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We describe a new light-sheet microscopy method for fast, large-scale 29 

volumetric imaging. Combining synchronized scanning illumination and 30 

oblique imaging over cleared, thick tissue sections in smooth motion, 31 

our approach achieves high-speed 3D image acquisition of an entire 32 

mouse brain within 2 hours, at a resolution capable of resolving 33 

synaptic spines. It is compatible with immunofluorescence labeling, 34 

enabling flexible cell-type specific brain mapping, and is readily scalable 35 

for large biological samples such as primate brain. 36 

Large scale 3D imaging has become an increasingly important approach in 37 

biology, especially for the study of brain circuits 1. Systematic brain mapping 38 

efforts are building the foundations for our understanding of brain architecture 39 

2-4. Meanwhile, targeted labeling and brain-wide tracing together with specific 40 

manipulations are revealing circuitry mechanisms underlying brain functions 5-41 

8. The rapid expansion in both fronts demands efficient imaging methods. 42 

Traditionally, 3D information of fixed brains and other biological samples was 43 

obtained by reconstructing series of 2D images of mechanically cut thin 44 

sections. Using such samples with fluorescent protein expression or 45 

immunofluorescence staining, epifluorescence or confocal microscopy can 46 

resolve fine structures such as neuronal synapses 9. However, the low 47 

throughput of this approach makes whole-brain data reconstruction and 48 

analysis a tedious task. Several techniques with automated serial sectioning 49 

and imaging methods were developed to overcome this problem 9-15. Recent 50 

advances along this line was able to push the imaging speed to ~3 days per 51 
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mouse brain at synaptic resolution 14, or ~2.4 hours per mouse brain but at a 52 

reduced resolution 15. Still, it is highly desirable to be able to obtain high 53 

resolution images at very high speed for high volume tasks such as whole 54 

brain mapping of many animals or of large primates. 55 

  56 

 The past decade has also seen various tissue clearing techniques that 57 

greatly improve the transparency of brain samples 16. Combined with these 58 

techniques, serial light-sheet microscopy enables fast but low resolution 59 

volumetric imaging of cleared entire brains without mechanical sectioning 60 

8,17,18. At the cellular resolution, such a method can achieve imaging of the 61 

whole mouse brain within 2 hours 8. Light-field microscopy can also be used 62 

for fast imaging of cleared brains at cellular resolution 19. Importantly, several 63 

clearing methods are compatible with immunofluorescence staining, allowing 64 

for imaging structures not labeled by genetically encoded fluorescent proteins 65 

20,21, even though such staining usually requires prolonged time to complete 66 

because of limited diffusion rate of antibodies.  67 

 68 

 Here, we report a new, scalable strategy implementing a “volumetric 69 

imaging with synchronized on-the-fly-oblique-scan and readout” (VISoR) 70 

technique for high speed three dimensional imaging of large samples at high 71 

resolution. For small samples such as cultured cells 22 and Drosophila larvae 72 

23, state-of-the-art light-sheet microscopy methods have already achieved 73 
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high-resolution and camera-limited imaging speed. However, these methods 74 

cannot be used for larger samples because they rely on fast movement of 75 

imaging section across the sample along the axial direction; the range of such 76 

movement is thus limited by the working distance of the imaging objective. 77 

Our solution is to move the sample horizontally under the V-shape objectives 78 

over nearly unlimited range, while using single-pass beam scan to eliminate 79 

motion blur, thus allowing for camera-limited high-speed imaging of large 80 

samples without compromising image quality. As a proof of principle, we 81 

designed and built a system implementing VISoR that can complete image 82 

acquisition of an entire mouse brain within 2 hours at 0.49x0.49x3.5 μm3 voxel 83 

resolution, with individual synaptic spines in cortical neurons readily visible. 84 

We have also developed an optimized pipeline for thick brain slice sample 85 

preparation as well as programs for semi-automated 3D reconstruction and 86 

analysis. The procedure is readily compatible with antibody staining that can 87 

be completed within a few days, thus enabling versatile high-throughput cell-88 

type specific 3D brain mapping.  89 

 90 

The basic configuration of our system consists of an illumination objective 91 

through which a scanning light-beam enters a thick slice sample at a 45-92 

degree angle to the sample surface, and an imaging objective positioned 93 

perpendicular to the illumination plane (Fig. 1a,b), similar to the V-shaped 94 

light-sheet microscope typically used for cellular imaging 24. Both objectives 95 
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are immersed in refractive index-matched solution (Methods and Materials) so 96 

that high quality images of oblique samples sections can be formed at the 97 

camera sensor (Supplementary Fig. 1). The geometry and working distance of 98 

the objectives constrain the imageable sample thickness to ~300 µm (Fig. 1b). 99 

The light path is configured such that the effective imaging area on the object 100 

plane (corresponding to half of the camera sensor, ~1000 X 2000 pixels) 101 

covers an oblique section of ~420 µm X 1000 µm using a 20X imaging 102 

objective with system magnification reduced to ~13X (Fig. 1c).  103 

 104 

To achieve fast volumetric imaging over a large range, we configured the 105 

opto-mechanical control of the system to allow horizontal non-stop smooth 106 

motion of the sample stage with on-the-fly image readout of oblique optical 107 

sections continuously (Fig. 1c, d). This approach has also been used in the 108 

recent “open-top light-sheet microscopy” and “oblique light-sheet 109 

tomography”. 25,26. However, because the movement is not along the axial 110 

direction, the lateral component motion naturally cause smear (motion blur) of 111 

the acquired images that is proportional to the speed of moving stage (Fig. 112 

1e,f). To overcome this problem, we implemented a thin excitation beam (3-5 113 

µm diameter) to scan through the continuously moving sample, synchronized 114 

with image acquisition cycle. At 100 Hz scanning and imaging cycle with the 115 

stage moving at 0.5 mm/s, the effective excitation time for each voxel is less 116 

than 100 µs, within which the motion is less than 0.05 µm. With this strategy, 117 
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we eliminate virtually all motion blur and achieve high image quality 118 

indistinguishable from stationary imaging, with dendritic spines of cortical 119 

neurons clearly visible (Fig. 1e-g). In principle, motion blur can also be 120 

reduced using strobe light illumination in a regular light-sheet configuration. 121 

This however requires much higher light power to achieve similar illumination. 122 

The synchronized beam scan is thus also optimized in light efficiency.  123 

Our prototype system allows for up to 200 Hz scanning-imaging cycle at 1 124 

mm/s translation for single channel, or 100 Hz at 0.5mm/s for dual-channel 125 

imaging with a single camera and a channel splitter. The system can run 126 

mostly continuously at the highest possible data rate of the camera, up to 400 127 

million pixels per second, equivalent to ~0.3x1.0x1.0 mm3 volume imaged per 128 

second at ~0.49x0.49x3.5 µm3 voxel resolution. To test the capacity of this 129 

new system in whole-brain imaging, we started with fixed brains from Thy1-130 

YFP-H mice 27. An embedded mouse brain was cut into ~50 slices of 300 µm 131 

thickness each, to match the imaging depth of the optical system (Fig. 1b). A 132 

pipeline was developed to optimize brain fixation, slice cutting and handling, 133 

as well as tissue clearing and mounting procedures (Supplementary Fig. 2a). 134 

We also developed a system to automatically detect the edges of all mounted 135 

brain slices, so that the imaging system can directly move to the target based 136 

on correlated coordinates. (Supplementary Fig. 2b). Because of the oblique 137 

configuration of excitation and imaging light paths relative to the sample 138 

surface, tissue clearing and refractive index matching are critical for high-139 
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quality imaging, as mismatched immersion solution could lead to severe 140 

aberration (Supplementary Fig. 3). With optimized sample preparation and 141 

imaging conditions, high quality volumetric image series or “columns” can be 142 

obtained (Supplementary Video 1). Adjacent image columns were taken with 143 

about 10% overlap, in order to facilitate the alignment and reconstruction of 144 

the entire slice (Supplementary Videos 2 and 3). In our experiments with 20x 145 

objective (final 13.3x magnification), 100 Hz scanning, and 0.5 mm/s stage 146 

speed, corresponding to ~0.49x0.49x3.5 µm3 voxel resolution, volumetric data 147 

acquisition of a complete set of about 45-50 300-µm slices of a whole mouse 148 

brain can be completed in about 2 hours.  149 

 150 

Reconstruction of the whole brain volumetric imaging data was performed 151 

with custom software that used minimal morphing to compensate for structural 152 

deformations during sample preparation (See Methods and Materials). Aside 153 

from the interfaces between adjacent slices that exhibit some misalignments, 154 

in part due to structural alterations during sample preparation, the 155 

reconstructed whole brain shows well-preserved, consistent 3D structural 156 

details (Fig. 2a-d, Supplementary Video 4). Neuronal axons and dendrites as 157 

well as dendritic spines can be clearly visualized (Fig. 2e-g, Supplementary 158 

Fig. 4). Similar results were obtained from all four Thy1-YFP-H mice brains 159 

tested. In addition, high quality data were also acquired for various brain 160 

samples labeled using neurotropic viruses, including a Semliki Forest virus 161 
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(SFV) variant that sparsely labels neurons in the hippocampus 162 

(Supplementary Fig. 5), and a vesicular stomatitis virus (VSV) that labels 163 

dopaminergic neurons in the ventral tegmental area (VTA) through nerve 164 

terminal infection at the nucleus accumbens (NAc) (Supplementary Fig. 6, 165 

Video 5).  166 

 167 

An advantage of hydrated sample preparation is its compatibility with 168 

immunofluorescent staining. This allows for convenient labeling of different 169 

cell types or states, enabling flexible cell-type specific brain connectivity and 170 

activity mapping. As an example, we used c-fos antibodies to label activated 171 

neurons in the brains of CRH-ires-Cre+/+::Ai14+/- transgenic mice with or 172 

without brief footshock stimuli (Methods and Materials), and performed dual 173 

color VISoR imaging and cell counting in different brain areas (Fig. 3). In the 174 

paraventricular nucleus (PVN) of hypothalamus where CRH neurons were 175 

observed to form a dense cluster (Fig. 3a,b), more than half of these neurons 176 

(430 out of 834) in the left PVN of the stimulated animal were c-fos positive, 177 

whereas very few cells (37 in total) in the left PVN of the control animal were 178 

activated, among them most were CRH neurons (35 out of 771 CRH neurons) 179 

(Fig. 3b,c, Supplementary Video 6). This is consistent with the role of CRH 180 

neurons of the PVN in stress response 28. Interestingly, in the medial 181 

amygdala (MeA) where CRH neurons were more dispersed (Fig. 3d), the 182 

CRH-expression and c-fos labeling exhibited a near orthogonal pattern in the 183 
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stimulated animal, with 104 CRH neurons being activated out of 1018 total 184 

CRH neurons and 569 total activated neurons (Fig. 3d,e, Supplementary 185 

Video 7). Again, few neurons (63 in total) in this area were found activated in 186 

the control animal (Fig. 3f). Although more systematic experiments and 187 

analyses are needed to understand the activation patterns of CRH neurons in 188 

different areas, these results do suggest that they may function very 189 

differently in the animal’s stress response. They also demonstrate the 190 

effectiveness of our system in combining fast 3D fluorescence imaging with 191 

antibody staining to investigate the active roles of specific cell types in brain 192 

function. 193 

 194 

With continuous on-the-fly imaging, the speed of the VISoR system is 195 

mainly constrained by data acquisition bandwidth. For certain brain mapping 196 

applications where synaptic resolution is not critical, a VISoR system can 197 

achieve much higher throughput, e.g. one entire mouse brain within 15 198 

minutes at a reduced pixel resolution of ~2 µm. Additionally, the axial 199 

resolution effectively limited by beam width may be improved with other 200 

illumination strategies such as 2-photon Bessel beam 29, or with the dual-view 201 

configuration as in diSPIM for cellular imaging 22. It is worth noting that the 202 

VISoR technique can be implemented in different ways and can find 203 

applications in the study of 3D structures of other biological and pathological 204 

specimen beyond brain mapping. Meanwhile, the strategy of clearing and 205 
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staining performed after sectioning considerably reduces sample preparation 206 

time, from weeks required for antibodies staining of an intact mouse brain 207 

20,21, to a couple of days for staining 300-µm slices. Thus, our approach is 208 

ideally suited for whole brain mapping of neuronal connectivity and activity in 209 

different levels of details, and is readily scalable to larger samples including 210 

primate brains.  211 

 212 

METHODS AND MATERIALS 213 

 214 

Optical setup. The microscope system (Supplementary Fig. 1) consists of a 215 

light source module, a scanning light-beam illumination module, an imaging 216 

module, a sample chamber for imaging and a 3-axis automatic stage for 217 

sample positioning. The light source module combines four compact lasers 218 

with wavelength 405nm, 488nm, 561nm and 647nm (Coherent Inc.) and 219 

delivers light to the illumination module, which consists of a galvanometer 220 

scanning mirror (GVS011, Thorlabs) and relay lens sets. The optical axis of 221 

illumination path and imaging path are perpendicular, and 45-degree off the 222 

sample surface. (Supplementary figure 1). The illumination and imaging 223 

modules have identical front ends, which consist of an objective 224 

(UMPLFLN20XW, NA0.5, 20X water immersion, Olympus) and a 225 

micropositioner, which allows potential configuration expansion of dual-226 

excitation/dual-imaging. The focal length of the tube lens in the imaging 227 
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module is 120 mm which provides an effective magnification of 13.3X. A dual-228 

channel splitter (Optosplit II, Cairn Research, UK) is mounted between the 229 

imaging module and the sCMOS camera (ORCA Flash 4.0 v2, Hamamatsu) 230 

to provide two imaging channels at the same time. A combination of emission 231 

filters (Semrock Brightline 452/45, 520/28, 593/46 and Chroma ET705/72 M) 232 

are mounted in the Optosplit II. The imaging chamber carries the sample and 233 

the refractive index matched immersion solution, and is mounted on the top of 234 

a 3-axis motorized stage, which consists of two one-dimensional translation 235 

stages (MTS50, Thorlabs) for X/Y-translation and a heavy duty stage for Z-236 

translation. 237 

 238 

Computers, electronics and control programs. All electronic components 239 

of the system including lasers, galvanometer scanner, DAQ board (PCI-6722, 240 

National Instruments) and camera are controlled by a workstation (dual Xeon 241 

CPUs, 64GB RAM, Dell) equipped with 8 terabyte SSD RAID0 array and 10 242 

Gigabit optical fiber networks connecting to large volume storage servers (200 243 

TB, Dell) and computation servers (4 nodes, 28 cores and 128 GB RAM for 244 

each node). The whole system is controlled by custom C++ code based on 245 

MicroManager 30 core. Imaging data is directly acquired into the SSD array, 246 

then transferred to the large volume storage server for further reconstruction 247 

and quantitative analysis.  248 

 249 
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Virus preparation. The viral-like particles of Semliki forest virus SFV-EGFP 250 

were prepared as follows. Briefly, SFV-EGFP replicon was modified based on 251 

the SFV replicon followed by in vitro transcription. The SFV-EGFP replicon 252 

RNA and helper RNA were co-transfected into BHK21 cells to package SFV-253 

EGFP. The detail procedures for RNA transcription and virus package were 254 

reported in previous studies 31,32. The SFV replicon and helper plasmids were 255 

kindly donated by Dr. Markus U. Ehrengruber, Department of Biology, 256 

Kantonsschule Hohe Promenade, Zurich, Switzerland. The mutated vesicular 257 

stomatitis virus rVSV-EGFP-NR7A were prepared as described previously 258 

33,34.  259 

 260 

Animal experiments. All animal experiments were carried out following 261 

protocols approved by the Institutional Animal Care and Use Committees of 262 

the University of Science and Technology of China (USTC) and Wuhan 263 

Institute of Physics and Mathematics, the Chinese Academy of Sciences. All 264 

mice used in this study were group-housed with 12 hours light/dark cycle (light 265 

on at 7 a.m.) with free access of food and water. Eight-week-old male Thy1-266 

YFP-H (Jax: 003782) mice were used for whole brain structural imaging. A 267 

male C57BL/6 mouse of the same age was used for SFV injection. A DAT-268 

ires-Cre 35 (Jax: 000660) male mouse (8 weeks old) was used for AAV-DIO-269 

BFP-T2A-TVA and VSV-EGFP-NR7A injection. Male CRH-ires-Cre+/-::Ai14+/- 270 

mice (used at 12 weeks old) were generated by crossing male CRH-ires-271 
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Cre+/+ (Crhtm1(cre)Zjh) 36 (Jax: 012704) and female Ai14+/- (Rosa-CAG-LSL-272 

tdTomato-WPRE::deltaNeo) 37 (Jax: 007908) mice.  273 

 274 

SFV injection was performed as described in previous study38. Briefly, the 275 

mouse was anesthetized with chloral hydrate (400 mg/kg) and placed in a 276 

stereotaxic apparatus. SFV-EGFP (2.6×107 infectious particles/ml) was 277 

injected into the dentate gyrus of the hippocampus. The mouse was sacrificed 278 

24 hours later. For VSV tracing experiment, the DAT-Cre mouse was kept 279 

under anesthesia as described above. Injection coordinates (in mm) used 280 

were: VTA, A/P −3.20 from bregma, L/M -0.40, D/V −4.30; NAC, A/P 1.5 from 281 

bregma, L/M -1.1, D/V −4.6. 50nl of 2×108 ffu/mL rVSV-EGFP-NR7A(A/RG) 282 

was injected into VTA 2 weeks after 100nl of 2×1012 vg/ml rAAV-DIO-BFP-283 

T2A-TVA was injected into NAc. The mouse was sacrificed 5 days after rVSV-284 

EGFP-NR7A(A/RG) injected. These experiments were conducted in a 285 

biosafety level 2 laboratory. 286 

 287 

 For foot-shock stimulation, a male CRH-IRES-Cre+/-::Ai14+/- mouse was 288 

given 15 trials of electric shocks (2 seconds, 0.7 mA) randomly spaced in 10 289 

minutes in an isolated behavioral test box with video recording, then rested in 290 

home cage for 80 minutes before sacrificing and perfusion. 291 

 292 
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For brain harvesting, mice were first anesthetized by intraperitioneally 293 

injection of 1% pentobarbital sodium (80 mg/kg). Fixation solution containing 294 

4% paraformaldehyde (PFA) with or without 0.5-4% acrylamide hydrogel 295 

monomer solution (HMS) in PBS (w/v) was prepared and stored at 4°C before 296 

use. Brains were harvested and incubated in the same fixation solution at 4°C 297 

for overnight to two days.  298 

 299 

Preparation of brain slice samples. Fixed brains were cut into 300-µm-thick 300 

slices using a vibroslicer (Compresstome VF-300, Precisionary Instruments). 301 

The brain slices were then transferred into the clearing solution for 12~24 302 

hours at 37°C with gentle shaking. The clearing solution was either 4% SDS 303 

solution20 or 0.5% PBST. After clearing, the slice samples were washed with 304 

0.1% PBST 3 times before being mounted on quartz slides. 305 

 306 

For antibody staining, cleared slices were loaded into 12-well plates, 307 

permeated and blocked in blocking solution (5% BSA (w/v), 0.3% TritonX-100 308 

in PBS) for 1 hour and then incubated with primary antibody (Rabbit-anti-cfos, 309 

Santa Cruz SC-52, lot: K0112, dilution 1:500) in blocking solution for 310 

overnight, followed by washing in 0.3% PBST 3 times for 1 hour each. 311 

Secondary antibody (AF488-tagged donkey-anti-rabbit IgG, Jackson 312 

ImmunoResearch Labs 711-545-152, lot: 129588, dilution 1:200) was 5 hours 313 
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in blocking solution, followed by washing in 0.3% PBST. The plates were kept 314 

on a gentle bouncer at room temperature for all above steps.  315 

 316 

Fluorescence imaging. Samples on imaging slides were immersed in 317 

refractive index matching solution 39 (80% Iohexol in PBS, Sigma (D2158)) 4 318 

hours before being mounted in the imaging chamber filled with refractive 319 

index matching solution. 16-bit images were acquired with synchronized 100 320 

Hz illumination beam scan and 100 frames per second camera readout, with 321 

the sample stage moving at 0.5 mm/s in X direction (Fig. 1d). The resultant 322 

voxel size is ~0.49x0.49x3.5 µm3. 323 

 324 

Whole brain image reconstruction. Image reconstruction and brain 325 

registration were performed using custom programs in ImageJ40, MATLAB 326 

(2016b, Mathworks Inc.), or C++. The obliquely acquired images were first 327 

stacked into columns according to their real world coordinates, then the 328 

columns were stitched together to form whole slices based on the coordinates 329 

and correlations in their overlay regions.  330 

 331 

For the reconstruction of Thy1-YFP brains, we first enhanced contrast of 332 

each slice and then reconstructed the whole brain structure in four steps. (1) 333 

The top and bottom surfaces of each brain slice were fit into flattened planes 334 

by linear regression and interpolation. Structures like ventricles were avoided 335 

in the flattening procedure. (2) Edges and textures were detected in the 336 
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opposing surfaces of adjacent slices, with correspondences between the two 337 

surfaces extracted using SIFT-flow 41. (3) To limit the error accumulation and 338 

propagation through multiple slides, we adjusted the correspondences under 339 

two additional constrains over all slides, based on the assumptions of 340 

smoothness and small deformation, i.e., the displacements of the neighboring 341 

correspondences should be similar and the displacement vector for the 342 

correspondences to should as small as possible. (4) With the extracted and 343 

adjusted correspondences, moving-Least-Square (MLS) method 42 is used to 344 

warp each slice with minimal distortion in sizes and shapes of the slices. 345 

 346 

Image visualization. We developed an adaptive tone mapping strategy for 347 

efficient visualization of global and local structures in 8-bit display based on 348 

the original 16-bit data. The original high-dynamic-range image is 349 

decomposed into a base layer and a detail layer through bilateral filtering 43. 350 

The dynamic range of the base layer is compressed by a global operator, and 351 

the result is then recombined with the uncompressed detail layer. To cope 352 

with the extremely high local contrast exhibited by the fluorescent protein 353 

labeled neurons in the brain image, we propose a progressive tone mapping 354 

strategy that compresses the dynamic range of the base layer step-by-step, 355 

and the parameters used in bilateral filtering are adaptively determined 356 

according to the image content. This allows for capturing the details of both 357 

high brightness structures such as neuronal soma or fiber bundles and low 358 
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brightness structures like dendritic spines or axon terminals in the same field 359 

of view. 360 

 361 

Cell detection, counting, and brain registration. Quantitative analyses 362 

were performed using custom programs coded in C++ and Python 363 

incorporated with OpenCV 3 library. The soma of tdTomato-expressing 364 

neurons or the nuclei of c-fos positive cells were detected by finding the local 365 

maxima of Difference-of-Gaussian (DoG) in original 2D images, then 366 

segmented using watershed algorithm based on local threshold. The 3D 367 

somas or nuclei were reconstructed by connecting detected segments of the 368 

same cell nucleus from neighboring images. The signals of c-Fos or CRH 369 

positive cells are detected and located use a custom C++ code. The cell 370 

detecting algorithm consisted of three steps: (1) Finding all local maxima of 371 

DoG (Difference of Gaussian) of 4x downsized original image, and dividing 372 

them using watershed algorithm. (2) Extracting image patches of surrounding 373 

of each local maxima, and find the area of cell by threshold. The side length of 374 

patches are 3 times of predefined cell size. The thresholds is set to the 375 

average of the value of the local maxima and the mean value of edges of the 376 

patch. (3) Aligning areas of cells between neighboring images. After detection, 377 

the position, volume, eccentricity and intensity of cells are calculated, then 378 

compared to predefined ranges to validate the detected cell.  379 

 380 
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Automatic brain registration and annotation were performed using a 381 

procedure similar to that previously reported 21. The 3D volumes were 382 

downscaled to 25 × 25 × 25 μm pixel size, then flattened and stitched to 383 

reconstruct the whole brain. Elastix (http://elastix.isi.uu.nl) was used to 384 

register the reconstructed brain to the reference autofluorescence brain 385 

(http://www.idisco.info). The position of cells in whole brain were refined by 386 

the transform parameters of brain registration. 387 

 388 

Code availability. 389 

Codes for data analysis are available from the authors upon request. 390 

 391 

Data availability statement. 392 

Original data are available from the authors upon request. 393 
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Figure Legends 547 

 548 

Figure 1. The mechanism and implementation of VISoR. (a) The core optics 549 

of the system consists of two perpendicular objective lenses mounted 45 550 

degrees oblique to the sample surface. (b) Enlarged view of the working area, 551 

showing the geometric configuration of the two objectives over the sample slice 552 

(light blue), along with the illumination beam (dark blue) and fluorescence 553 

collection path (green). (c) The imageable area in the object plane (in 554 

conjugation with the camera sensor) is illuminated by the scanning light beam 555 

synchronized to camera readout. Note that only half of the sensor area is 556 

utilized for acquisition of single-channel images. (d) Volumetric imaging is 557 

implemented by synchronous single-pass beam-scan and on-the-fly readout 558 

over the surface of a sample slice with a zigzagged motion path. (e-g) 559 

Fluorescence images of the same sample area obtained with stationary 560 

imaging (e), non-synchronized on-the-fly imaging in “light-sheet” mode (f), and 561 

VISoR imaging (g). Scale bar: 10 µm. 562 

 563 

Figure 2. Whole brain VISoR imaging of a Thy1-YFP transgenic mouse. 564 

(a) 3D reconstructed mouse brain. Maximum intensity projections (MIPs) of a 565 

800-μm horizontal section, a 300-μm coronal section and a 150-μm sagittal 566 

sections are displayed in (b), (c) and (d), respectively. The position of each 567 

section is illustrated in (a). Abbreviations: l, left; r, right; d, dorsal; v, ventral; a, 568 
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anterior; p, posterior. (e) Enlarged view of the red box in (c) showing the left 569 

amygdala. Inset: an enlarged view of the white rectangle area. (f) Enlarged 570 

view of the magenta box in (c) showing part of the cortex. (g) Enlarged view 571 

of the white rectangle area in (f). Note that the inset of (e), and (g) are MIPs of 572 

the corresponding areas with projection direction perpendicular to the imaging 573 

plane, i.e. 45° oblique to the slice surface, thus appearing to be different from 574 

the direct magnification of the corresponding rectangle areas. Scale bars: (a), 575 

(b), (c), (d), 1000 μm; (e), (f), 200 μm; inset of (e), 20 μm; (g), 10 μm. 576 

 577 

Figure 3 Dual-channel VISoR imaging of c-fos expression revealing 578 

differential stress-elicited activation of CRH neurons in different brain 579 

areas. (a) CRH and c-fos expression in a virtual coronal section (A/P: bregma 580 

-0.72~-0.9) of a CRH-ires-Cre+/+::Ai14+/- transgenic mouse exposed to 581 

footshock stimulation. Green, c-fos immunostaining; red, tdTomato expressed 582 

in CRH neurons. (b) Magnified view of the PVN area as shown in (a) from the 583 

same animal. (c) Magnified view of the PVN area a control animal not exposed 584 

to footshock stimulation. (d) CRH and c-fos expression in a virtual coronal 585 

section (A/P: bregma -1.58~-1.78) contain the MeA from the same animal as in 586 

(a). (e) Magnified view of the MeA area as shown in (d). (f) Magnified view of 587 

the MeA area from a control animal. MIP of thinner (7 µm) virtual sections are 588 

used for (b) and (c) in order to visualize single cells. Scale bars: (a), (d), 100 589 

µm; (b), (c), (e), (f), 100 µm.590 
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Supplementary Figure 1. Schematic diagram of the optical system 591 

implementing VISoR. 592 

  593 

 594 

(a) The illumination and detection objectives are mounted perpendicular to 595 

each other and 45 degree to the surface of the sample. The excitation light 596 

beam through the galvanometer scanner and illumination objective forms a 597 

scanned light sheet inside the sample that matches exactly the imaging focal 598 

plane of the detection objective. The sample chamber mounted on a 599 

motorized XYZ stage contains imaging solution with refractive index matched 600 

to that of the sample. The detection module consists of emission filters, a tube 601 

lens, a dual-channel splitter and a sCMOS camera. Camera readout, laser 602 

output and galvanometer scanning are synchronized with an NI DAQ board. 603 

(b) Optical implementation of the VISoR system. 604 
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Supplementary Figure 2. Pipeline for sample preparation. 605 

 606 

 607 

 608 

(a) The procedure of sample preparation includes following key steps: brain 609 

harvesting, embedding, sectioning, clearing, staining (optional), mounting and 610 

refractive index matching. With antibody staining, the total time for sample 611 

preparation is about 4 days. (b) The boundary of each slice (red cycle) is 612 

detected by analyzing an pre-acquired image before refractive index matching 613 

for further imaging area (green rectangle) determination. 614 

615 
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Supplementary Figure 3. Refractive index matching is essential for high 616 

quality imaging.  617 

 618 

 619 

(a-c) A 300-µm thick brain slice is mostly opaque in PBS (a), becomes 620 

translucent after clearing with 4% SDS for 24 hours (b), and fully transparent 621 

after refractive index matching in 80% iohexol solution (c). (d) An example 622 

VISoR image of a cleared brain slice in PBS shows strong scattering and 623 

aberration especially at the lower part of the slice. (e) A nearby section of the 624 

same sample after refractive index matching, taken under otherwise the same 625 

imaging conditions as in (d), showing considerably reduced scattering and 626 

aberration. Scale bars: (a), (b), (c), 2 mm per grid; (d), (e), 100 µm. 627 

628 
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Supplementary Figure 4. Examples of high-resolution VISoR images. 629 

 630 

 631 

(a) A 300-μm-thick slice viewed as Maximum intensity projection (MIP) to the 632 

imaging plane (gray plane in the inset), 45° from the slice (green volume in the 633 

inset) surface. (b) Enlarged view of the cyan rectangle area in (a). (c-e) Different 634 

hippocampal areas in (b) indicated by the green (c), yellow (d) and magenta (e) 635 

rectangles. (f) A cortical pyramidal neuron indicated by the red rectangle in (b). 636 

Note that in (c-f), the images used for MIP were subsets of those used in (a) or 637 

(b) to increase clarity. Image brightness and contrast for each panel are 638 

individually tuned for visualization. Scale bars: (a), 1000 µm; (b), 200 µm; (c), 639 

(d), (e), (f), 20 µm. 640 
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Supplementary Figure 5. Hippocampal neurons sparsely labeled with 641 

Semliki Forest virus (SFV). 642 

 643 

 644 

 645 

(a) Brain sections showing sparsely labeled cells in the hippocampus 24 hours 646 

after SFV-EGFP injection. (b) Magnified view showing diverse neuronal 647 

morphology. Scale bars: (a), 1 mm; (b), 200 µm. 648 

  649 
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Supplementary Figure 6. VTA dopaminergic neurons projecting to the 650 

nucleus accumbens revealed by cell-type specific tracing.  651 

 652 

  653 

 654 

(a) VTA dopaminergic neurons labeled by rVSV-EGFP-NR7A(A/RG) injected 655 

into the NAc in conjunction with rAAV-DIO-BFP-T2A-TVA injected into the VTA 656 

of a DAT-Cre mouse. (b) The morphology of EGFP-positive neurons clearly 657 

resolved by VISoR imaging. Scale bars: (a) 1 mm; (b) 200 µm.  658 
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Supplementary Video 1 659 

VISoR image series from a 300-µm-thick Thy1-YFP brain slice captured at 100 660 

fps, with smooth stage motion and synchronized scanning illumination. Fine 661 

structures of cortical neurons are revealed. Playback is at 0.1X real-time 662 

acquisition speed. 663 

 664 

Supplementary Video 2 665 

VISoR image series from a 300-µm-thick Thy1-YFP brain slice captured at 100 666 

fps (top-left corner) with maximum intensity projections of these images after 667 

transformation and alignment. Playback is at the actual acquisition speed. 668 

 669 

Supplementary Video 3 670 

Navigation through an entire reconstructed Thy1-YFP mouse brain slice 671 

showing detailed neuronal structures. 672 

 673 

Supplementary Video 4 674 

Reconstructed whole brain of a Thy1-YFP mouse imaged by VISoR. The 675 

fluorescence intensity of each slice is adjusted according to its local contrast in 676 

order to enhance the global visualization clarity. 677 

 678 

Supplementary Video 5 679 

Dozens of dopaminergic neurons in the VTA traced from terminals in the NAc 680 

of a DAT-cre mouse, using a combination of VSV and AAV. 681 

 682 

Supplementary Video 6 683 

Dual-channel imaging shows that most CRH neurons (red) in the PVN are 684 

also c-fos positive (green) in the footshock-stimulated mouse but c-fos 685 

negative in the control mouse. 686 

 687 

Supplementary Video 7 688 

A large population of cells are activated (green, c-fos positive) in the medial 689 

amygdala (MeA) after footshock stimulation. Few of these activated cells are 690 

CRH expressing neurons (red). 691 
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