www.nature.com/scientificreports

scientific reports

W) Check for updates

Single-scan volumetric imaging
throughout thick tissue specimens
by one-touch installable
light-needle creating device

Ching-Pu Chang?37, Kohei Otomo?3*7*, Yuichi Kozawa®*, Hirokazu Ishii?3,
Miwako Yamasaki(®?*, Masahiko Watanabe?, Shunichi Sato®, Ryosuke Enoki*3® &
Tomomi Nemoto®?%36>

Biological tissues and their networks frequently change dynamically across large volumes.
Understanding network operations requires monitoring their activities in three dimensions (3D) with
single-cell resolution. Several researchers have proposed various volumetric imaging technologies.
However, most technologies require large-scale and complicated optical setups, as well as deep
expertise for microscopic technologies, resulting in a high threshold for biologists. In this study, we
propose an easy-to-use light-needle creating device for conventional two-photon microscopy systems.
By only installing the device in one position for a filter cube that conventional fluorescent microscopes
have, single scanning of the excitation laser light beam excited fluorophores throughout over 200 um
thickness specimens simultaneously. Furthermore, the developed microscopy system successfully
demonstrated single-scan visualization of the 3D structure of transparent YFP-expressing brain slices.
Finally, in acute mouse cortical slices with a thickness of approximately 250 um, we detected calcium
activities with 7.5 Hz temporal resolution in the neuronal population.

Confocal laser scanning microscopy (CLSM) and two-photon excitation laser scanning microscopy (TPLSM)
enable the cross-sectional fluorescence imaging of dynamic molecular and cellular phenomena in living
specimens’?. Because of its superior penetration depth and less invasiveness owing to its near-infrared (NIR)
excitation laser wavelength in comparison to the wavelength of single-photon excitation-based CLSM, the
TPLSM is used for thick biological specimens. For visualizations of the 3D microstructures of the specimens,
systems generally require z-scanning methods, such as a focus drive motor or a piezo-actuator for changing the
relative positions between the objective lens and the specimens. Therefore, the temporal resolution for volu-
metric imaging primarily depends on the mechanical speed of z-scanning, which generally requires at least a
few seconds®—°. However, for 3D visualization of biological processes in living organisms, a considerably higher
temporal resolution is usually required. For example, capturing calcium transients and/or tracking the dynam-
ics of subcellular structures (e.g., activities across dendritic spines) on a sub-second resolution scale is critical
for in vivo imaging of neuronal activities. Besides fluorescence microscopy, sophisticated phase microscopy
such as digital holographic microscopy has been developed for 3D visualization of non-fluorescent biological
specimens with high spatiotemporal resolution®’. Such technologies can be concurrently used with fluorescence
microscopy, enabling superimpose of fluorescent signals into 3D images. However, since most phase microscopy
requires transmitted light via the specimen for 3D image reconstructions, it is difficult to apply the large-scaled,
thick specimens such as living animals.

To meet these requirements, cutting-edge fluorescence microscopic technologies for fast volumetric imaging
have been proposed®. Among them, the Bessel beam-based TPLSM engineers point spread functions (PSFs) to
increase the effective depth of field (DOF)?'2, which enables the acquisition of projection images by scanning a
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needle-shaped excitation formed by a Bessel beam at the focus. This technique is emerging as a viable option for
imaging larger tissues such as the brain. To achieve single-scan projection imaging with a Bessel beam, the spatial
distribution of the excitation light beam was converted into an annular shape before focusing. In principle, an
annular-shaped beam must be formed at the pupil plane of an objective lens or at its optically relayed position.
However, these ideal positions are typically inaccessible to commercially available TPLSM systems. Thus, realizing
light-needle imaging in the TPLSM system requires a thorough understanding of the complicated optical system
to be modified, the installation of costly custom-made systems, or the construction of a microscope setup from
scratch. Because of these factors, most biologists find it difficult to use light-needle imaging in TPLSM systems.

Here, we propose a method for realizing volumetric imaging with an extended DOF in a TPLSM using a
newly developed, easy-to-use, light-needle creating device that can be readily installed in commercially available
microscope systems. Simply inserting the device into one of the filter turret positions in an upright microscope
results in an axially elongated PSF extended by a factor greater than 70 compared to that of a conventional
TPLSM. Furthermore, the developed microscopy system successfully demonstrated single-scan visualizations
of calcium activities with 7.5 Hz temporal resolution in an acute jGCaMP7 expressing mouse brain slice with a
thickness of ca. 250 pm.

Results

Design of the light-needle creating device and effective DOF evaluation. Figure la shows a sche-
matic of the optical setup. A light-needle creating device is a key component for generating a needle-shaped exci-
tation spot at the focus of an objective lens in our TPLSM system. This device, which consists of a concave axicon
and a plano-convex lens, is directly inserted into one position of the filter turret of the upright microscope of our
TPLSM system (Fig. 1b). The concave axicon converts an incident Gaussian beam into an annularly spreading
beam owing to the refraction by the conical surface. The converted beam then forms a thin annular-shaped pat-
tern at the focus of the convex lens built into the stacked device. In our setup, we used a concave axicon with an
apex angle of — 170° to generate an annular-shaped beam with an inner diameter of approximately 12 mm at the
position of the objective lens. The inner diameter was 68% of the objective lens pupil (17.6 mm). The plano-con-
vex lens had a focal length of 150 mm, which corresponded to the physical distance between the central position
of the device and the entrance position of the objective lens. The resultant annular-shaped beam was focused by
an objective lens to form a needle-shaped two-photon excitation spot. Fluorescence emission from fluorophores
existing in the focal volume was collected by the same objective lens and reflected by a dichroic mirror toward a
non-descanned detector before the light-needle creating device.

In previously reported TPLSM systems employing wavefront modulation, the beam-shaping component
was placed at an appropriate position corresponding to the pupil of an objective lens using relaying optics®*>
or in the vicinity of the pupil'®!*. Although the use of a Bessel beam in TPLSM is well-established, most of the
previous works have employed complicated relaying optics as well as an axicon to generate a Bessel beam”!°. In
contrast, our device minimally consisting of an axicon and a lens was inserted at a position different from that
of the pupil and one slot of the filter turret. This configuration provides a remarkable simplicity of adoption,
however for raster scanning, one must consider the position-dependent inclination of a light-needle, as shown in
Fig. 1c. When the beam was perpendicular to the center of the device, the needle spot was parallel to the optical
axis. On the contrary, scanning an excitation beam caused an oblique incidence to the device, resulting in an
annular-shaped beam with a distorted intensity distribution and a lateral offset on the pupil. Consequently, the
axis of the needle spot was tilted in the direction opposite to the incident angle.

We first measured the TPLSM images of fluorescent beads fixed on a coverslip to evaluate the effective DOF
elongation induced by our light-needle creating device. First, a conventional xyz image is acquired without the
device, as shown in Fig. 2a. The incident Gaussian beam was then converted into the Bessel beam using the light-
needle creating device, and the same specimen was measured by changing the relative position to the objective
lens (Fig. 2b). As shown in Fig. 2c, the xy image at the 0 um position acquired with the device looked similar to
the Gaussian beam excited image in Fig. 2a, except for the marginal region of the field of view (FOV), which could
be distorted by the field curvature induced by the device. To evaluate the extension of the DOF, we measured
a stacked image of the same FOV for a z range of 600 um. The TPLSM used the light-needle creating device to
record the bead image without blurring for the z range reaching 200 um, indicating a remarkable extension of
the DOE. However, the TPLSM images were magnified by parting from the focal position because of the tilt of
the PSF depending on the angle of the incident beam (Fig. 1¢). To evaluate the relationship between the zoom-
ing factor and distance from the focal position, the distance between two individual beads was measured as the
pixel number for every z position. The zooming factor was calculated and plotted against the distance from the
focus by comparing every distance with that from the Gaussian beam-scanned image (Fig. 2d). Considering that
the tilt angle of the PSF increases linearly with the distance from the center of the FOV, the effective pixel pitch
decreases linearly from the ideal pixel pitch as observation depth increases. In other words, the zooming factor,
defined as the reciprocal of the size ratio of the effective FOV to the ideal FOV, was inversely proportional to the
depth (blue fitting curve in Fig. 2d). The length of the created light-needle was estimated using the axial fluores-
cence intensity profile shown in Fig. 2e. Because the shape of the axial intensity profile was asymmetric to the
position of the maximum intensity, the full-width at half-maximum (FWHM) was determined by the distance
between the two half-maximum points, each of which was obtained from the line approximating 7 data points
around the half maximum of the fluorescent intensity, which corresponded to the 15 pm range, and confirmed
that the FWHM was 144 pm. This value clearly indicates the remarkable extension of the DOF, corresponding
to more than 70 times the axial PSF size determined by imaging a 0.2-um fluorescence bead without the device.
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Figure 1. (a) Optical schematic of the developed light-needle microscopy. (b) Photograph of a light-needle
creating device placed in a filter turret of an upright microscope. (¢) Schematic of the generation of a light-
needle spot for the nominal incidence (left) and the oblique incidence (right) to the device, under raster-
scanning of an excitation laser light beam.

Fine structure imaging of clearing brain slices with light-needle creating device. After charac-
terizing the effective DOF using fluorescence bead measurements, we validated the performance of our volumet-
ric imaging method in biological specimens. A coronal section of the Thyl-YFP-H mouse brain containing the
sensory cortex was fixed and treated with ScaleA2 clearing solution. ScaleA2 is an aqueous reagent that clears
fixed biological tissue without quenching the fluorescent signals while also reducing light scattering in thick
specimens®. First, a xyz image was captured throughout the 250-um thickness specimen using conventional
Gaussian beam scanning, and the relative configuration of the objective lens and fixed slice is shown in Fig. 3a.
Next, a single xy image was obtained using Bessel beam scanning generated by our light-needle creating device.
The soma and neurites in the Bessel beam image are easily identified, and their depth can be reconstructed by
comparing it to the maximum intensity projection image of the z-stack Gaussian beam scanning (Fig. 3b,c). As
shown in Fig. 3¢, the soma located deep in the slice was zoomed (e.g., cell number 10), whereas the soma near
the slice surface (e.g., cell number 1) appeared similar to the Gaussian beam-excited image. This observation
assumed that a similar depth-dependent zooming effect occurred under Bessel beam scanning, as observed
in the bead imaging (Fig. 2). To confirm this phenomenon (Supplementary Fig. Sla), we converted the origi-
nal Gaussian z-stack into an averaged intensity projection image and processed it using a home-built Image]
plug-in by considering the depth-dependent zooming effect (Fig. 2e). The reconstructed Gaussian image was
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Figure 2. TPLSM images of fluorescently labelled beads on a coverslip. (a) Xy image at the focus (z=0 pm) and
reconstructed xz image from z-stacks (30 um thick) measured by the Gaussian beam. (b) Relative configurations
of the objective lens and the specimen. (c) Xy image at the focus, 100 and 200 um position apart from the focus
and reconstructed xz image from z-stacks (600-pm thick) measured by the Bessel beam created by the light-
needle creating device. The inset panels indicate the fluorescence intensity profiles along the red lines in the

xy images. The scale bars along xy images were shown as their pixels. (d) Zooming effect of the Bessel beam
scanned images depending on the position from the focus. (e) The axial fluorescence intensity profile of TPLSM
image measured by the Bessel beam.

more correspondence to the Bessel beam xy image, except for the edge region of the fixed slice (Supplemen-
tary Fig. S1b-e), which might have been distorted by the field curvature induced by the device. Although this
additional distortion should be considered for reconstructing more accurate images, such reconstructions will
be helpful for assignments of the target in more complicated and/or denser structure. As demonstrated in this
experiment, we achieved a volumetric image with fine structures in thick, clearing, fixed brain slices using our
light-needle creating device.

Time-lapse volumetric imaging of neuron dynamics in acute slices. To demonstrate the feasibil-
ity of our volumetric imaging method in living organisms, we applied this technique to calcium imaging of
acute adult brain slices. For this purpose, somatostatin-expressing (SST*) interneurons in the medial prefrontal
cortex (mFPC) of SST-cre mice!® were labelled with Cre-inducible adeno-associated virus (AAV) encoding the
calcium indicator jGCaMP7s. Simultaneously, we expressed hM3Dgq, an engineered human muscarinic recep-
tor, in the same region to artificially and selectively activate SST* interneurons using designer receptors exclu-
sively activated by designer drugs (DREADD)"” (Fig. 4a). Three weeks after the virus injection, acute brain slices
containing the mPFC were placed under a TPLSM microscope. We then performed a xy Bessel beam scanning
recording by introducing our light-needle creating device. Clozapine-N-oxide (CNO) was introduced into the
slices through an infusion system during Bessel beam scanning to chemically activate SST* neurons for two
minutes (Fig. 4b). The calcium activity was recorded before, during, and after CNO administration. At the end
of the experiments, the same region obtained by Bessel beam scanning was then captured by a 250 um z-stack
image of Gaussian beam scanning (Fig. 4c-left). Typical examples of neurons were displayed in Fig. 4d. Similar
to the results for fixed brain slices, the reconstructed average intensity projection image of the z-stacked Gauss-
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Figure 3. Comparison between z-stacked Gaussian beam scanned image and Bessel beam scanned image

of a ScaleA2 cleared thyl-YFP-H mouse brain slice. (a) Relative configurations of the objective lens and the
fixed slice. (b) 3D reconstructed image from Maximum intensity projection of a 250 pm thick z-stack image of
neurons (color-coded by depth) in the sensory cortex measured by Gaussian beam scanning. The neurons were
serially numbered in accordance with the z position started from the surface of the brain slice. (c) A xy image of
the same field of view in (b) at the focus, 60 pm apart from the slice surface, was collected by scanning a Bessel
beam using the light-needle creating device. The same neurons were selected and numbered as in (b). The scale
bar along an image was shown as their pixels.

ian beam scanned image was similar to that of the Bessel beam scanned image (Supplementary Fig. S1f-i). The
jGGaMP7s expressing SST* interneurons distributed at different depths were identified from the Bessel beam
excited recording, and their locations were resolved by referring to the Gaussian z-stack image (Fig. 4¢).

Using Bessel beam scanning recordings, we found that SST* interneurons have a variety of spontaneous
calcium activity patterns and responses to chemogenetic manipulation (Fig. 4d). Some neurons showed (1) fast
calcium transients (cells 1 and 10), (2) calcium oscillations (cell 7), and (3) sustained baseline changes (cells 6,
8, and 9). In most neurons, mixed types of calcium activity were also observed (e.g., cells 2, 4, and 5). The het-
erogeneous responses of SST* interneurons upon chemogenetic manipulation may correspond to recent studies
in which SST" interneurons were observed to have distinct biological properties'®*’.

In conclusion, we have successfully demonstrated that Bessel beam scanning using our light-needle creating
device enables the monitoring and detection of various activities from a population of neurons located in thick
specimens.

Discussions
In this study, we successfully demonstrated that fast three-dimensional biological phenomena can be captured
using single xy imaging by mounting our easy-to-use light-needle creating device on a conventional TPLSM
microscope system (Fig. 1). In particular, we successfully imaged the spontaneous activities before CNO admin-
istration and the evoked activities after CNO stimulation by the Bessel beam scanning using the acute slices from
SST*-cre mice in which only SST* interneurons expressed jGCaMP7s and DREADD (Fig. 4). SST* interneurons
constitute 20-30% of GABAergic interneurons in the mPFC. The somata of SST* interneurons are primarily
located in layers V and II/III, with dense axonal arborization in layer I'®!°. SST* interneurons have diverse
subgroups with distinct molecular profiles, anatomical features, and electrophysiological properties'. Our sys-
tem showed the ability to trace the SST* interneurons distributed across different depths with diverse activity
properties from a large volume (Fig. 4), which is consistent with previous studies, making it a powerful tool
for elucidating how different neuronal subtypes respond to and integrate with each other while receiving input
signals from other brain regions. Because obtaining the dynamics of neural activity in a population of neurons
with high spatial and temporal resolution is crucial, the volumetric imaging techniques proposed here can over-
come the limitations of conventional microscopy for elucidating information processing in the neural circuitry.
However, in terms of ease of use, our proposed methodology has some practical limitations. First, the visual-
ized target was zoomed in the actual image depending on its position relative to the objective lens. Moreover, the
acquired image was affected by severe field curvature, resulting in a ring-form shadow appearing at the center
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«Figure 4. Calcium imaging of acute mouse brain slices. (a) Virus injection strategy for expressing calcium
probes and chemogenetic tools in SST* interneurons in the prefrontal cortex of SST-cre mice. (b) The timeline of
calcium imaging and chemogenetic manipulation. (c¢) Comparison between z-stacked Gaussian beam scanned
image and Bessel beam scanned image. (left) 3D reconstructed image from maximum intensity projection of a
250 um thick z-stack image of SST* neurons (color-coded by depth) measured by Gaussian beam scanning. The
neurons were serially numbered in order of the depth from the slice surface. (right) Average intensity projection
rendered from time-lapse imaging data. The same field of view in (left) was obtained at 60 um apart from the
slice surface by Bessel beam using the light-needle creating device. The same neurons were numbered as in
(left). The scale bar along an image in (left) was shown as their pixels. (d) Spontaneous and stimulated calcium
traces of individual neurons numbered in (c) before, during and after CNO infusion. Magnified traces showed
the representative calcium events.

of the image when we moved the objective lens toward the specimens. These effects were caused by the position
of creating the Bessel beam, which was not the conjugate plane of the pupil of the objective lens in the system.
Although the effects of the field curvature remained in the reconstructed image, such information should help
assign the targets to be traced. As shown in Fig. 2¢, the acquired zooming-factor curve was firmly fitted by a
reciprocal linear function. This information enables us to reconstruct a projection image from the xyz image
acquired using the Gaussian beam, which is nearly identical to our single Bessel beam-scanned image, as shown
in Supplementary Fig. S1. On the other hand, the tilted Bessel beam has been applied to stereoscopy, enabling
3D image reconstructions®. Similarly, as shown in Figs. 3c and 4c, fluorescent signals from similar-sized somas
were projected in our Bessel beam-scanned image as depth-dependent sized appearances. In such cases, the
axial position of each soma might be estimated without using the xyz image acquired using the Gaussian beam,
which most Bessel beam-based TPLSM used’®'!. In addition, the Bessel beam was converted from an incident
Gaussian beam using the light-needle creating device at the filter cube position and was introduced into the
pupil of the objective lens with a beam divergence of approximately 4.6°. Such a beam divergence shifts the axial
focal position of the PSF from the focus of the Gaussian beam and might result in a decrease in the efficiency of
the fluorescent signal detection. To parallelize the beam or decrease the divergence angle, the light-needle creat-
ing device requires additional optical elements. Because our device was designed to fit in the position of a filter
cube of a conventional microscope, a stacked pair of a concave axicon and a plano convex lens mostly occupied
its space. Taking these into account, next generation devices using thinner elements, such as diffractive optical
elements®!, can be designed for brighter and easier-to-use volumetric imaging.

Finally, owing to the simplicity of our light-needle creating device, it can be broadly employed for three-
dimensional imaging. As we successfully extended the DOF over 200 um, it benefits the acquisition of volumetric
images in considerable larger specimens, such as measuring the neuron activities in the primate brain. Moreover,
the application of our device is not restricted to calcium signal measurements. Any structure sparsely labelled
with a biosensor can be imaged, and its biological dynamics can be monitored using this approach, such as cap-
turing the fast changes in membrane potentials with voltage sensors among a large neuronal population with
single-cell resolution. Using our device with higher laser power in the future also promises the visualization of
tiny structures, such as the neuropils in Fig. 4, which assures us to track the translocation of signalling molecules
in multiple dendritic spines during long-term plasticity or animal behavior. On the contrary, the application of
Bessel beam scanning imaging normally requires the collection of a large number of optical components and a
sophisticated setup to line up all parts in a proper order. Therefore, a larger size of the working space is generally
considered when building up the system, which impedes the application within the conventional laboratory.
Our device has overcome this limitation, which can be easily carried to space-restricted environments, such as
the cleanroom in the hospital. It extends the implantation of Bessel beam-based images to clinical research by
facilitating the 3D construction of cancer tissue and tumor metastasis.

Collectively, our light-needle creating device potentially reduced the cost and complexity of the Bessel beam
scanning-based volumetric technique for broader applications.

Materials and methods

Optical setup. A light-needle creating device was composed of a custom-made concave axicon (physical
angle=— 170°; Natsume Optical Corp., lida, Japan) and a plano convex lens (f=150 mm; LA1433-B, Thorlabs,
Inc., Newton, NJ), and was inserted into one position of a filter turret of an upright microscope (FN-1, Nikon,
Tokyo, Japan). All fluorescence images were obtained using a TPLSM system (A1R-MP+, Nikon) with a water-
immersion objective lens (Nikon, Apo LWD 25x/1.10 NA). A Ti:sapphire laser (MaiTai eHP DeepSee, Spectra-
Physics, Santa Clara, CA; tunable wavelength: 690-1040 nm, averaged power: 1.7 W at 920-nm, 1.3 W at 950-
nm; pulse width: 100 fs, repetition rate: 80 MHz) was used as the excitation laser light source at wavelengths of
920 nm for GCaMP7 and 950 nm for EYFP. All fluorescence signals under a wavelength of 690 nm were detected
by non-descanned detectors equipped with GaAsP PMTs (NDD). The sensitivities of the NDD and laser power
were adjusted according to the experiments.

Animal. All animal studies were carried out in accordance with ARRIVE guidelines and all animal care and
experimental procedures were approved by the Institutional Animal Care and Use Committee of the National
Institute of Natural Sciences and were performed according to the guidelines of the National Institute for Physi-
ological Sciences (Approval No. 20A017 and 20A122). Mice were housed at 22-24 °C with a standard 12 h
light-dark cycle and ad libitum access to water and a standard chow. A mouse line of Thy1-YFP-H, characterized
previously?, was used to prepare ScaleA2 clearing fixation slices. Four to five months old Sst-IRES-Cre (SOM-
cre) mice (Stock No: 013044) were used for acute slice recordings.
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Beads sample preparation. Fluorescently labelled beads (Yellow Green, 0.2-um diameter/Nile Red, 1 um
diameter; Thermo Fisher Scientific, Waltham, MA) were diluted in water (1:3000, v/v), applied dropwise to glass
coverslips, and allowed to dry. The coverslips were mounted using a mounting medium.

Preparation of ScaleA2 clearing fixation slices. The ScaleA2 clearing slices were prepared as previ-
ously reported'®. Briefly, Thy1-YFP-H mice were transcardially perfused with saline followed by 4% paraformal-
dehyde (PFA, in 0.1 M PB). The brain was removed and subjected to post fixed in 4% PFA (in 0.1 M PB) at 4 °C
overnight; then replaced 4% PFA with 0.1 M PB. 250 um-thick brain slices contained somatosensory cortex were
collected in coronal plane using a vibratome (700smz, Campden Instruments, Leicestershire, UK) and incubated
with ScaleA2 solution (4 M urea, 10% (w/v) glycerol, and 0.1% (w/v) Triton X-100) at 37 °C for two days. The
slices were mounted on a glass slide (0.17 mm) with ScaleA2 solution and imaged using the TPLSM system.

Stereotaxic viral injections. A mixture of AAV1-hSyn-FLEX-jGCaMP7s virus (104491, Addgene,
Watertown, MA; 1x10" vg/mL) and AAV1-hSyn-DIO- hM3Dq-mCherry (44361, Addgene; 7 x 10'? vg/mL)
was injected unilaterally into the medial prefrontal cortex (mPFC). Homozygous female or male Sst-IRES-Cre
(3-4 months old) mice were anesthetized with isoflurane and placed into a stereotactic apparatus (RWD Life
Science, San Diego, CA). After the incision site was sterilized with ethanol and iodine, the skull was exposed and
a small hole was made over the mPFC. 250 nL of mixed viruses (ratio 1:1) were delivered using 10 pL Nano-
Fil syringes with 33-gauge needle (NF33BV, World Precision Instruments, Sarasota, FL) and a syringe pump
(Micro4, World Precision Instruments) at 10 nL/min into mPFC (from bregma, anteroposterior: +2.4 mm;
mediolateral: 0.3 mm; dorsoventral: — 1.6 mm). The needle was slowly removed 10 min after the injection to
minimize the backflow of the virus. Mice were returned to their home cage for at least three weeks of recovery
before the acute slice image.

Acute slices preparation. We used 4-5 months old SST-Cre mice, and acute coronal brain slices contain-
ing the medial prefrontal cortex were prepared according to the procedures described in a previous study?.
Briefly, mice were deeply anaesthetized with isoflurane and transcranially perfused with pre-chilled NMDG-
HEPES aCSF: 92 mM NMDG, 2.5 mM KClI, 1.25 mM NaH,PO,, 30 mM NaHCO;, 20 mM HEPES, 2 mM thio-
urea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl,, 10 mM MgSO,-7H,0 and 25 mM glucose, was
oxygenated and adjusted to pH 7.4. After decapitation, the brains were rapidly dissected and immersed in cold
oxygenated NMDG-HEPES aCSE. The brains were trimmed and glued to the chilled platform of a vibratome
(VT1200, Leica, Nussloch, Germany). Coronal slices (250 pum) containing the mPFC were cut in ice-cold
NMDG-HEPES aCSF and were continuously bubbled with 95% O, and 5% CO,. The slices were transferred to
a holding chamber with pre-warm (34 °C) oxygenated NMDG-HEPES aCSE, and NMDG protective recovery
procedure was carried out immediately. During this process, the indicated volumes of Na* spike-in solution
(2 M NaCl) were added at the indicated times, as described previously?, to gradually reintroduce Na* into the
brain slice chamber. 30 min later, slices were transferred to a holding chamber containing oxygenated HEPES
containing aCSF at room temperature: 92 mM NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 20 mM HEPES, 20 mM
NaHCO;, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM CaCl,, 2 mM MgSO,-7H,0 and
25 mM glucose, was titrated and adjusted to pH 7.4. Slices were allowed to recover for at least an hour in the
holding chamber before initiating slice recording. Recordings were performed at room temperature (22—23 °C)
with constant superfusion (3 mL/min) of oxygenated recording aCSF: 105 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH,PO,, 24 mM NaHCOj;, 2 mM CaCl,-4H,0, 2 mM MgSO,-7H,0, 12.5 mM glucose, and adjusted pH to 7.4.

Image acquisition and data analysis. The images of the fluorescent beads measured by the Gaussian
beam had a pixel size of 199 nm (no binning), FOV size of 102 x 102 pm (512 x 512 pixels), and exposure time
of 1 s. The z-stack (30 um-thick) was captured at 0.5 um intervals. For measurements of the same specimen with
the Bessel beam, pixel numbers, scanning range of scanning mirrors, and exposure time were kept with Gauss-
ian, while the z-stack (600 pm-thick) was captured at 2.5 um and 10 pm intervals for evaluating the length of the
created light-needle and the zooming effect, respectively.

The images of ScaleA2 clearing slices were constructed by averaging two acquired images for Gaussian beam
scanning, having a pixel size of 0.99 um, an FOV size of approximately 500 x 500 pm (512 x 512 pixels), and
exposure time of 1 s. The z-stack (250 um-thick) was captured at 2 um intervals. For measurements of the same
specimen with the Bessel beam, pixel numbers, scanning range of scanning mirrors, and exposure time were
kept with Gaussian, while the averaging number was 4.

To measure Ca** activity in acute slices, fluorescence signals were detected by the TPLSM system with the
same pixel numbers and scanning range of scanning mirrors with measurements of ScaleA2 clearing slices, while
the exposure time and averaging number were 33 ms and 4, respectively. Spontaneous calcium activity of SST*
interneurons was first checked by Gaussian beam scanning to validate the health conditions of the recording
slices. The same brain regions were used for both the Gaussian and Bessel beam scanning images. All image
data were processed and analyzed using image software (Image] and NIS element Ver.4.51, Nikon). The calcium
activity of SST* interneurons was extracted from the time-lapse data and analyzed as dF/F,. In Fig. 4, ten regions
of interest (ROIs) corresponding to the soma of SST* interneurons were selected manually. F, was calculated as
the mean pixel brightness before CNO stimulation; intensities exceeding two standard divisions were excluded
while calculating the mean. The related fluorescence change, dF/F, was evaluated using the signal intensity ratio
between each time point (F) and F,.

To anticipate the Bessel beam scanned image using the light-needle creating device, an image reconstruc-
tion macro was written using ImageJ. The macro-converted z-stack image was measured using Gaussian beam
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scanning of the reconstructed image, reflecting the zooming factor depending on the distance between the
objective lens and the target (Fig. 2d).

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding authors
upon reasonable request.

Received: 16 February 2022; Accepted: 9 June 2022
Published online: 21 June 2022

References
1. Conchello, J. A. & Lichtman, J. W. Optical sectioning microscopy. Nat. Methods 2, 920-931 (2005).
2. Denk, W,, Strickler, J. H. & Webb, W. W. Two-photon laser scanning fluorescence microscopy. Science 248, 73-76 (1990).
3. Rabut, G. & Ellenberg, J. Automatic real-time three-dimensional cell tracking by fluorescence microscopy. J. Microsc. 216, 131-137
(2004).
4. Otomo, K. et al. Multi-point scanning two-photon excitation microscopy by utilizing a high-peak-power 1042-nm laser. Anal. Sci
31, 307-313 (2015).
5. Otomo, K. et al. High-peak-power 918-nm laser light source based two-photon spinning-disk microscopy for green fluorophores.
Biochem. Biophys. Res. Commun. 529, 238-242 (2020).
6. Lauer, V. New approach to optical diffraction tomography yielding a vector equation of diffraction tomography and a novel tomo-
graphic microscope. J. Microsc. 205, 165-176 (2002).
7. Simon, V. et al. Tomographic diffractive microscopy with isotropic resolution. Optica 4, 460-463 (2017).
8. Mertz, J. Strategies for volumetric imaging with a fluorescence microscope. Optica 6, 1261-1268 (2019).
9. Botherby, E. ], Juskaitis, R. & Wilson, T. Scanning two-photon fluorescence microscopy with extended depth of field. Opt. Com-
mun. 268, 253-360 (2006).
10. Thériault, G., Koninck, Y. D. & McCarthy, N. Extended depth of field microscopy for rapid volumetric two-photon imaging. Opt.
Express 21, 10095-10104 (2013).
11. Lu, R. et al. Video-rate volumetric functional imaging of the brain at synaptic resolution. Nat. Neurosci. 20, 620-628 (2017).
12. Kozawa, Y. & Sato, S. Light needle microscopy with spatially transposed detection for axially resolved volumetric imaging. Sci.
Rep. 9, 11687 (2019).
13. Tanabe, A. et al. Transmissive liquid-crystal device for correcting primary coma aberration and astigmatism in biospecimen in
two-photon excitation laser scanning microscopy. J. Biomed. Opt. 21, 121503 (2016).
14. Otomo, K. et al. Advanced easySTED microscopy based on two-photon excitation by electrical modulations of light pulse wave-
fronts. Biomed. Opt. Express 9, 2671-2680 (2018).
15. Hama, H. et al. Scale: A chemical approach for fluorescence imaging and reconstruction of transparent mouse brain. Nat. Neurosci.
14, 1481-1488 (2011).
16. Taniguchi, H. ef al. A resource of cre driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron 71,
995-1013 (2011).
17. Sternson, S. M. & Roth, B. L. Chemogenetic tools to interrogate brain functions. Annu. Rev. Neurosci. 37, 387-407 (2014).
18. Tremblay, R,, Lee, S. & Rudy, B. GABAergic interneurons in the neocortex: From cellular properties to circuits. Neuron 91, 260-292
(2016).
19. Scheyltjens, I. & Arckens, L. The current status of somatostatin-interneurons in inhibitory control of brain function and plasticity.
Neural Plast. 2016, 8723623 (2016).
20. Song, A. et al. Volumetric two-photon imaging of neurons using stereoscopy (VIWINS). Nat. Methods 14, 420-426 (2017).
21. Khonina, S. N., Kazanskiy, N. L., Khorin, P. A. & Butt, M. A. Modern types of axicons: New functions and applications. Sensors
21, 6690 (2021).
22. Feng, G. et al. Imaging neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron 28, 41-51 (2000).
23. Ting, J. T, Daigle, T. L., Chen, Q. & Feng, G. Acute brain slice methods for adult and aging animals: Application of targeted patch
clamp analysis and optogenetics. Methods. Mol. Biol. 1183, 221-242 (2014).
24. Ting, ]. T. et al. Preparation of acute brain slices using an optimized N-methyl-D-glucamine protective recovery method. J. Vis.
Exp. 132, e53825 (2018).

Acknowledgements

We would like to thank the Genetically-Encoded Neuronal Indicator and Effector Project and the Janelia Farm
Research Campus of the Howard Hughes Medical Institute for sharing the jGCaMP7s constructs. This study
was supported by the Brain Mapping by Integrated Neurotechnologies for Disease Studies (JP19dm0207078)
from Japan Agency for Medical Research and Development (AMED); by Core Research for Evolutional Science
and Technology (CREST) Grant Number JPMJCR20E4 from Japan Science and Technology Agency (JST); by
the KAKENHI Grant Number 16H06280 “Advanced Bioimaging Support,” 17H06313, 18K06591, 18K14659,
20H05669, 20H03425, 20H05769, 20H03410 and 21K19346, 22H02756 from the Japan Society for the Promo-
tion of Sciences (JSPS) in the Ministry of Education, Culture, Sports, Science and Technology (MEXT); and by
the Research Foundation for Opto-Science and Technology.

Author contributions

C.-PC,, K.O,, and Y.K. performed experimental and analytical studies. Y.K. and S.S. performed numerical cal-
culations to evaluate our light-needle creating device. C.-P.C., H.I,, M.Y., M.W,, and R.E. contributed to brain
specimen imaging. K.O., YK,, H.I, S.S., R.E., and T.N. developed the concept of this method. C.-P.C., K.O.,R.E.,
and T.N. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:10468 | https://doi.org/10.1038/s41598-022-14647-3 nature portfolio



www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14647-3.

Correspondence and requests for materials should be addressed to K.O. or T.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10468 | https://doi.org/10.1038/s41598-022-14647-3 nature portfolio


https://doi.org/10.1038/s41598-022-14647-3
https://doi.org/10.1038/s41598-022-14647-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Single-scan volumetric imaging throughout thick tissue specimens by one-touch installable light-needle creating device
	Results
	Design of the light-needle creating device and effective DOF evaluation. 
	Fine structure imaging of clearing brain slices with light-needle creating device. 
	Time-lapse volumetric imaging of neuron dynamics in acute slices. 

	Discussions
	Materials and methods
	Optical setup. 
	Animal. 
	Beads sample preparation. 
	Preparation of ScaleA2 clearing fixation slices. 
	Stereotaxic viral injections. 
	Acute slices preparation. 
	Image acquisition and data analysis. 

	References
	Acknowledgements


