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Laser scanning microscopy using high-peak-power ultrashid near infrared light pulses
can visualize biological microstructures by utilizing netinear optical processes, such
as multi-photon excitation and sum frequency generation. Ere we introduced a
polarization-resolving detection methodology for a lasescanning microscopy system
equipped with a spinning-disk confocal scanner. The develped system achieved
high-speed intravital imaging of living tissues with resahg their signals to orthogonally
polarized components. First, we applied the system to a lippomal vesicle labeled
with the uorescent lipophilic dye and conrmed the orientgion map of the lipid
bilayer. Next, by detecting polarization-resolved secondarmonic generation signals,
the structural orientations of the collagen bers in xed mase tissues were visualized
without exogenous or genetic uorophore labeling. Finallywe demonstrated in vivo
polarization-resolved second harmonic generation imag@mof the collagen bers in the
mouse skeletal muscles at a 56 Hz temporal resolution. We exqet that our developed
methodology can achieve real-time visualization, thus, wealing the conformational
changes of supramolecular structures in living animals.
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INTRODUCTION

Second harmonic generation (SHG) is a non-linear optical psecthat can be applied for
bioimaging [L, 2]. Two photons from ultrashort high-peak-power laser pulses@mverted to a
single photon, and its wavelength becomes halved via SHG gseseSHG signals are strongly
observed from individual non-centrosymmetric moleculespecially when they are arranged in a
crystalline array, such that SHG signals are frequentlegeed by endogenous ber-like structures
like supercoiled collagens bers and thick myosin lamen Moreover, the probability of SHG
occurring largely depends on the relative orientation betwehe polarization of the incident
light beam and the orientation axis of the targeted molesuléherefore, polarization-based SHG
imaging, the concept of which is based on analyzing the pol@eizanisotropy of SHG light or
SHG signal intensity as a function of the polarization stateéhe incident light beam, can be
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implemented to reveal the structural assembly informatidn oJapan). The incident excitation light beam was introducethat
targeted moleculeg!i{6] and has been used as a tool for medicalpupil of the water immersion objective lens (Plan Apo IR 60X,
and biological analyses49]. However, most of polarization- numerical aperture: 1.27, working distance: 0.17 mm; Nikaom) a
based SHG microscopy requires a specialized optical setup flacused on multiple points of a specimen. In order to adjust the
irradiate the sample with the excitation laser light beanptoee,  polarization state of the beam at the position of the objectwes)
and/or analyze the SHG light signals. a half-wave plate and a quarter wave plate were placed in the
Simple SHG images can be acquired by using a laseptical path of the excitation laser light beah7]. To measure
scanning microscope equipped with an ultrashort high-peakthe polarization state of the incident light beam at the spesim
power laser light source such as a conventional two-photoa linear polarizer Im was placed just after the objective lensl a
excitation uorescence microscope (TPM2,[10. Since most angle dependent throughput was measured and plotted in polar
of TPM systems employ a single-point laser scanning methodoordinates FFigures 1B—-F. In this study, we used circularly
using moving mirrors, their temporal resolution depends onpolarized light Figure 1B ellipticity 0.95) and 4 kinds of laterally
the speed of the physical movement of the mirrors. Howevemngled linearly polarized light beamBigures 1C—F ellipticity
since early 21st century, multi-point laser scanning method0.2-0.3). Lateral polarization angles were set to 0, 45n8d,26
have been attempted to achieve high-speed TPM imadiip [ from the horizontal axis of the FOV.
One method is introducing multiplexed beams generated by a Fluorescent or SHG light acquired by the objective lens
microlens array 17 or a cascade of beam splitters3[ 14] into  was passed through the Nipkow disk, re ected by the rst
a moving mirror scanning unit. Another is utilizing a spinmga  dichroic mirror (700-1,100 nm band pass; Yokogawa Elegtric)
disk scanning unit, which incorporates a micro-lens arraykdis and passed through two infrared ray cut Iters (FFO1-7702%P-
and a Nikpow disk containing a set of confocal pinholé$, [ 2; Semrock, Rochester, NY). In the case of SHG imaging, we
16]. The spinning-disk scanning unit scans a specimen wittadded a band pass lter (FF01-520/15-25; Semrock) to remove
several 100 excitation beams. However, the insu cient gyer auto uorescence. Optically Itered signals were separated i
of conventionally-used mode-locked titanium-sapphire §a) one pair of polarization-resolved signals using a polarizing
laser light sources restricted the number of excitationrbga beam splitter cube (PBSH-450-700-100; CVI Laser Optics,
resulting in a narrow e ective eld of view (FOV) of TPM Albuquerque, USA) placed in an image-splitting optical unit
utilizing the spinning-disk scanning unit (TPM-SD). Althohg (W-View Gemini; Hamamatsu Photonics, Hamamatsu, Japan);
Shimozawa et al. modied spinning-disks to increase neathen, they were focused on a square-shaped detection area of
infrared laser light power throughput, the system using a Ti-electron multiplying CCD camera (iXon Ultra 897: 512 pixels
Sa laser light source could use 10% of the e ective area of the 512 pixels, pixel size: Mn  16mm; Andor Technology,
detector, which corresponded to40mm diameter FOV with  Belfast, UK) using relay lenses with a magni cation of.2,
a 60 objective lens I5. To enlarge the FOV further, we thus simultaneously acquiring one pair of rectangular insage
introduced a higher-peak-power ytterbium (Yb)-based laggttl Z-scans were performed with a piezo actuator (P-721; Physik
source to the TPM-SD system, achieving approximately 10-timdastrumente, Karlsruhe, Germany). NIS-Elements C software
larger FOV [L6]. (Nikon) was used to acquire all images. To con rm the signal
In this study, we developed a high-speed, polarizationintensity ratio of the polarization-resolved components,M P
resolved imaging methodology by introducing a polarizingime images of a sulforhodamine B solution (0.1 mM in water) were
splitter cube to an image splitting optical unit in front of the produced by the system. ABigure 2 shows, the uorescent
detection camera in our TPM-SD system. The developed systeimtensities of both components were almost same and were
performedin vivotissue imaging at a 56 Hz temporal resolution,independent of the incident light polarization.
thus, revealing the structural orientations of collagenerb

without exogenous or genetic labeling. Sample Preparation
Liposomal vesicles were prepared from pancreatic acinar cells
MATERIALS AND METHODS of C57BL/6NCrSlc mice (9 weeks old, male). The acini were
digested by collagenase (1 mg/ml) followed by gentle taiion.
Optical Setup Then they were dispersed in a small chamber with a solution

Figure 1A shows a schematic diagram of our TPM-SD systemcontaining 140 mM NaCl, 5 mM KCI, 2 mM Cagl1 mM MgCb,

The system was equipped with a Yb-based laser (femtotraid0 mM HEPES-NaOH, and 10 mM glucose (pH 7.38[ To
Spectra Physics, Santa Clara, CA) that generated femtasecdabel the plasma membranes, the acini were immersed in an
light pulses with a wavelength of 1,042 nm (averaged power: 4 \i#xtracellular solution containing uorescent probes (619
pulse width: 300 fs, repetition rate: 10 MHZ){. Laser power FM4-64; Molecular Probes).

was adjusted by using a set of a half-wave plate and a Glam-Lase Tissues from C57BL/6NCrSlc mice (8-12 weeks old, male)
polarizer. The beam width was enlarged td0 mm in diameter were used as specimens for polarization-resolved SHG imaging
by applying a beam expander comprising a pair of plano-convekor xed tissue imaging, quadriceps in the hind limbs and skin
lenses. This enlarged beam was introduced into a spinnisfg-di the abdomen of mice were dissected, xed overnightin 4% RFA a
scanner with 100mm-wide pinholes aligned on a Nipkow disk 4 C, and rinsed three times with a phosphate bu er solution. For
(CSU-MP0100; Yokogawa Electric, Kanazawa, Japag) 6 in vivo observations of fascia-muscles, mice were anesthetized
installed on an inverted microscope (Eclipse Ti-E; Nikon, f@k through intra-peritoneal injection of pentobarbital (10 nhgy),
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FIGURE 1 | (A) Optical setup of the developed TPM-SD system. BE, beam expatter; BPF, band pass Iter; DM, dichroic mirror; GLP, Glan-Lasr polarizer; HWP,
half-wave plate; PBS, polarizing beam splitter cube; QWP, uprter-wave plate. The upper inset panel is the schematic dgram of the polarization-resolving detection.
(B—F) The polarization state of the incident light pulse at the spgmen by adjusting the positions of HWP and QWRB) Circular polarization (ellipticity: 0.95).

(C—F) Linear polarization for which the polarization angle fronhé horizontal axis of the FOV is 0 (ellipticity: 0.28), 45 (ellipticity: 0.27), 90 (ellipticity: 0.27), and 135
(ellipticity: 0.24), respectively. The lower inset paneidicates the schematic used for plotting the relative intesities on the polar coordinate.

and their quadriceps in the hind limbs were exposed by skimye, FM4-64. AsFigure 3A shows, a pair of orthogonally-
incisions. The mice were maintained anesthetized during thresolved polarization images of the plasma membrane were
entire imaging process. The study was carried out in accarédan simultaneously captured under circularly polarized exaiat
with the recommendations in the Guidelines for the Care andight beam irradiation. Each uorescent image re ected the
Use of Laboratory Animals of the Animal Research Committe@nisotropic nature of the emitting dipole of the FM4-64
of Hokkaido University. The Institutional Animal Care and molecules in the focal plane, as shown Figure 3B This
Use Committee of National University Corporation Hokkaido indicates that dipole moments of the FM dye were almost

University approved all protocols (Permit Number: 17-0077).

RESULTS

orthogonal to the plane of the membrane since FM4-64
molecules are usually integrated vertically into the ouger et

of the membrane lipid bilayerl[d). Fluorescent intensity pro les
along circumference were not perfect isotropic pattern beeaus
the liposomal vesicle was prepared from mouse pancreatic acinar

First, we applied the developed TPM-SD system to the imagincells and might include many other components besides lipid
of a liposomal vesicle labeled with a lipophilic uorescentmolecules. However, uorescent signal intensities of biotages
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FIGURE 2 | (A) A two-photon excitation uorescent image of a sulforhodamire 3
B solution. (B) Fluorescent intensity pro les taken along the yellow line ithe 8
uorescent image between the s- and p-polarized components,here colored > 1500 1
in green and magenta, respectively. The upper and lower parte show %)
circularly polarized and 45 linearly polarized excitation light irradiation, 5
respectively. The exposure time was 90 ms, the pixel size wagd30 nm E 0 y g . ;
230nm, and the FOV size was 118tm  55nmm (512 pixels 240 pixels). 0 920 180 270 360
Position (degrees)
were almost same likewise images of the dye soluigufe 2), o o
ti that intensity standardization between twanckeds FIGURE 3 | (A) Polarization-resolved, two-photon excitation uorescene
suggesting y images of a liposomal vesicle labeled with FM4-64 and exciteby circularly
was unnecessary. polarized light pulses.(B) The intensity pro les of the polarization-resolved,
Next, we visualized three-dimensional objects fron] two-photon excitation uorescence extracted from (A) along the white,
cross-sectional images of non-labeled biological specimensiashed circle. The exposure time was 300ms, the pixel size w230 nm
First, we irradiated a circularly polarized beam to a xed| 230nM andthe FOVsizewas 23m 18 mm (98 pixels 77 pixels).

mouse skin sample from the dermal side and acquired a pair of

orthogonally-resolved polarization SHG images from theface

to a depth of 50mm. AsFigure 4A shows, complicated collagen bers corresponding to their orientation with respect to the
ber network structures were visualized and the signal aati polarization angle. On the other hand, 45 and 13mearly
between the two channels appeared to re ect their orientation polarized light beam irradiation resolved various orieigas
However, each polarization-resolved SHG image was detectefl the collagen bers to two channels equally. Reconstructed
on the alternative channel to the side where it was expecte®@HG image under irradiation of 45linearly polarized light
Namely, a collagen ber having an axis oriented at a particulabeam is displayed ifrigure S1 Although the SHG intensities
angle appeared to emit orthogonally polarized SHG light undeof the cross-sectional image were decreased with depth from
circularly polarized light beam irradiation. Next, we appliedthe surface, each channel appeared to detect SHG signals of the
linearly polarized light beams to the same specimen, as shovaorresponding orientation of collagen bers in the entire ¥O

in Figures 4B—E As expected, each polarization-resolved imag@his fact suggested that scattering from the specimens did no
was detected on the channel for which the detectable angle afect polarization states of SHG signals in this measurement
polarized lights was parallel to the collagen ber axis. Lightondition. We also applied the same measurements for other
beam with 0 and 90 linear polarization from the horizontal tissue, a xed skeletal muscl&igures 5A-B. The results of a
axis of the FOV enhanced the SHG signals from the collageskeletal muscle sample showed a similar tendency with that of a
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FIGURE 4 | Polarization-resolved SHG images of collagen bers in a xed rause skin sample.(A) Under irradiation of circularly polarized ligh{B—E) Under irradiation
of linearly polarized light. Images taken when lateral poiaation angles were set to 0, 45, 90, and 135 from the horizontal axis of the FOV are shown i(B—E),

respectively. In(A—E), the upper images are maximum intensity projection SHG imags from Z-stacks (50mm thick) taken at 1.0nmm intervals. The upper-middle,
lower-middle, and lower images are merged, horizontal, andertical SHG images taken 13mim from the specimen surface, respectively. In each sectionetinage, the
exposure time was 300 ms, the pixel size was 230nm 230 nm, and the FOV size was 118mqm 56 mm (512 pixels 242 pixels). Scale bars indicate 10nm length.

skin sample, indicating that the detectedand p-polarized SHG opposite directions of rotation to the same specimens, theltesu

signals from the collagen bers were reversed betweentiyea exhibited the same tendency.
and circularly polarized light beam irradiation. In additip Finally, we demonstrateth vivo polarization-resolved SHG

although we also applied circularly polarized light beam withimaging of mouse skeletal muscles. As the excitation, we applied
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FIGURE 5 | Polarization-resolved SHG images of collagen bers in a xed rause skeletal muscle sample(A) Under irradiation of circularly polarized ligh{B—E)
Under irradiation of linearly polarized light. Images takemhen lateral polarization angles were set to 0, 45, 90, and 13 from the horizontal axis of the FOV are shown
in (B—E), respectively. In(A—E), the upper images are maximum intensity projection SHG imags from Z-stacks (50mm thick) taken at 1.0mm intervals. The
upper-middle, lower-middle, and lower images are merged, rizontal, and vertical SHG images taken 24m from the specimen surface, respectively. In each
sectioned image, the exposure time was 300 ms, the pixel sizevas 230nm 230 nm, and the FOV size was 118tm 56 nm (512 pixels 242 pixels). Scale bars

indicate 10mm length.

a linearly polarized laser light beam with a 4&ngle from the with a su ciently strong signal in 18 ms (56 fpslrigures 6A—O
horizontal axis of the FOV. AFigure 6 shows, we successfully shows the time series of the captured polarization-resol¢@ S
captured polarization-resolved SHG images of a fascia tissimages during one cardiac beat of a living mouse. Although the
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FIGURE 6 | In vivopolarization-resolved SHG images of a mouse skeletal musetaken 10mm from the surface of the living specimen(A-O) Time series during one
cardiac beat. (P) After 5min measurement. In each image, the exposure time was 18 mshe pixel size was 230nm 230 nm, and the FOV size was 118mm
56 mm (512 pixels 244 pixels). Scale bars indicate 10rm length.

focal plane drifted slightly according to the cardiac behg t several times stronger than those in the backward diredtih
network structure of the collagen bers was mostly maintdn Thus, most SHG microscopy systems have adopted advanced
In addition, images after approximately 5min of measurementechniques that enable the collection of backward and fodwa
were not di erent from the initial state, as shown Figure 6P.  signals. However, such specialized optical con gurations are
This suggests that our measurements were not invasive, i.dicult to construct and to apply to large-scale specimens
they did not aect the collagen ber network structure like living animals. In comparison, our developed polarization
and have the potential to reveal real-time structural changeresolved microscopy system is compact and is composed of
in nature. a pulsed laser light source, a spinning-disk confocal scannin
unit, an inverted microscope, an image splitting optical unit,
and an electron multiplying CCD camera. By using this system,
DISCUSSION we were able to demonstrate 56 Hz, polarization-resolved SHG
imaging by exclusively capturing backward signals from aglarg
Since most of the SHG light is emitted parallel to the incidentiving animal (Figure 6). This success might be attributable to
light beam, detectable signals in the forward direction arghe high-peak-power laser light source. In most TPM or SHG
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microscopy setups, light pulses-0.00 fs are used, as generatedSUMMARY
by a Ti-Sa laser light source oscillating at approximately 80
MHz. Compared with the representative 800nm or 950nmWe developed a novel polarization-resolved imaging
pulse energy generated by a Ti-Sa laser light source, the lighethodology based on the TPM-SD system. The developed
pulses generated by the Yb-based laser light source usedsin tRystem enabled high-speed SHG imaging of living tissue
study possessed approximately a 4-times or 8-times higher puldg@d revealed the structural orientation of collagen bers.
energy, respectively. Since the total SHG light and two-photoThe uncomplicated addition of the polarizing beam
excitation uorescent intensities are proportional to theusqed ~ splitter cube into the image splitting optical unit made
value of the irradiated photon numberl21], our excitation the measurements possible. This technique will enable
light irradiation condition should result in approximately®-20 monitoring of the distribution of biological molecular
times brighter total signal intensities. Without this madgration, ~ orientations responding to intracellular dynamics with a
polarization-resolved image pairs shown figure 6 could not ~ superior temporal resolution.
have been distinguished.

Recently, TPM systems using a two-dimensional detectoAUTHOR CONTRIBUTIONS
such as this TPM-SD system, a light-sheet microscopy-based
system P7] and an image scanning microscopy-based systedfO and TN designed the project. AG and KO conducted the
[12, have been prevalent. Merits of these cameras include ea@geriments and image acquisitions. KO and TN wrote the
to replace them, recent technical developments to improve th@anuscript. All authors reviewed the manuscript.
sensitivity, and/or lower prices. As this study demonstdathe
convenience of combining the system with image splittingcgdti FUNDING
units, which have been developed by several companies and are
commercially available, might also be merit. As we show herdhis work was supported by JSPS KAKENHI Grants Numbers
without complicated and expensive modi cation of the deteati 18K06591, JP15H05953 Resonance Bio and JP16H06280
optics, placing a polarizing beam splitter cube into the opticaAdvanced Bioimaging Support of the Ministry of Education,
unit enables polarization-resolved imaging. Culture, Sports, Science, and Technology (MEXT) Japan; by

For quantitative analysis, the perturbations of polarizatio the Nano-Macro Materials, Devices, and System Research
states by the optical components on the optical path andhlliance (MEXT); by the Network Joint Research Center
specimen itself from the surface to the foci should be considle for Materials and Devices (MEXT); and by the Brain
Especially, such a high numerical aperture objective leres likMapping by Integrated Neurotechnologies for Disease
we used here is known to perturb the polarization state ofStudies (AMED).
the incident light beam 3. According to the SHG images
acquired in this study Kigures 4-6), orientations of collagen ACKNOWLEDGMENTS
bers were distinguished in the entire FOV. Thus, e ects oéth
depolarizations seemed to be negligible and/or homogeneoWe thank Dr. K. Kobayashi, Dr. M. Tsutsumi, and Prof.
in our measurement. However, for more precise analysisy. Matsuo of the Nikon Imaging Center at Hokkaido
evaluations of depolarizations depending on the lateral pmsit University, Dr. K. lijima, Dr. H. Ishii, and Prof. R.
of focal plane may be necessary. Moreover, the polarizatioa staEnoki of the Laboratory of Molecular and Cellular
of SHG light might not be completely identical with the stafe o Biophysics in the Research Institute for Electronic Science,
incident light especially in the case of circular polarizatias Hokkaido University for their helpful advises and technical
shown inFigures 4 5. Although the mechanism of the reversed supports, and Enago (www.enago.jp) for the English
detections between linearly and circularly polarized ligem  language review.
irradiation was unclear, Psilodimitrakopoulos et al. regatt
that polarization of SHG light was elliptical under circularly SUPPLEMENTARY MATERIAL
polarized light beam irradiation, and this ellipticity re esd the
characteristic anisotropy parameter of tissuék Unlike the The Supplementary Material for this article can be found
uorescence shown irFigure 3, such elliptical polarization of online at: https://www.frontiersin.org/articles/10.33tphy.
SHG light might be more perturbed by optical components in the2019.00056/full#supplementary-material
detection light path, thus resulting in being unidenticativthe  Figure 51| Reconstructed polarization-resolved SHG image of collage bers in
state of the incident light. Such perturbations may make [®®ci a xed mouse skin sample under irradiation of linearly polazéd light. Lateral
analysis complicated. However, high-speed, relative stralkct polarization angles were set to 45from the horizontal axis of the FOV. The Z-stack
changes can be monitored by using raw image data obtainéﬁ”mﬁ‘“‘d‘) was taken at 1.0mp intervals. The upper-middle, lower-middle, and

.. . . ower images are merged SHG images taken 15, 30, and 46m from the

even from |IVII’Ig anlmalsl'{lgure 6) TherEfore’ we conclude that specimen surface, respectively. In each sectioned image, thexposure time was
the main advantage of our developed method is its potential t@ooms, the pixel size was 230nm 230 nm, and the FOV size was 118m
analyzen vivo, fast dynamics of biological molecules. 56 mm (512 pixels 242 pixels). Scale bars indicate 10rm length.
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