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Title Development of in vivo volumetric imaging method for mouse brain utilizing

multibeam scanning two-photon microscopy

Two-photon microscopy (2PM) is a laser scanning fluorescence microscopy that uses a
two-photon excitation process and has been widely used in the neuroscience field as a
robust tool for in vivo observation of neuronal activities in the mouse brain. For
single-beam scanning 2PM, galvanometer-based scanning mirrors are usually
equipped and the focal plane is raster-scanned by a single focus. Meanwhile, for
multibeam scanning 2PM, a confocal spinning-disk scanner has been implemented for
higher temporal resolution (up to 333 frame/second). This scanner splits a single
excitation beam into hundreds of foci at the focal plane through the microlens-array.
The fluorescence signals at the focal plane are relayed to the image plane and captured
by a two-dimensional detector. In addition, a 40—100-fold increase in imaging speed
compared with a single-beam scanning 2PM has been demonstrated. Moreover,
volumetric imaging approaches based on the 2PM with galvanometer-based scanning
mirrors were recently proposed for elucidating neuronal computations in vivo. To
observe the neuronal activities in the mouse brain, three-dimensional (3D) scanning
approaches with both sufficient temporal resolution and penetration depth of the
excitation light are required. In this study, a volumetric imaging system using
multibeam scanning 2PM with a spinning-disk scanner and high-peak power excitation
laser source was proposed. To assess its applicability to in vivo volumetric imaging,

first, the penetration depth limitation of the multibeam scanning 2PM in living mouse



brains was experimentally confirmed. As a result, dendritic fibers were visualized at a
depth of over 300 um. Second, in vivo multiplane Ca’?" imaging was performed with a
piezo z-scanner, and Ca®" transients were recorded at depths of 140 pm (single-plane)
and 80—100 pum (three-planes). Next, using an electrically tunable lens (ETL),
continuous axial scanning mechanics was introduced to improve the proposed
volumetric imaging system; this improved imaging system is called the multibeam
continuous axial scanning 2PM (MCAS-2PM) system. Using the MCAS-2PM system,
a 1-um bead phantom was observed and clearly resolved in the 3D volume as a z-
projection stack with negligible axial spatial gaps. In vivo volumetric Ca?" imaging
was also performed with a synthetic Ca®* indicator, Cal-590 AM, in the primary visual
cortex of a mouse. As a result, spontaneous Ca?" transients were successfully recorded
in neurons up to a 100 um depth from the brain surface with a 200 x 200 x 36 pm?
field of view. Finally, to improve the brightness of the fluorescence image, a chirped
pulse amplification (CPA) system with diffraction gratings and a previously reported
Yb-doped fiber amplifier were incorporated. The CPA output had an average power of
12.0 W and a pulse width of ~1 ps. It is expected that, compared with using the
original excitation light source, a roughly 3-fold brighter fluorescence image can be

obtained.

In the MCAS-2PM system, to increase the penetration depth of Ca®* imaging up to
200-300 pm or the mouse cortical layer 2/3, a higher peak power of excitation laser
pulses is still required. The excitation laser source with a low repetition rate might be
effective in multibeam scanning 2PM. Nevertheless, there are several techniques to
enhance the imaging system and specimen, such as optimizing the detection system,

efficiency of illumination, and localization of fluorescence probe.

In conclusion, a multibeam scanning 2PM-based volumetric imaging system for

observing living mouse brains is proposed. To realize 3D scanning, lateral scanning



with a spinning-disk and continuous axial scanning with an ETL were combined. With
the proposed system, in vivo volumetric Ca®" imaging was performed in living mouse
brains up to a 100 um depth from the surface. With further improvements, the
proposed system can be a practical volumetric imaging system with a simple design
and efficient scanning capability. Such features may make volumetric imaging

widespread and thereby open new neuroscience pathways for many researchers.
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