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Nonlinear optical imaging is a powerful method for visualizing cells and tissues in vivo with subcellular three-dimensional spatial resolution. Since the first description of two-photon excitation fluorescence (TPEF) 1 , nonlinear optical imaging has been widely applied to biological studies, especially neurosciences 2,3 . Other nonlinear optical modalities such as coherent anti-Stokes Raman scattering (CARS) [4][5][6][7][8][9][10] , second harmonic generation (SHG) [11][12][13][14] , third harmonic generation (THG) 15,16 , and third order sum frequency generation (TSFG) 17 , are frequently used to visualize individual live cells and tissues. Among these nonlinear optical modalities, SHG can visualize unique noncentrosymmetric structures. Collagen 11,12 , actomyosin 13 , and tubulin 14 are known SHG-active proteins in organisms.

The roundworm Caenorhabditis elegans (C. elegans), a popular animal model, has been visualized using SHG and THG imaging [14][15][16]18 . Myosin in pharyngeal 18 and bodywall 14 muscles has been visualized by SHG imaging, whereas lipid droplets 15 and degenerated neurons 16 have been visualized by THG imaging. Microtubules in neurons are also SHG-active molecules. However, axonal microtubules in C. elegans have not been visualized using SHG imaging.

We previously found that ciliary rootlets that are composed of rootletin filaments 19 are SHG-active, at an intensity that is ~1,000-fold weaker than that of collagen at sclera. Moreover, we found photo-induced weak SHG signals in centrosymmetric polystyrene microspheres 20 . These findings indicate that our system can visualize hitherto unknown SHG-active organelles. Here, we used multimodal nonlinear optical imaging with a highly sensitive SHG channel to visualize organelles in C. elegans. As a result, we found that axons could be visualized without any labels. The SHG signal intensity at the axons was >10-fold weaker than that of myosin at the pharyngeal muscle. These findings indicated that our setup was sufficient for the label-free imaging of axons in C. elegans.

We collected multiplex CARS, THG, SHG, and TPEF signals from worms using a nonlinear optical microscope that we developed 21 , with an improved and custom-made laser source, which comprised a master oscillator fiber amplifier (MOFA) with a microchip Nd: YVO4 laser oscillator and a Yb-doped fiber amplifier (SM-1000, Leukos, Limoges, France).

The wavelength, temporal duration, and repetition rate were 1064 nm, 50 ps, and 1 MHz, respectively. The output laser beam was divided into one each for the pump beam (1) for CARS and the Stokes beam (2). The Stokes laser beam was prepared by introducing the 1,064-nm laser beam into a photonic crystal fiber to generate supercontinuum radiation. The pump and Stokes laser beams were superimposed by a notch filter and guided into a modified inverted microscope (ECLIPSE Ti, Nikon Corp., Tokyo, Japan). The sample was placed on a Nano-LP200 piezoelectric stage (Mad City Labs Inc., Madison, WI, USA) for position selection. The laser beams were tightly focused using a CFI Plan Apo 60x NA 1.27, waterimmersion objective lens (Nikon Corp., Tokyo, Japan). The THG (31), SHG (21), TPEF, and multiplex CARS (21-2) signals were collected using a second objective lens. The THG, SHG, and TPEF signals were detected using a SpectraPro300i spectrometer (Princeton Instruments Inc., Trenton, NJ, USA) equipped with a PIXIS 100B CCD camera (Princeton Instruments), and CARS signals were identified using an LS785 spectrometer (Princeton Instruments) equipped with a BLAZE 100HR CCD camera (Princeton Instruments). The exposure time at each spatial position was 50 ms.

C. elegans Bristol N2 (wild-type) and SLP732 (remEx267[PH20::venus]) (transgenic) worms were cultured as described 22 on agar plates containing nematode growth medium (NGM) with OP50 Escherichia coli at 20°. H20 is a pan-neuronal promoter 23 , and Venus 24 is the yellow fluorescent protein (YFP) variant. SLP732 was generated by the standard microinjection method 25 . Briefly, the PH20::venus plasmid was generated following a previous study 26 and injected into the gonad of wild-type worms. Cultured wild-type and transgenic worms were mounted on the microscope stage using transparent polydimethylsiloxane (PDMS) Worm Sheets (Biocosm Inc. Amagasaki City, Hyogo, Japan), that were developed to immobilize the worm for imaging 28 . The CARS image corresponds to the intensity map at the Raman shift of 2850 cm -1 . The width and length of the images are 50 and 150 m, respectively. Since our primary targets were neurons, our regions of interest focused on the central nervous system of these worms.

In the present experiment, transgenic worms that express Venus pan-neuronally (SLP732: remEx267[PH20::venus]) were used to detect neurons.

The bright-field image (Fig. 1(a)) indicated bulb and tube-like structures that corresponded to the pharynx. The THG image (Fig. 1(b)) shows the boundaries of the pharynx and the body wall. The spectral profile of the THG signal at the cross in Fig. 1(b) is colored light blue in Fig. 1(f), in which a sharp spectral profile due to a THG signal was identified at 355 nm. Since THG gives contrast at the boundaries or interfaces between two objects with different refractive indices, this image reflects the boundaries of anatomical structures in the worm, such as the pharyngeal stroma and muscles. The THG image also shows some droplet-like structures around the gut (Fig. 1(b)). Some droplets emitted an intense CARS signal at 2,850 cm -1 (Fig. 1(g)), which is assigned to the CH2 symmetric stretching vibrational mode. Therefore, droplets with high THG activity are ascribable to lipid droplets in the intestine, and their distribution was consistent with previous findings 29 .

The SHG image around the head of the worm shows a strong SHG signal around the pharynx, which is saturated (Fig. 1(c)). Considering that the pharynx mainly comprises of muscle cells and that SHG signals derived from pharyngeal myosin have been reported 18 , the SHG-active area around the center in Fig. 1(c) was safely assigned to muscle myosin. In addition to the intense SHG signal in the pharynx, a filamentous structure was evident around the pharynx (visible only at the right side in Fig. 1(c)). Based on a previous study [START_REF] Pavone | Second Harmonic Generation Imaging[END_REF] , collagen and tubulin in neuronal axons are plausible candidates for SHG-active filaments. Indeed, the anatomical features of the filamentous structure seemed to match well with the ventral nerve cord (VNC)(detailed schematics are discussed below, and Fig. 4(e) shows the VNC). Since the VNC of this worm was labeled with Venus, the position of the VNC was visualized by twophoton excitation fluorescence (TPEF) using the same laser source. Figure 1(d) shows the TPEF image of Venus. We found that the fluorescence signal due to Venus and the SHG signals were simultaneously detected and spectrally overlapped (Fig. 1(f), light green), further supporting that the SHG-active structures would be assigned as axons. We sorted these spectrally overlapping signals into two components as follows. Figure 1(f) shows a sharp SHG signal at 532 nm. We first fitted the spectral profile of the SHG signal using a Gaussian curve with a fluorescent background. The amplitude of the fitted Gaussian curve was then mapped, and the SHG image was reconstructed (Fig. 1(c)). On the other hand, the spectral profile of the TPEF signal was broad and asymmetric. Therefore, we integrated the TPFE signal intensity from 900 to 928 nm and subtracted the contribution of the SHG signal from it (Fig. 1(d)). The TPEF image clearly indicates the location of the VNC on the right side of the worm. Figure 1(e) shows a CARS image at the Raman shift of 2,850 cm -1 (Fig. 1(g); black arrow). The CARS signal was also evident at the polymer chamber used for immobilizing the worms, which is addressed in Fig. 3.

Next, we obtained a sectional (XZ) image (width and height, 25 × 25 m) of the worm (Fig. 2). We used a different microscope objective lens (LD C-APOCHROMAT 63x NA 1.15, Carl Zeiss Microscopy GmbH, Jena, Germany) for sectional imaging because the depth resolution is found to be improved, though the transmissivity of the pump and Stokes is worse. The THG image (Fig. 2(a)) shows two boundaries at the bottom. The THG intensity profile, along with z position, is shown in the left panel of the THG image. Since we used a buffer to load the worms, there were three different materials, the glass coverslip, buffer, and polymer chamber (as shown in Fig. 2(c)). As these materials have different refractive indices, there were two boundaries (Fig. 2(a)). We estimated the depth (axial) resolution of our system based on the experimental results shown in the THG image. The THG intensity profile shown in Fig. 2(a) was fitted by the sum of Gaussian curves. The calculated full width at half maxima (FWHM) of two Gaussian curves were 1.6 ± 0.4 and 2.6 ± 0.2 m for the interfaces between the cover glass and buffer, and between the buffer and chamber, respectively. Several bright spots visualized around the center of the roundworm might have reflected the inner lumen of the pharynx.

The depth-resolved SHG image shows a ring-like structure in the body of the roundworm (Fig. 2(b)), and Fig. 1(c) shows an intense SHG signal at the pharynx muscle.

The position of the roundworm in Fig. 2 was around the posterior bulb of the pharynx surrounded by the pharyngeal muscles. Therefore, the SHG-active ring-like structures were due to myosin in the pharyngeal muscles. We also estimated the depth resolution of SHG imaging. We evaluated the upper limit by fitting the bright spot using a Gaussian curve. The fitted FWHM was 2.4 ± 0.1 m, which was similar to those obtained by THG imaging. Based on these results, the estimated axial (depth) resolution of the UV-visible signal was about < 2.5 m under our experimental conditions.

We analyzed the spectrum of the CARS signal to determine the details of the molecular distribution in the body of the worm. The Im[χ (3) ] spectrum at each spatial position was calculated from raw CARS spectra using the maximum entropy method (MEM) [START_REF] Vartiainen | [END_REF]32 . This method does not require any a priori knowledge of the vibrational band, and can retrieve phase information on third order nonlinear susceptibility χ (3) , the imaginary part of which corresponds to the spontaneous Raman spectrum. The spectral profiles of the Im[χ (3) ] signal were then fitted by the sum of the Gaussian curves, and the amplitudes of the Gaussian curves were mapped. Figures 3(a)-(f) show the CARS (Im[χ (3) ]) images at the Raman shifts of 2,960, 2,930, 2,850, 1,650, 1,450, and 705 cm -1 , which were assigned to the CH3 asymmetric stretching, CH3 stretching, CH2 stretching, cis C=C stretching, CH3 degenerate deformation, and Si-C asymmetric stretching vibrational modes, respectively. Typical spectral profiles of the Im[χ (3) ] signal at 2,960, 2,930, 2,850, 1,655, 1,450, 1,003, and 705 cm -1 are shown in Fig. 3(g) at the spatial points indicated in Fig. 3(a). The Im[χ (3) ] spectra of the worm were superimposed by that of the surrounding polymer chamber. Characteristic bands due to the polymer were evident around 705 and 2,960 cm -1 . According to a previous study on PDMS 33 , the Raman bands at 705 cm -1 , and 2,960 cm -1 were assigned to Si-C and CH3 asymmetric stretching vibrational modes, respectively. Since the CARS signal at the CH stretching vibrational mode was saturated at the polymer chamber, MEM cannot be applied from 2930 to 1780 cm -1 (Fig. 3(g), light green). Figure 3(c) shows several bright spots, mainly in the intestine, and there are some bands in the spectral profile at the bright spot (Fig. 3(g),red). The Raman bands at 2,930, 2,850, and 1,655 cm -1 were assigned to lipids, indicating that lipid droplets are stored in the intestine (Figs. 3(b)-(d)). Figure 3(b) and Fig. 3(e) show CARS(Im[χ (3) ]) images at the Raman band of 2930 cm -1 (CH3 stretching) and 1450 cm -1 (degenerate deformation). These bands were mainly located protein-rich regions such as the pharynx and directly below the cuticle.

We merged images of the SHG (green) and TPEF (yellow) signals to further investigate their co-localization (Fig. 4(a)). Merged and magnified images (Figs. 4(b) and (c)) show an SHG-active structure located around the pharynx, and that it was Venus-labeled.

We also evaluated the wild-type roundworm using SHG imaging (Fig. 4(d)). The SHG signal indicated a similar filamentous structure without a label. Figure 4(e) shows a schematic of the anatomical structure around the pharynx of the roundworm, nerve ring, dorsal nerve cord (DNC), and VNC. Since the VNC contained more axons than the DNC and the direction of axons in VNC is almost identical, the SHG signal should be more significant at the VNC than at the nerve ring or the DNC. A previous study did not find an SHG signal in the roundworm tail 34 , which might have been due to the tail having far fewer axons than the VNC. The present study also did not identify an SHG signal at the tail (data not shown).

In conclusion, we visualized internal fine structures of C. elegans using multimodal nonlinear optical microscopy. The THG image indicated lipid distribution in the worms, which was supported by the multiplex CARS signals. We found SHG signals not only at sites of myosin but also around axons. The visualized axons were confirmed by the colocalized SHG and TPEF signals. These results indicated that nonlinear optical imaging is a promising method with which to visualize biomolecules in C. elegans in vivo. Moreover, the SHG signal can visualize unlabeled axons. 

Figure Captions

Figure 1

 1 Figure 1 shows bright-field (a), THG (b), SHG (c), TPEF (d), and CARS (e) images.
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 1 Fig. 1. Bright-field (a), THG (b), SHG (contribution of fluorescence signal was subtracted) (c), TPEF (Venus, a YFP variant; contribution of SHG signal was subtracted) (d), and CARS (at 2,850 cm -1 ) (e). Spectral profiles of THG, SHG and TPEF at crosses in (b) (light blue) and (c) (light green) (f) and of CARS signal (g) at cross in (e). Intensity is shown as arbitrary units in (f) and (g).

Fig. 2 .

 2 Fig. 2. Sectional images of THG (a) and SHG (b). Schematics of mounted worm (c) surrounded by polydimethylsiloxane (PDMS) chamber and buffer.
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 3 Fig. 3. CARS images at 2,960 (a), 2,930 (b), 2,850 (c), 1,650 (d), 1,450 (e), and 705 (f) cm - 1 . CARS spectrum profiles (g) at spatial points indicated in (a). The spectral dip indicated as "*" are an artifact due to CARS spectral correction, through which CARS signal at each spatial point was divided by nonresonant background of coverslip underneath the roundworm (g).
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 4111122133144 Fig. 4. SHG and TPEF merged image (a), SHG image (enlarged) (b), TPEF image (enlarged) (c), SHG image of wild-type worm (d). schematics of neurons around the pharynx (e).Triangle indicates the structure related to the axons. The direction of the worm is identical in all images.
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