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Optical analysis of organellar circadian rhythms in the master

clock neurons
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5§ 4, : Hiro, Sota
#m SC/ B : Optical analysis of organellar circadian rhythms in the master clock neurons

Almost all living organisms on Earth are regulated by a circadian clock, which
anticipates the environmental changes for their survival. In mammals, the master
circadian clock is located in the suprachiasmatic nucleus (SCN) of the hypothalamus in
the brain, which controls various physiological functions (e.g., sleep-wake cycles,
hormone secretion), and animal behavior. The rodent SCN is composed of ca. 20,000
neurons in the bilateral side of the hypothalamus. At the cellular level, the molecular
machinery of circadian rhythms is thought to be based on the transcriptional-
translational feedback loop (TTFL), which is composed of clock genes and their protein
products. In individual SCN neurons, circadian rhythms are observed at the level of
firing frequency, peptide release, and cytosolic Ca?* concentration. In general,
intracellular Ca?* is regulated by internal organelles, such as the endoplasmic reticulum
(ER) and mitochondria, and Ca?* signaling regulates various cellular functions, such as
clock gene transcription in the nucleus. However, it remains to be elucidated what the
Ca? dynamics in organelles are and how these organelles regulate the circadian Ca**
rhythms in the SCN neurons.

First, I examined the Ca?* dynamics and its regulatory mechanism in the nucleus
of the SCN neuron on the circadian timescale. To visualize the Ca?>* dynamics, I
performed dual-color time-lapse Ca?* imaging in the nucleus and cytosol using highly
sensitive genetically encoded Ca*" indicators, GCaMP6s and jJRGECO1a. I found robust
nuclear circadian Ca?>* rhythms in phase with the cytosolic rhythms in single SCN
neurons and entire regions. The nucleus is covered by a nuclear envelope with nuclear
pores, and ryanodine and inositol 1,4,5-trisphosphate (IP;) receptors, which are mainly
expressed in the endoplasmic reticulum (ER), are also expressed on the inner membrane.
To investigate their involvement in the regulation of nuclear circadian Ca?* rhythms, I
applied drugs that inhibit Ca?* influx via ryanodine receptors, IP; receptors, or neuronal
firing. Inhibiting action potentials reduced the amplitude of both nuclear and cytosolic
Ca?" rhythms, whereas blocking Ca?* release from the ER, either via ryanodine or IP;
receptors, had a minor effect on nuclear and cytosolic Ca?* rhythms. I conclude that the
in-phasic circadian Ca?* rhythms in the cytosol and nucleus are primarily driven by Ca?**
influx from the extracellular space, likely through the nuclear pores. It also raises the
possibility that nuclear Ca?>* rhythms directly regulate transcription in situ.

Second, I examined the Ca?** dynamics in the mitochondrial matrices of the SCN

neurons, because the ER has a small contribution to circadian Ca?* rhythm regulation



and mitochondria are known to function as Ca?" stores. To directly visualize Ca?**
dynamics in the mitochondria, I expressed a genetically encoded Ca?* indicator,
CEPIA2mt, in the mitochondrial metrics of SCN neurons. I found circadian rhythms of
the CEPIA2mt signals, which were nearly antiphase to the cytosolic Ca?* rhythms. Since
CEPIA2mt is known to be affected by pH, I expressed the circularly permuted EGFP
(cpEGFP), which excludes the Ca?* binding site of CEPIA2mt. Unexpectedly, I detected
the circadian rhythms of the cpEGFP signals, suggesting the existence of Ca?'-
independent rhythms. I further evaluated these signals using a high-sensitive pH
indicator, superecliptic pHluorin. I observed the circadian H" rhythm in mitochondrial
metrics, where the level was high during the subjective day and low during the
subjective night. In mitochondria, adenosine triphosphate (ATP) is produced when H*
flows into the matrix utilizing the electrochemical proton gradient. I hypothesized that
mitochondrial H" rhythms might be coupled with ATP synthesis. To test this, I
expressed a genetically encoded ATP indicator, iATPSnFR, in the cytosol of SCN
neurons. I found circadian ATP rhythms in the SCN neurons, where the level was high
during the subjective night and low during the subjective day. During the subjective
night, the H* in the mitochondrial matrix is kept low, which may increase the
concentration gradient and enhance the ATP production capacity.

In conclusion, I have identified organelle-level circadian rhythms in the nucleus
and mitochondria of SCN neurons, which could be functionally coupled to the
transcriptional regulation of clock genes in the nucleus and intracellular ATP demand,
respectively. I also gained further insight into the origin of circadian Ca?* rhythms in
SCN neurons, where Ca?>* mainly comes from the extracellular space, but not via
ryanodine or IP; receptors on the ER and nuclear envelope. These ionic rhythms in
organelles might be important for expressing robust and stable self-sustaining circadian

rhythms in the SCN neurons.
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