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Development of technologies for imaging and
manipulation of Ca*" dynamics in living cells
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Ca®is an important second messenger that controls synaptic transmission and hormonal
release in living cells. Several synthetic or genetically encoded Ca®* indicators (GECIs) based on
fluorescence have been developed, allowing us to perform Ca®* imaging in living cells with fine
spatiotemporal resolution. Very recently, optogenetic tools such as channelrhodopsin2 (ChR2) have
enabled to operate behavior of whole organisms by light-mediated manipulation of neuronal activity.
To evaluate neuronal activity during optogenetic implementation, fluorescent indicators have been
utilized. However, the action spectrum of ChR2 extends from the ultraviolet through to ~550 nm,
severely restricting the ability of researchers to image neuronal activation with current popular
genetically encoded or synthetic dye-Based indicators.

In addition, the issues of phototoxicity, photobleaching, and specimen auto-fluorescence have
to be considered when choosing a ﬂuorescgnt protein. Thus, bioluminescent proteins such as
luciferase are superior for observing biological processes since their signals can be acquired without
an external light source. Alternatively, the red-shifted Ca®* indicators offer the advantages of a
diminished auto-fluorescent background with longer wavelength light. Here, 1 present a newly
developed bioluminescent indicator and demonstrate a novel system using red-shifted fluorescent
indicators for compatible fluorescence imaging with optogenetic activation.

In Chapter 1, the low intensity of bioluminescence was improved by increasing brightness

— 146 —



through conducting random mutagenesis of RLuc8. I identified a brighter mutant, RLuc8_ S257G,
and then applied the mutant in a bioluminescence resonance energy transfer (BRET) system by
fusion with a yellow fluorescent protein to greatly increase the light output. Finally, the fusion
protein presented approximately 8-fold higher peak intensity than RLuc8 alone and was named
VRL10.3 S257G.

In Chapter 2, I took advantage of the higher intensity of BRET-based indicators and the larger
signal change of complementation of split luciferase (CSL)-type indicators (in which the luciferase
molecule emits the light through the proper reconstitution of N-terminus and C-terminus of
luciferase) by designing a CSL and BRET hybrid Ca®* indicator. The calcium sensing domain
(CaM-M13) was inserted into the RLuc8 moiety of VRL10.3_S257G, named SuperBRAC, which
displayed a high dynamic range, high S/N ratio and fine spatial resolution. The split point 228" of
the RLuc8 moiety presented a higher intensity and dynamic range compared with the others.
Histamine-induced Ca®" oscillation in HeLa cells indicated that the complementation of the split
N-terminus and C-terminus of luciferase was reversible. The first bioluminescence imaging taken in
video-rate at the single cell level was achieved by this indicator, which is essential for detecting
rapid kinetic motion such as neuronal responses.

In Chapter 3, I demonstrated the performance of various Ca®" indicators for recording neuronal
activity and photo-activation of ChR2 with Ca®" imaging in dissociated neurons. Furthermore, a
red-shifted Ca®" indicator, providing deeper tissue peneﬁaﬁon associated with imaging with longer
wavelength light, for conjunction with ChR2 activation was examined in brain slices.

In Chapter 4, I constructed a simple optic system for compatible operation of an optogenetic
tool with fluorescence imaging, with which I could investigate rapid Ca** dynamics in neuron cells
in real-time. I revealed the biphasic property of the Ca?" increase in response to optical stimulation.

These achievements open the door to a new era for researchers across wide fields.
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