythms may feed back to

influence TTFLs, as delayed nuclear PER/TIM expression and

dampened Bmal1 transcriptional rhythms are induced by

Letm1 knockdown. Simultaneous monitoring of Per1-luc and

Bmal1-Eluc with GCamp6s in cultured SCNs on an electrode

array dish demonstrated a lag time between Bmal1 transcrip-

tional rhythms and other events including cytosolic Ca2+ rhythms

(Ono et al., 2017). Consistently, our present results demonstrate

a rapid reduction in transcriptional levels of Bmal1 and progres-

sive dampening of cytosolic Ca2+ rhythms by Letm1 knockdown

in SCN neurons. In Drosophila, nuclear PER levels were reduced

most significantly in large LNvs, whereas nuclear PER/TIM

rhythms were delayed but not diminished in small LNvs. These

results suggest a hierarchy of multiple clock components with

differential metabolic and ionic controls, possibly in a species-

specific manner. The core circadian clock machinery has been

reported to include intermolecular interactions, protein

phosphorylation, and transcriptional regulation in and out of

the nucleus (Dunlap, 1999; Reppert and Weaver, 2002; Gallego

and Virshup, 2007). Unfortunately, neither linkage between the

TTFLs and physiological output rhythms nor specific machinery

in circadian pacemaker neurons has been described in these

models. The present results showing a significant impact of

Letm1 knockdown on clock gene TTFLs in both invertebrates

and vertebrates suggests that a more complex framework is

required to adequately describe the intracellular clockwork

machinery, including relationships to metabolic and ionic

rhythms via mitochondria. As described above, mitochondria-

ER interactions could be specific to circadian pacemaker

neurons; however, the subcellular structures required for the

generation of robust circadian rhythms need to be explored in

future studies.

LETM1 is often deleted in Wolf-Hirschhorn syndrome (WHS)

(Endele et al., 1999; Zollino et al., 2003; Doonan et al., 2014), a

disorder caused by deletions of the short arm of chromosome

4, encompassing multiple genes. WHS is associated with severe

growth and mental retardation. Sleep disorders have been

reported in the early years of childhood in patients with

WHS (Battaglia et al., 2001). The Children’s Sleep Habits
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Questionnaire (parental questionnaire of patients withWHS) also

indicates excessive sleepiness during the day andmoving during

the night in patients withWHS (Nag et al., 2017). Our current find-

ings shed light on the underlying mechanisms, although further

studies are needed to clarify the role of LETM1 in human circa-

dian behaviors.

Limitations of the study
Previous work of ours (Ikeda et al., 2003; Ikeda, 2004; Ikeda and

Ikeda, 2014) suggested that Ca2+ release from ER stores is

important for the formation of circadian cytosolic Ca2+ rhythms

in SCN neurons; thus, together with the present results, it seems

likely that mitochondria-ER interactions are critical for the forma-

tion of autonomous intracellular ionic rhythms in circadian pace-

maker neurons. However, there is currently no direct evidence

that Ca2+ storage within the organelle has an antiphase rhythm

to the cytosolic Ca2+ rhythm. To obtain experimental proof of

this, it will be necessary to develop a technique that can stably

monitor ionic rhythm in each organelle over a long period of

time and with 3D spatial resolution. In addition, the present study

suggests that the LETM1-mediated stabilization of clock gene

transcription rhythms is likely to be a phenomenon specific to

circadian pacemaker neurons. This is a notable claim of this

study because there have been no reports showing intracellular

mechanisms specific to such neurons. However, future verifica-

tion using more diverse cell types is needed to prove this

hypothesis.
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RRID: AB_2307443

Donkey anti-Guinea Pig IgG – Cy5 Jackson ImmunoResearch Cat#706-175-148;

RRID: AB_2340462

Mouse anti-LETM1 monoclonal antibody

(M03), clone 6F7

Abnova Corporation,

Taipei City, Taiwan

Cat#H00003954-M03;

RRID: AB_534913

Mouse anti-TOMM20 (F-10) monoclonal antibody Santa Cruz Biotechnology,

Dallas, TX, USA

Cat#sc-17764;

AB_628381

Donkey anti-mouse IgG - Peroxidase Jackson ImmunoResearch Cat#715-035-151;

AB_2430771

Donkey anti-Mouse IgG – Alexa Fluor�647 Jackson ImmunoResearch Cat#115-607-003;

RRID: AB_2338931

Chemicals, peptides, and recombinant proteins

Puromycin Nacalai Tesque, Kyoto, Japan Cat#29455-54

Schneider’s Drosophila Medium Gibco, Carlsbad, CA, USA Cat#21720024

Insulin Sigma-Aldrich, St Louis, MO, USA Cat#I1882

Amphotericin B Invitrogen, Carlsbad, CA, USA Cat#15290018

(±)-Nicotine Sigma-Aldrich Cat#N0267

Propionic acid Wako Pure Chemical Industries,

Osaka, Japan

Cat#163-04726

CCCP: Carbonyl cyanide 3-chlorophenylhydrazone Sigma-Aldrich Cat#C2759

Potassium D-gluconate Sigma-Aldrich Cat#G4500

Nigericin Wako Pure Chemical Industries Cat#145-07263

EGTA Sigma-Aldrich Cat#E4378

Paraformaldehyde Wako Pure Chemical Industries Cat#162-16065

Normal donkey serum Jackson ImmunoResearch Cat#017-000-121

Triton X-100 Sigma-Aldrich Cat#T9284

Glycerol Wako Pure Chemical Industries Cat#075-00616

Beetle luciferin Promega, Madison, WI, USA Cat#E1602

Dex: Dexamethasone Sigma-Aldrich Cat#D4902

Protease Inhibitor Cocktail for Use with Mammalian

Cell and Tissue Extracts

Nacalai Tesque Cat#25955-24

MitoTracker RedTM CMXRos ThermoFisher Scientific, Waltham, MA, USA Cat#M7512

Vectashield mounting medium with DAPI Vector Laboratories, Burlingame, CA, USA Cat#H-1200

2.5% Trypsin Invitrogen Cat#15090-046

NP-EGTA AM Molecular Probes, Eugene, OR, USA Cat#N6803

Rhod 2-AM Dojindo Laboratories, Kumamoto, Japan Cat#R002

Pentobarbital Sodium Salt Tokyo Chemical Industry, Tokyo, Japan Cat#P0776

Cremophor EL Nacalai Tesque Cat# 09727-14

Tetrodotoxin Wako Pure Chemical Industries Cat#207-15901

Nimodipine Sigma-Aldrich Cat#N149

(Continued on next page)
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Horse serum Lonza, Basel, Switzerland Cat#14-403F

GlutaMAX Gibco Cat#35050061

Kanamycin Invitrogen Cat#15160054

EDTA Sigma-Aldrich Cat#E5513

Spermidine Sigma-Aldrich Cat#S2626

JC-1 Dye: 5,50,6,60-tetrachloro-1,10,3,30-
tetraethylbenzimidazolylcarbocyanine iodide

Molecular Probes Cat#T3168

FCCP: Carbonylcyanide-4-(trifluoromethoxy)-

phenylhydrazone

Enzo Life Sciences, Inc.,

Farmingdale, NY, USA

Cat#BML-CM120-0010

Critical commercial assays

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668-019

Drosophila activity monitor Trikinetics Inc., Waltham, MA, USA Cat#DAM2

NucleoSpin� RNA Plus Takara Bio Inc., Shiga, Japan Cat#U0984A

RNeasy Mini Kit Qiagen, Hilden, Germany Cat#74104

QuantiTect Reverse Transcription Kit Qiagen Cat#205311

Rotor-Gene SYBR Green PCR Kit Qiagen Cat#204074

Mitochondria Isolation Kit for Cultured Cells Abcam, Cambridge, UK Cat#ab110170

Protein Assay BCA Kit Nacalai Tesque Cat#06385-00

10% Mini-PROTEAN TGX

Precast Protein Gels, 10 well

Bio-Rad Laboratories Inc., Hercules, CA, USA Cat#4561031

Immobilon-P PVDF Membrane,

0.45 m, 810 cm

Merck Millipore, Darmstadt, Germany Cat# IPVH08100

Chemi-Lumi One L Nacalai Tesque Cat#07880-70

AMERIC-ATP Kit Applied Medical Enzyme Research Ins.

Co., Tokushima, Japan

Cat#AT001

Experimental models: Cell lines

Human: RPE-YC cell Ikarashi et al., 2017 N/A

Experimental models: Organisms/strains

Drosophila: yw; tim-Gal4 Bloomington Drosophila Stock Center,

Indiana University, Bloomington, IN, USA

BDRC: 7126

Drosophila: Pdf-Gal4, yw Bloomington Drosophila Stock Center BDSC: 6899

Drosohila: w; UAS-Cameleon2.1-82 Bloomington Drosophila Stock Center BDSC: 6901

Drosophila: elav-Gal4 Bloomington Drosophila Stock Center BDSC: 8765

Drosophila: w; UAS-deGFP4 This paper N/A

Drosophila: yw; cryb Laboratory of Akira Matsumoto,

Juntendo University

N/A

Drosophila: w; pdfGal4-p12c Laboratory of Todd C. Holmes,

University of California, Irvine

(Fogle et al., 2011)

N/A

Drosophila: UAS-Ndae1RNAi Vienna Drosophila Resource Center,

Vienna BioCenter Core Facilities,

Vienna, Austria

VDRC: 3664

Drosophila: UAS-DmLETM1RNAi Vienna Drosophila Resource Center VDRC: 6662

Drosophila: UAS-DmNHE1RNAi Vienna Drosophila Resource Center VDRC: 7245

Drosophila: UAS-Vha100-1RNAi Vienna Drosophila Resource Center VDRC: 22924

Drosophila: w; UAS-Dicer2 Vienna Drosophila Resource Center VDRC: 60008

Rat: Crl:CD(SD) Charles River Laboratories Japan, Inc.,

Yokohama, Japan

Cat#001A11

Oligonucleotides

For Primers sequences, see Table S2 N/A

(Continued on next page)
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Recombinant DNA

deGFP4 Laboratory of S. James Remington,

University of Oregon (Hanson et al., 2002)

FPbase ID: LDZC9

pUAST vector Laboratory of Akira Matsumoto,

Juntendo University

N/A

pNSE/YC3.6 Ikeda and Ikeda, 2014 N/A

Bp/527-Luc Laboratory of Masaaki Ikeda, Saitama

Medical University (Yu et al., 2002)

N/A

RFP-tagged shRNA (Hush, 29-mer

shRNA in pRFP-C-RS) against human

Letm1 (Locus ID 3954)

OriGene, Rockville, MD, USA Cat#TF311758A

RFP-tagged scrambled shRNA (Hush,

29-mer scrambled shRNA in pRFP-C-RS)

(Locus ID 3954)

OriGene Cat#TF311758

RFP-tagged shRNA (Hush, 29-mer

shRNA in pRFP-C-RS) against rat Letm1

(Locus ID 305457)

OriGene Cat#TF700692A

Software and algorithms

Argus-HiSCA Hamamatsu Photonics, Hamamatsu, Japan N/A

MetaFluor version 6.1 or 7.0 Molecular Devices, San Jose, CA, USA https://www.moleculardevices.com

pCLAMP 8 Molecular Devices https://www.moleculardevices.com

DAMSystem3 TriKinetics Inc. https://trikinetics.com

PACR version 2.0 Written by M.I. N/A

Photoshop CS 6 Adobe Systems, San Jose, CA, USA https://www.adobe.com

Rotor-Gene Q series software version 3.2.1 Qiagen https://www.qiagen.com

NIS-Elements AR4.10 Nikon, Tokyo, Japan https://www.microscope.

healthcare.nikon.com

FV10-ASW Olympus, Tokyo, Japan https://www.olympus-

lifescience.com

Image Pro Plus 7.0 Media Cybernetics, Rockville, MD, USA https://www.mediacy.com

MetaMorph version 7.8 Molecular Devices https://www.moleculardevices.com

BellCurve for Excel Social Survey Research Information

Co., Ltd., Tokyo, Japan

https://bellcurve.jp

SigmaPlot version 7.0 Systat Software Inc., San Jose, CA, USA http://www.sigmaplot.com

CircWave version 1.4 ClockTool https://www.clocktool.org

Other

0.40-mm Cell Culture Inserts: Millicell Merck Millipore Cat#PICM0RG50

0.40-mm Cell Culture Inserts BD Falcon, Franklin Lakes, NJ, USA Cat#353090

Real-time PCR system: Rotor-Gene

Q 2plex Platform

Qiagen Cat#9001620

Multichannel chemiluminescence

analyser: Kronos-Dio

ATTO Co. Ltd., Tokyo, Japan Model: AB-2550

Microplate reader Hitachi High-Tech Science Corp.,

Tokyo, Japan

Cat# SH-8100Lab

Vibrating blade tissue slicer Dosaka em co., ltd., Kyoto, Japan Cat#NLS-MT

Helios Gene Gun System Bio-Rad Laboratories Inc. Cat#1652431J2

Please cite this article in press as: Morioka et al., Mitochondrial LETM1 drives ionic and molecular clock rhythms in circadian pacemaker neurons, Cell
Reports (2022), https://doi.org/10.1016/j.celrep.2022.110787

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Masayuki

Ikeda (msikeda@sci.u-toyama.ac.jp).
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Material availability
This study did not generate new unique reagents. Fly lines generated in this study are available from the lead contact with a

completed materials transfer agreement.

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

This paper does not report original code.

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

Drosophila stocks
Drosophila stocks weremaintained on a standard cornmeal-sugar-yeast-agar medium at 25 ± 1�C under a 12:12-h LD cycle. The yw;

tim-Gal4, Pdf-Gal4, yw, w; UAS-Cameleon2.1-82 and elav-Gal4 lines were supplied by the Bloomington Drosophila Stock Center.

The w; UAS-deGFP4 line was generated by a standard embryo injection protocol as described previously (Koizumi et al., 2007) in

the Haruhiro Higashida laboratory (Kanazawa University). The cryb line was kindly provided by Akira Matsumoto (Juntendo Univer-

sity). The w; pdfGal4-p12c line (Fogle et al., 2011) was kindly provided by Todd C. Holmes (University of California, Irvine). All RNAi

lines (UAS-Ndae1RNAi, UAS-DmLETM1RNAi, UAS-DmNHE1RNAi and UAS-Vha100-1RNAi) and the w; UAS-Dicer2 line were obtained

from Vienna Drosophila Resource Center RNAi stocks.

Rats
All procedures involving the use of rats were approved by the Institutional Animal Care and Use Committee of the University of

Toyama. Sprague–Dawley rats (Crl:CD(SD)) were bred at 24 ± 1�C under a 12:12-h LD cycle and were used for the following imaging

assays. Water and food (regular nutrient co-mixture chow, Labo MR Standard) were available ad libitum.

hRPE cell culture and gene transfection
The hRPE and hRPE-YC cells (Ikarashi et al., 2017) were cultured in Dulbecco’s modified Eagle medium/nutrient mixture F-12 sup-

plemented with 10% heat-inactivated fetal bovine serum (FBS), sodium bicarbonate (1.2 g/L) and 1% penicillin/streptomycin at 37 ±

0.5�C in 5%CO2. The cells were transfectedwith shRNA against human Letm1 or scrambled shRNA in the pRFP-C-RS vector (Letm1

Human shRNA Plasmid Kit #TF311758) using Lipofectamine 2000. Subsequently, the cells were cultured in medium containing

3 mg/mL puromycin for cell selection.

METHOD DETAILS

Organotypic cultures of Drosophila central nervous system (CNS)
The preparation and maintenance of organotypic Drosophila CNS cultures were as described previously (Morioka et al., 2012).

Briefly, CNS cultures were prepared from prepupae 1–3 h after pupariation. Isolated CNS were placed on 0.40-mm culture inserts

in 35-mm glass-bottom dishes (glass diameter: 10 mm) or standard 6-well plates and cultured with interface volume (600 mL or

1 mL) of medium comprising 80% Schneider’s Drosophila medium and 20% (v/v) heat-inactivated FBS, supplemented with

500 ng/mL insulin, 100 units/mL penicillin, 100 mg/mL streptomycin and 2.5 mg/mL amphotericin B. The cultures were maintained

at 25 ± 1�C under a LD cycle for 42–66 h prior to recordings.

Calcium and pH imaging in Drosophila neurons
Imaging protocols have been described previously (Morioka et al., 2012). For long-term imaging, YC2.1 or deGFP4 fluorescence from

pupal LNswere observed using an upright microscope (Eclipse E600, Nikon, Tokyo, Japan) with an objective lens (LU Plan 503/0.80,

Nikon). Ratiometric analysis of YC2.1 was performed by timeless-driven YC2.1 expression in pupal LNs. Although the timeless driver

does not specify expression of YC2.1 in LNs, pupal LNswere visually identified by their anatomical location, cell body size and typical

dorsal projection patterns. Ratiometric analysis of deGFP4 was performed by pdf-driven deGFP4 expression in pupal LNs. To elim-

inate excitation light-evoked circadian disruption, cryptochrome loss-of-function cryb mutant background flies were used for these

experiments. Fluorescent image pairs (YC: 480 ± 15 nm and 535 ± 12.5 nm; deGFP4: 510 ± 20 nm and 465 ± 15 nm) were produced

by a 435.8 ± 5 nm or 405 ± 5 nm light pulse (600-ms or 400-ms pulses generated by a 100 W mercury short arc lamp) and reflected

using a dichroicmirror (455SPECIAL C68235 or 435DRLP) and an excitation neutral density filter (ND8). Imageswere acquired using a

cooled CCD camera (C4880-80, Hamamatsu Photonics, Hamamatsu, Japan) through a filter changer wheel (M4312, Hamamatsu

Photonics) and an electromagnetic shutter (Nidec Copal Electronics, Tokyo, Japan) attached in front of the lamp house. Timings

of shutter gating and image acquisitions at 15-sec intervals were regulated by Argus-HiSCA digital imaging software.

For short-term imaging, cultures were cut from a culture insert and transferred to the circulating microscope chamber through

which buffered-saline solution, similar to the composition of Schneider’s medium, containing (mM) 5.4 CaCl2, 21.5 KCl, 15 MgCl2,

36 NaCl, 11.1 glucose, 8.3 sucrose and 10 HEPES, was perfused at a flow rate of 1.2 mL/min. YC2.1 or deGFP4 fluorescence
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from LNs was observed using an upright microscope (Axioskop 2, Carl Zeiss, Oberkochen, Germany) with a water-immersion objec-

tive lens (Achroplan 403/0.75, Carl Zeiss). Fluorescent image pairs (YC: 535 ± 15 nm and 480 ± 15 nm; deGFP4: 515 ± 20 nm and 465

± 15 nm) were produced by a 440 ± 5 nm or 400 ± 10 nm light pulse (400-ms pulses generated by a 300 W xenon lamp house

(Lambda-LS, Sutter Instrument, Novato, CA, USA), which was conducted to themicroscope through a liquid light guide and reflected

using a dichroic mirror (FT445 nm or FT425 nm). These images were acquired using a cooled CCD camera (CoolSnap Fx, Photomet-

rics, Tucson, AZ, USA) through a filter wheel (Lambda 10-3, Sutter Instrument) attached in front of the camera. Timings of shutter

gating and image acquisitions at 6-s intervals were regulated by digital imaging software (MetaFluor ver. 7.0 software; Japan

Molecular Devices, Tokyo, Japan). The recording was performed at 24 ± 1�C. (±)-Nicotine, propionic acid or CCCP was applied

by switching the perfusate. The CCCPwas dissolved in dimethyl sulfoxide and diluted with buffered-saline solution in a final dimethyl

sulfoxide concentration of 0.1% (v/v).

The pH calibration in deGFP4 expressed in LNs was performedwith pupal CNS cultures using a high-K+/nigericin method (Thomas

et al., 1979). Cultured samples were superfused with extracellular solution containing (mM) 1.8 CaCl2, 120 K-gluconate, 0.9 MgCl2,

5.4 NaCl, 15 glucose, 10 HEPES orMES, and 10 mMof the proton ionophore nigericin. pH steps in this buffer were adjusted to 6.0–8.5

(0.5 unit) with HCl or NaOH.

Electrophysiology of Drosophila neurons
Patch clamp recordings in large-LNvs were performed on acutely dissectedwhole-brain preparations from adult flies expressingPdf-

driven GFP (w; pdfGal4-p12c) as described previously (Sheeba et al., 2008; Fogle et al., 2011). All large-LNv recordings were

performed in whole-cell current clamp mode. The standard external solution contained (mM): 122 NaCl, 3 KCl, 1.8 CaCl2, 0.8

MgCl2, 5 glucose, 10 HEPES, pH 7.2–7.3, at 250–255 mOsm. The pipette solution contained (mM): 102 K-gluconate, 17 NaCl,

0.085 CaCl2, 1.7 MgCl2, 8.5 HEPES and 0.94 EGTA, adjusted at pH 7.2 and 232-235 mOsm. To analyse the effects of extracellular

pH, pH steps (6.0–8.5 adjusted using HCl or NaOH) in external solutions were applied for 4–5 min through the gravity-driven bath

perfusion system. All these recordings were performed in Todd C. Holmes’s laboratory (University of California, Irvine).

Locomotor activity assay
Locomotor activity monitoring was carried out with 3- to 7-day-old male flies in DAM2 Drosophila activity monitors set in a temper-

ature-controlling incubator. Double-plotting actograms and chi-square periodograms of circadian locomotor rhythmswere analysed

using originally developed software written by M.I. (PACR ver. 2.0). To analyse free-running locomotor rhythms, flies were first

entrained in LD cycles for 4 days, then the lighting schedule was switched to DD.

Anti-PER and TIM immunohistochemistry
Anti-PER and TIM immunostaining protocols have been described previously (Morioka et al., 2012). Briefly, adult fly brains were

dissected at six different time points on the 4th day under LD or DD conditions. Isolated brains were fixed using 4% (w/v) paraformal-

dehyde in phosphate-buffered saline (PBS(-)) for 15 min at room temperature. Following three 10-min rinses in PBS(-), brains were

then blocked in PBS(-) with 10% (v/v) normal donkey serum and 0.1% (v/v) Triton X-100 overnight at 4�C. Then, brains were

incubated for 3–4 days at 4�C with antibodies against Drosophila PER (1:1,000) or TIM (1:5,000; Laboratory of Jaga Giebultowicz,

Oregon State University). Following three 10-min rinses in PBS(-), samples were incubated with 1:200 Cy3-conjugated donkey

anti-rabbit IgG or 1:200 Cy5-conjugated anti-guinea pig IgG for 48 h at 4�C. Following three 10-min rinses in PBS(-), brains were

mounted on glass slides and embedded with 80% glycerol. Immunofluorescence images were captured using a confocal laser

scanning system (A1RMP plus, Nikon). Optical intensity was analysed using Adobe PhotoShop CS software. The LNswere identified

using GFP fluorescence in pdfGal4-p12c flies. The boundaries of the nuclei of LNs were defined in the GFP image and superimposed

on the PER/TIM image, and then the average intensity of nuclear regions was calculated.

Real-time RT-PCR assay
mRNAwasquantifiedusinga real-timeRT-PCRsystem (Rotor-GeneQseries software). Toanalyse transcriptional levels ofDrosophila

Letm1, total RNA was extracted from five fly brains that expressed Letm1RNAi under control of Elav-Gal4 using NucleoSpin RNA Plus

(Takara Bio) in accordance with themanufacturer’s instructions. To analyse transcriptional levels of human Letm1, total RNAwas ex-

tracted from hRPE cells cultured in 35-mm dishes at 90% confluency using a NucleoSpin RNA Plus or RNeasy mini kit (Qiagen) as

described previously (Ikarashi et al., 2017). cDNAwas amplified from1 mg of RNA usingQuantiTect Reverse Transcription Kit (Qiagen)

according to the manufacturer’s instructions. The sequences of PCR primers for Drosophila Letm1 (FlyPrimerBank: PP29077), ribo-

somal protein 49 (rp49), human Letm1 (Waldeck-Weiermair et al., 2011), GAPDH and b-actin are listed in Table S2. Each primer was

usedwith theRotor-GeneSYBRGreenRT-PCRMasterMix in the 72-well rotor of the real-timePCRsystem (Rotor-GeneQ2plex Plat-

form). mRNA levels were expressed as 2-DCt using rp49, b-actin and GAPDH mRNA as internal standard.

Bmal1-luc chemiluminescence counting in model cells
The Bmal1-luc rhythms in hRPE-YC cells were analysed as described previously (Ikarashi et al., 2017) using culture medium supple-

mented with 50 mM beetle luciferin and a multichannel chemiluminescence analyser (Kronos-Dio, ATTO) set at 37�C. Cells were

treated for 1 h with 1 mM dexamethasone (Dex) and rinsed with fresh culture medium before recordings.
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Western blotting
The hRPE-YC cells were cultured on 100-mm dishes to 70–80% confluency, with three dishes (�13107 cells) used per condi-

tion. Cells were pre-treated for 1 h with 1 mM Dex and cultured with fresh culture medium. Cells were collected by centrifugation

at 500 3 g for 5 min at different time points after Dex treatment. The mitochondria were isolated using the mitochondrial

isolation kit for cultured cells (Abcam, ab110170) according to the manufacturer’s instructions. The mitochondrial pellet was

resuspended with 50 mL cell lysis buffer comprising 150 mM NaCl, 20 mM Tris-HCl, 1% (w/v) Triton X-100, 10% (w/v) glycerol

supplemented with a protease inhibitor cocktail. Total protein concentrations were determined using a standard bicinchoninic

acid assay.

For western blotting, mitochondrial proteins were diluted to 2 mg/mLwith cell lysis buffer, andmixedwith an equal volume of 23SDS

sample buffer [125 mM Tris-HCl, 4% (w/v) SDS, 10% (w/v) sucrose, 0.01% (w/v) bromophenol blue, 10% (w/v) 2-mercaptoethanol]

and heated at 95�C for 5 min. The solubilized proteins were separated by 10% or 12% sodium dodecyl sulfate–polyacrylamide gel

electrophoresis using mini-protean TGX precast gels (Bio-Rad Laboratory). Proteins were transferred onto polyvinylidene fluoride

membranes (Immobilon-P PVDF membrane, Merck Millipore) and incubated with 1:5,000 mouse monoclonal antibody against

human LETM1 (Abnova) or 1:500 anti-TOMM20 (Santa Cruz) antibodies. Themembraneswere further incubatedwith 1:20,000 horse-

radish peroxidase-conjugated anti-mouse IgG (Jackson ImmunoResearch). Luminol signals were processed with Chemi-Lumi One L

(Nacalai Tesque) and acquired using a cooled-CCD gel imaging system (Ez-Capture, ATTO). The optical density of each band was

quantified using CS Analyzer software (ATTO).

Anti-LETM1 immunocytochemistry
The hRPE-YC cells were cultured on glass coverslips. Cells were pre-treated for 1 h with 1 mM Dex and cultured with fresh culture

medium. Mitochondrial staining was performed with MitoTracker Red CMXRos (75 nM, 15 min) at different time points after Dex

treatment. Immediately after the mitochondrial staining, cells were fixed in 4% (w/v) paraformaldehyde in PBS(-) for 15 min at

room temperature and washed three times with PBS(-). The fixed cells were then blocked for 2 h at room temperature in PBS(-)

with 10% (v/v) normal donkey serum and 0.3% (v/v) Triton X-100. Then, samples were incubated overnight at 4�Con an orbital shaker

with 1:200 anti-LETM1 dissolved in PBS(-) with 5% donkey serum and 0.01% Triton X-100. Following three 20-min PBS(-) rinses,

samples were incubated with 1:400 Alexa Fluor 647-conjugated donkey anti-mouse IgG for 2 h at room temperature. Following

four 15-min PBS(-) rinses on an orbital shaker, samples were mounted on glass slides using VECTASHIELD mounting medium

with DAPI. Immunofluorescence images were captured using a confocal laser scanning system (A1R MP plus). Optical intensity

was analysed using Image Pro Plus 7.0 software (Media Cybernetics). Mitochondrial LETM1 immunoreactivity levels were normalized

as a function of mitochondrial dimension, which was visualized by MitoTracker Red.

ATP assay
Intracellular ATP levels in hRPE-YC cells were measured using a bioluminescence assay kit (AMERIC-ATP Kit) according to the

manufacturer’s instructions. Cells were seeded onto 25-cm2 flasks and cultured as described above in a CO2 incubator. Cells

were grown to 90% confluence and harvested with 0.05% trypsin/0.5 mM EGTA. The resulting cell pellet was resuspended in

PBS(-) for ATP extraction and cell counting by haemocytometer to normalize the cell number. Resuspended cells were lysed

with the ATP extraction solution provided in the kit and diluted 50-fold with ultrapure water. Following addition of luciferase so-

lution, bioluminescence was immediately measured with a microplate reader. ATP levels in each sample were quantified from

the calibration curve.

Calcium imaging in hRPE-YC cells
Tomonitor cytosolic Ca2+, hRPE-YC cells seeded onto 35-mmplastic dishes were grown to 40–60%confluence, and then loaded for

30 min with 5 mM o-nitrophenyl-EGTA (NP-EGTA)-AM in a CO2 incubator. Subsequently, the culture medium was gently rinsed from

the dishes using buffered salt solution (BSS) comprising (in mM) 128 NaCl, 5 KCl, 2.7 CaCl2, 1.2 MgCl2, 1 Na2HPO4, 10 glucose and

10 HEPES (pH 7.3). hRPE-YC cells were placed on a heating stage set at 36�C in an upright confocal laser scanningmicroscope (A1R

MP plus). Fluorescent image pairs (524–550 nm and 465–500 nm) were produced by excitation with a 440-nm diode laser using a

253 water-immersion objective lens (Apo LWD 253 1.10w DIC N2, Nikon) and digital imaging software (NIS-Elements AR4.10).

The fluorescence images were acquired over a period of 1 min at 1-s intervals. To trigger Ca2+ elevation, 405-nm laser stimulation

(1 s, spot stimulation) was delivered to the targeted cell.

To monitor mitochondrial Ca2+, hRPE-YC cells were loaded for 30 min with 3 mM Rhod 2-AM and 5 mM NP-EGTA-AM in a CO2

incubator. Subsequently, the culture medium was gently rinsed with BSS. hRPE-YC cells were placed on an inverted confocal

laser scanning microscope (FV1000, Olympus, Tokyo, Japan). Rhod 2 fluorescence images (598 nm) were acquired with a

543-nm HeNe laser and a 603 oil-immersion objective lens (UPLSAPO 603/1.35, Olympus) and digital imaging software

(FV10-ASW, Olympus). Time-lapse images were acquired over a 1-min period at 1-s intervals. For photolytic Ca2+ elevation,

the target cell region was irradiated with 405-nm diode laser stimulation for 1 s using a Tornado-ScanTM system installed on

the FV10-ASW. To analyse the effects of circadian time on the mitochondrial Ca2+ elevation, cells were pretreated with Dex as

described above for Bmal1-luc counting prior to the imaging experiments.
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Calcium imaging of rat SCN neurons in acute brain slices
To monitor mitochondrial Ca2+ in rat SCN neurons, acute hypothalamic slices containing the SCN (200–220-mm thickness) were

prepared from Sprague–Dawley rats at postnatal day (PD) 9–13. The brains were removed under deep pentobarbital anaesthesia,

and brain slices were cut in ice-cold high-Mg2+ artificial cerebrospinal fluid (ACSF) containing (mM) 138.6 NaCl, 3.35 KCl, 21

NaHCO3, 0.6 NaH2PO4, 9.9 glucose, 0.5 CaCl2 and 4 MgCl2 using a vibrating blade tissue slicer. The SCN slices were incubated

at room temperature for at least 30 min in regular ACSF (pH 7.4) containing (mM) 2.5 CaCl2 and 1.0 MgCl2 bubbled with 95%

O2/5%CO2. The SCN slices were then placed in a 0.40 mmculture insert and incubated at 30–32�C for 70–80min in ACSF containing

10 mM NP-EGTA-AM, 5 mM Rhod 2-AM and 0.005% Cremophor EL, and bubbled with 95% O2/5% CO2. Following rinsing of Rhod

2-AM with regular ACSF, the SCN slices were incubated with ACSF supplemented with 0.5 mM TTX and 2 mM nimodipine bubbled

with 95% O2/5% CO2 at 30–32
�C for 60 min, and then placed on a heating stage set at 33�C on an upright confocal laser scanning

microscope (A1RMP plus). Rhod 2 fluorescence images (595 nm) were acquired with a 561-nm diode laser and a 253water-immer-

sion objective lens (Apo LWD 253 1.10w DIC N2) and digital imaging software (NIS-Elements AR4.10). Time-lapse images were

acquired as described above for hRPE cells.

Organotypic SCN cultures
The basic protocol for organotypic SCN cultures has been described previously (Ikeda et al., 2003). In this experiment, SCN slice

cultures were prepared from PD3–5 Sprague–Dawley rats. The animals were deeply anesthetized with pentobarbital, and the brain

was quickly removed and dropped into ice-cold high-Mg2+ ACSF bubbled with 95% O2/5% CO2. Coronal hypothalamic slices

(300-mm thickness) containing the SCN were cut using a vibrating blade tissue slicer and placed in 0.40-mm culture inserts. The

inserts were placed in standard 6-well plates and cultured with 1 mL of medium comprising 50% basal medium Eagle, 25% Earle’s

balanced salt solution and 25% heat-inactivated horse serum, supplemented with 1% (v/v) GlutaMAX, 5 mg/mL glucose and

20 mg/mL kanamycin. The cultures were maintained in a CO2 incubator at 36 ± 0.5�C and 5% CO2.

Co-transfection of YC3.6, Bmal1-luc and Letm1 shRNA into cultured SCN neurons
Reporter genes and shRNA probes were co-transfected into SCN cells using a gene-gun system as described previously (Ikeda and

Ikeda, 2014). In this experiment, cultured SCN slices were co-transfected with Yellow Cameleon (yc) 3.6 gene linked to a neuron-spe-

cific enolase promoter (pNSE/YC3.6) (Ikeda and Ikeda, 2014), Bmal1-luciferase (Bmal1-luc) reporter gene (Bp/527-Luc) (Yu et al.,

2002), shRNA against rat Letm1 or scrambled shRNA in RFP-C-RS vector (Letm1 Rat shRNA Plasmid Kit #TF700692) using a Helios

Gene Gun System. For biolistics, gold particles were coated with the YC3.6 and Bmal1-luc expression vectors together with a vector

carrying the shRNA against Letm1, scrambled shRNA or without these shRNA. The two or three vectors were suspended in Tris-

EDTA buffer containing spermidine and then coated onto gold particles (1 mm, 5 mg for 50 bullets) according to the manufacturer’s

instructions. The gene-gun bullet was made using a Tubing Prep Station and blasted onto 7- to 10-day-old cultures with helium pres-

sure (190–195 psi) using a Helios Gene Gun System.

Long-term calcium imaging in cultured SCN neurons
Calcium imaging in cultured SCN neurons was performed as described previously (Ikeda et al., 2003; Ikeda and Ikeda, 2014). The YC

and RFP fluorescence levels at 3 days after transfection were observed using an inverted fluorescence microscope (Eclipse TE2000-

s). The SCN slice that exhibited successful gene transfection was transferred to 35-mmglass-bottom dishes (glass diameter: 27mm)

and cultured with an interface volume (220 mL) of culture medium. On day 4 after gene transfection, the slices were transferred to a

custom-built recording system composed of an inverted fluorescence microscope (DM IRB; Leica), stage heater box, 445-nm LED

light source, excitation filter (445 nm DF10; Omega Optical), dichroic mirror (455DRLP; Omega Optical) and a 103 objective lens

(HCPL Apo 103/0.40; Leica). Two emission bandpass filters (480AF30 and 535DF25; Omega Optical) were switched using a filter

changer wheel (Lambda 10-3, Sutter Instrument). The system was installed in a gas-tight black box filled with 5% CO2. The interior

of the stage box was set at 36�C with saturating humidity. Fluorescent image pairs were acquired through an EM-CCD camera

(Cascade 1K; Photometrics) at a sampling rate of one image-pair per 10 min for detecting circadian cytosolic Ca2+ oscillations.

The electromagnetic shutter (Lambda10-B, Sutter Instrument), filter changer wheel and image acquisition were controlled using

MetaFluor ver 6.1 imaging software.

Bmal1-luc imaging in cultured SCN neurons
The organotypic SCN slice cultures exhibiting successful gene transfection were confirmed by RFP fluorescence before luciferase

imaging. Culturemediumwas then switched to amedium supplementedwith 500 mMbeetle luciferin, 1 day prior to the recording. The

SCN slices were transferred to glass-bottom dishes (glass diameter: 27 mm) containing 220 mL of luciferin-supplemented medium.

The SCN cultures were then incubated in a temperature-controlled (36�C) custom-built chamber attached to an invertedmicroscope

stage (IX71; Olympus). The entire systemwas installed in a gas-tight black box filled with 5%CO2. The bioluminescence images were

viewed using a 103 objective lens (UPlan Apo 103/0.40; Olympus) and collected with a 30-min exposure time on a cooled EM-CCD

camera (iXon Ultra Andor; controlled at �70�C with coolant circulation and 50% EM gain) attached at the bottom port of the

microscope (i.e., outside of the black box). Image acquisition was controlled using MetaMorph imaging software. Z-plane focus

was adjusted using a three-dimensional piezo motor-driven manipulator (Luigs & Neumann, Ratingen, Germany) attached on the
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microscope stage at 45–49-h intervals by monitoring the RFP fluorescence image at the time of medium exchange. Although this

system enables intermittent recordings of YC3.6 and Bmal1-luc from the same slice, we separately analysed Ca2+ and Bmal1-luc

in different experiments because we observed luciferin fluorescence by 445-nm excitation in YC3.6 recordings.

Mitochondrial membrane potential assay
Mitochondrial membrane potentials in hRPE cells were measured using the fluorescent probe JC-1. Cells were seeded onto 35-mm

plastic dishes in a CO2 incubator. Cells were cultured to 60–70% confluence and then loaded for 60 min with 0.1 mM JC-1 dye in a

CO2 incubator. As a positive control, cells were treated with 50 mM FCCP for 60 min before staining. Subsequently, the culture me-

dium containing JC-1 was gently rinsed from the dishes using BSS. Fluorescence images (535 nm and 590 nm) were acquired using

an inverted microscope (Eclipse TE2000-s, Nikon) with a 203 objective lens (Plan Fluor ELWD 203/0.45) and a xenon lamp (75 W).

The red/green fluorescent intensity ratio was analysed using Image Pro Plus 7.0 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± standard error (SEM). Significant differences between two groups were analysed using two-tailed

Student’s t-test. Non-parametric analysis was conducted with the Mann–Whitney U-test. One-way analysis of variance (ANOVA)

followed by Tukey’s post hoc test or Kruskal–Wallis test were used for statistical comparisons across multiple means of a single

factor. Additionally, two-way ANOVA was used to compare multiple means defined by two categorical factors. A four-parameter

Hill function was used to estimate the calibration curve. A 95% confidence level was considered to indicate statistical significance.

Statistical analyses were performed using the BellCurve add-in software for Microsoft Excel software. Cytosolic pH oscillations were

analysed using a sinusoidal regression curve fitted with 95% confidence levels using SigmaPlot ver 7.0 software. Additionally,

the pH-response curve for action potential firing frequencies was fitted by a four-parameter Hill function using SigmaPlot. Because

the sampling interval for immunostaining studies was limited (6 points/24 h), sine curve fittings for PER/TIM expression rhythms were

examined using CircWave version 1.4 software.
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