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Abstract 
 
Current tissue clearing and labeling approaches require freshly prepared samples to avoid 
problems related to over-fixation, such as loss of antigenicity or difficulty of tissue clearing. 
Thus, the predicament of specimens with long-term preservation limits the application of 
state-of-art technology to archived human brain tissues. Here, we present the development 
and validation of multiplex labeling of centimeter-sized archived tissue (MOCAT)—a 
formalin-fixed paraffin-embedding (FFPE)–based sample preservation and delipidation 
technique for centimeter-level tissue clearing and immunolabeling. We demonstrate that 
MOCAT sufficiently delipidates whole mouse brain and human brain blocks and is superior to 
10% formalin for long-term antigenicity preservation; moreover, the spatial information of 
biomarkers offered by MOCAT-processed intact mouse brains is identical to that offered by 
freshly prepared SDS-delipidated intact mouse brains. MOCAT not only satisfies the need for 
long-term tissue storage before performing volumetric multiplex imaging for research 
purposes but also has the potential to be used in human clinical examination.   
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Introduction 1 
 2 
The fact that the brain functions as an organic entirety necessitates whole-brain imaging 3 
in neuroscientific or clinical brain research. This requirement may be fulfilled by the 4 
recent advancements in tissue clearing techniques1–8. Large tissue clearing techniques 5 
combined with immunolabeling9–12 and genetic tools13 capable of labeling specific 6 
proteins, cells, or neurons, enable volumetric imaging of an intact mouse brain and 7 
provide brain-wide information that cannot be obtained from conventional histological 8 
approaches14–17. However, current large tissue clearing approaches did not suggest an 9 
appropriate way to preserve samples that need to be archived for future 10 
three-dimensional (3D) imaging. Human brain banks usually archive precious human 11 
tissues in formalin or ultra-low temperature freezers. However, both ways are unsuitable 12 
for large tissue clearing and immunolabeling because stable crosslinks caused by 13 
long-term formalin preservation hinder immunolabeling18, and frozen tissues suffer from 14 
damage caused by thawing. This limitation makes researchers opt for tissue sections and 15 
contradicts research using archived human brains. Therefore, a new method is required 16 
to bridge the gap between the need for long-term tissue preservation and further 17 
organ-level multiplex imaging in cellular resolution.  18 
 19 
Paraffin embedding is a standard technique commonly used in clinical and research 20 
laboratories for tissue archiving. After adequate fixation, biological samples can be 21 
dehydrated and preserved in formalin-fixed paraffin-embedded (FFPE) blocks for years at 22 
room temperature. Besides, the widespread use of FFPE tissue sections for 23 
immunohistochemistry suggests that proteomic information can be preserved in pristine 24 
condition19. Furthermore, a substantial amount of lipids would be removed by xylene 25 
during the paraffin embedding process. These advantages led us to investigate its 26 
potential for long-term preservation and delipidation of the brain tissue before 27 
whole-mount immunolabeling. Here, we developed multiplex labeling of 28 
centimeter-sized archived tissue (MOCAT), a paraffin-processing-based versatile 29 
technique for preservation and delipidation.  30 
 31 

Results 32 
 33 
Heat-induced antigen retrieval removed lipids remained after dewaxing 34 
Although xylene removed a significant amount of lipids, studies have indicated that 35 
phospholipids and myelinated lipids are retained after FFPE processing and dewaxing 36 
possibly due to crosslinking with surrounding proteins20. To unmask crosslinked antigens, 37 
pathological laboratories usually use proteolytic or heat-induced methods termed 38 
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antigen retrieval21. Because increasing temperature reinforce detergent diffusion into 39 
tissues6, we hypothesized that heat-induced antigen retrieval with additional detergent 40 
can remove remaining lipids from dewaxed FFPE tissues by releasing protein-linked lipids 41 
and membrane phospholipids. To verify the hypothesis, we adopted a modified 42 
heat-induced antigen retrieval method (see Methods) and used coherent anti-Stokes 43 
Raman scattering (CARS), a spectroscopic technique used to detect vibrational responses 44 
of specific molecular structures, to assess the remained lipid amount of mouse brain 45 
samples (Fig. 1a). We found that axon bundles in striatum was bright in a dewaxed FFPE 46 
mouse brain (Fig. 1a, left), indicating myelinated lipids existence; however, antigen 47 
retrieval removed most remained lipids successfully (Fig. 1a, middle). The results also 48 
showed that the steps of paraffin embedding, dewaxing and antigen retrieval has similar 49 
delipidation ability to SDS-based electrophoresis (Fig. 1a, middle and right), indicating 50 
that the conventional SDS-based delipidation step in aqueous tissue clearing could be 51 
replaced by paraffin embedding, dewaxing, and antigen retrieval. To speed up 52 
immunolabeling and protect samples from the harsh conditions of multiplexed staining, 53 
we combined the stabilization to harsh conditions via intramolecular epoxide linkages to 54 
prevent degradation (SHIELD) procedure22 and electrophoretic immunolabeling11 into 55 
MOCAT pipeline (Fig. 1b).   56 
 57 

MOCAT reveal proteomic spatial information for 3D visualization as well as 58 
conventional SDS-delipidation  59 
To demonstrate that paraffin blocks preserve spatial information, we performed 60 
immunolabeling on one MOCAT-processed mouse brain, and one 24-hour 4% 61 
paraformaldehyde (PFA) fixed and SDS-delipidated (hereinafter referred to as 62 
SDS-delipidated) mouse brain. Immunolabeling with tyrosine hydroxylase (TH, a 63 
dopaminergic neuronal marker) antibodies revealed dopaminergic neuronal distribution 64 
in the striatum, nigrostriatal fiber tracts, substantia nigra, ventral tegmental area, 65 
pontine reticular nucleus, and lateral reticular nucleus (Fig. 1c). MOCAT- and 66 
SDS-delipidated mouse brains showed identically labeled structures, demonstrating that 67 
FFPE blocks preserve spatial information comparable to 24-hour PFA-fixed brains. To 68 
prove that MOCAT could be applied on already archived samples, we applied this 69 
method to a 15-year-old, 2-mm-thick FFPE block (Fig. 1d). The brain regions containing 70 
dopaminergic neurons were identified (Fig. 1e), and the morph of individual 71 
dopaminergic neurons was observed (Figs. 1f). The results indicated that 72 
three-dimensional (3D) expression patterns of biological markers could be preserved for 73 
decades and revealed later by performing MOCAT. Notably, the dewaxing time should be 74 
increased when working with a large sample; otherwise, the residual wax from 75 
insufficient dewaxing would cause opacity. The opacity could be restored through 76 
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repeated dehydration and dewaxing (Supplementary Fig. 1b), and repeated dewaxing 77 
and prolonged dewaxing time did not affect tissue structure or antigenicity 78 
(Supplementary Figs. 1 and 2).     79 
 80 

MOCAT enables multiplexed immunolabeling 81 
Multiplex immunostaining is essential to further investigating molecule interactions and 82 
the microenvironment. However, the number of biological markers labeled in a single 83 
round is typically limited by antibody host species and the fluorescent spectrums of 84 
excitation/emission wavelength. To overcome this limitation, MOCAT includes a step for 85 
multiple rounds of immunostaining on a single whole mouse brain (Fig. 1b). To maintain 86 
the fluorescent signals, we postfixed the labeled sample with 4% PFA after each round of 87 
immunolabeling (Supplementary Fig. 3). After imaging completed, the RI-matched 88 
transparent sample were photo-bleached by LED white light. To release the re-masked 89 
epitopes by the postimmunolabeling fixation, we than performed another round of 90 
antigen retrieval (Fig. 2a and Supplementary Fig. 4) before next round of 91 
immunolabeling. By repeating the steps, we performed continuous six rounds of 92 
immunolabeling on the same MOCAT-processed adult mouse brain. For each round, the 93 
brain was labeled with lectin as a structural reference, and one antibody specific for a 94 
target protein (Fig. 2b). The six antibody image data sets were then registered and 95 
aligned using Elastix23 to generate a multichannel image (Fig 2c). These results 96 
demonstrated spatial distribution of different neuronal markers and the compatibility of 97 
MOCAT with various primary antibodies. 98 
 99 

MOCAT preserves the proteomic expressional changes caused by disease 100 
and therapy 101 
Volumetric imaging is vital for disease researches because it offers precise 102 
microenvironment spatial information and therapy effect evaluation17,24,25. To examine 103 
the applicability of MOCAT to disease researches, we first applied MOCAT to an adult 104 
mouse brain of the astrocytoma mouse model (see Methods) to label the tumor cells 105 
and astrocytes (Fig. 3a and c). Astrocytes surrounding the tumor were segmented (Fig. 106 
3b, d and e) and classified by their cell-to-tumor distances. The statistics (Fig. 3f) showed 107 
that almost half of astrocytes located within the tumor, and 63.9% of the astrocytes 108 
located close to the tumor surface (within the range of ± 200 μm). Our results showed 109 
that the image data sets of MOCAT can be used to analyze cell distribution and reveal 110 
the spatial architecture of a disease microenvironment. We then used a mouse model of 111 
traumatic brain injury (TBI) to compare the quantification results of MOCAT-processed 112 
and SDS-delipidated mouse brains. Studies have reported that TBI disrupts dopamine 113 
neurotransmission, reduces dopamine levels, and causes cell loss in the nigrostriatal 114 
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system26,27. Therefore, we use TH antibodies to label the dopaminergic system (Fig. 4a). 115 
We found that the injury side of the brain showed striatal morphological extension and 116 
distortion in both SDS-delipidated (Supplementary Fig. 5) and MOCAT (Fig. 4b) processed 117 
samples, implying a possible malfunction or imbalance in the dopaminergic system. To 118 
assess the damage, we segmented the striatum (Fig. 4b), nigrostriatal fiber tracts (Fig. 4c) 119 
and the dopaminergic neuronal cells in the substantia nigra (Fig. 4d) and calculate the 120 
relative volumes and cell numbers of injury side to contralateral side. We found that the 121 
injury side of both MOCAT and SDS-delipidated TBI brain showed approximately 20%, 122 
30%, and 15% reduction in striatal volume, nigrostriatal fiber tract volume, and cell 123 
number of substantia nigra, respectively, compared to the contralateral side (Fig. 4e), 124 
indicating that neuronal damage was preserved and could be assessed using FFPE 125 
samples. Next, we evaluated the therapeutic effect of a nitrogen oxide producing 126 
nanoparticle (aNORO, See Methods) on angiogenesis. We segmented an area of blood 127 
vessels directly beneath the injury site of both sham and aNORO-received mouse brains 128 
(Fig. 4f and Supplementary Fig. 6) and calculated the volume, surface area, length, and 129 
number of bifurcations to assess angiogenesis (see Methods). The results of both 130 
MOCAT and SDS-delipidated brains indicated that the mouse receiving aNORO injection 131 
exhibited approximately 60% improvement in angiogenesis compared to the sham group 132 
(Fig. 4g). Taken together, MOCAT preserves structural and proteomic expressional 133 
changes and can be used to evaluate the effect of therapy and behavioral experiments. 134 
 135 

Application of MOCAT to human brain tissue facilitates study of complexed 136 
microenvironment 137 
While the concept of long-term archiving mouse brains for future intact imaging is still 138 
new, human brain sample preservation has been performed in human brain tissue banks 139 
worldwide. In most research centers, collected tissues are stored unfixed at −70oC to 140 
−85oC or in 10% formalin at room temperature. However, ultralow temperature 141 
preservation requires a lot of space and energy, and long-term storage in formalin 142 
impedes aqueous-based delipidation18,28 and reduces the tissue’s antigenicity29, 143 
preventing scientists from performing whole-mount immunolabeling and 3D 144 
visualization. To demonstrate the applicability of MOCAT to human brain tissues, we 145 
applied this method to a human brain tissue sample collected surgically from the 146 
temporal lobe and compared immunolabeling results with the results of 147 
formalin-preserved brain blocks stored for 1 year and 45 days (see Methods). The 148 
astrocytic foot processes were stained in the brain specimen stored in an FFPE block for 149 
60 days but not in the formalin-preserved brain blocks stored for 1 year and 45 days (Fig. 150 
4a), indicating that FFPE is superior to formalin for antigenicity preservation. On the 151 
same sample, we then performed two additional rounds of immunolabeling to axons 152 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 2, 2022. ; https://doi.org/10.1101/2022.11.28.518189doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.28.518189


and dendrites, respectively (Fig. 4b). The image data sets from each round could be 153 
registered into a single multichannel image with lectin-labeled blood vessels as a 154 
reference channel (Fig. 4c), enabling us to reconstruct the relationship between these 155 
biomarkers. 156 
 157 

Discussion 158 
 159 
In this study, we present a paraffin-embedding processing-based technique that 160 
combines sample preservation and sample delipidation. Some studies have performed 161 
tissue-clearing methods on FFPE specimens28,30–34, but they only considered FFPE tissues 162 
as a specimen type. No attempt has been made to exploit the characteristics of FFPE 163 
processing in large tissue clearing. In studies applying tissue clearing and 164 
immunolabeling on FFPE samples, researchers have subjected dewaxed FFPE samples to 165 
additional delipidation steps, such as CUBIC31, iDISCO30,32,33, and SDS-based 166 
delipidation24,28 to remove remained lipids. In our experiments, we found that the 167 
heat-induced antigen retrieval is sufficient to remove residual lipids in dewaxed FFPE 168 
samples. Notably, delipidation at room temperature cannot replace heat-induced 169 
antigen retrieval for whole-mount immunolabeling FFPE samples. In our preliminary 170 
immunolabeling experiment with tyrosine hydroxylase antibody, the SDS-delipidated 171 
FFPE mouse brain (without heat-treatment) exhibited weaker signals and noticeable 172 
nonspecific background noises (Supplementary Fig. 7). Such phenomenon was observed 173 
in FFPE tissue sections with inadequate antigen retrieval30. In conclusion, heat-induced 174 
antigen retrieval is a crucial step that has the effect of but cannot be replaced by 175 
delipidation for FFPE tissue immunolabeling. 176 
 177 
For the samples that have no need to be archived, MOCAT can work as a fast 178 
delipidation method via simple dehydration, xylene clearing and antigen retrieval. 179 
Compared with other organic solvent-based large tissue clearing methods, such as 180 
3DISCO and iDISCO, MOCAT processing is easy to perform in hospitals and research 181 
institutes, and the necessary solvents (ethanol and xylene) are less expensive and more 182 
readily available. Endogenous fluorescent proteins are easily quenched in ethanol, but 183 
they can still be visualized through immunolabeling. 184 
 185 
MOCAT is applicable to aged FFPE blocks and enables repeated immunolabeling on the 186 
same specimen, compensating for the rarity of clinical human brain specimens. 187 
Therefore, MOCAT is a powerful tool for clinical brain research, including the 188 
investigation of the microenvironment surrounding lesions. To achieve this purpose, we 189 
require computational tools for the registration and alignment of multiplex data sets. 190 
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The published tools, such as Advanced Normalization Tools (ANTs)35 and Elastix23, are 191 
suitable for use in specimens with clear boundaries, such as intact mouse brains. 192 
However, the registration is unsatisfactory for a patient-obtained piece of human brain 193 
tissue, which typically has broken boundaries and irregular shapes. Therefore, 194 
developing an algorithm for the registration of large-size data sets from irregular shaped 195 
sample is essential for volumetric human brain imaging in the future. 196 
 197 
The strong autofluorescence caused by blood cells and lipofuscin is another challenge 198 
for 3D visualization of a human brain sample. Protocols reported being effective on 199 
tissue sections to eliminate the auto-fluorescence, such as CuSO4

36 and 200 
photobleaching37, only weaken the autofluorescence in large human tissue in our hands. 201 
Some studies have used H2O2

38, which is unsuitable for large tissue because prolonged 202 
immersion time may affect antigenicity. An alternative method utilizing spectral imaging 203 
and linear unmixing was reported for identifying and removing autofluorescence in brain 204 
tissue sections39; this method has the potential to be modified and applied to large 205 
tissues.  206 
 207 
In conclusion, this study presents MOCAT, a method for quickly preserving and 208 
delipidating biological samples for whole-mount immunolabeling and 3D visualization. 209 
Furthermore, this method enables long-term sample preservation at room temperature 210 
without antigenicity loss and multiple rounds of immunolabeling. Therefore, MOCAT 211 
maximizes the use of archived tissues and facilitates future studies in 3D mappings, such 212 
as connectomics. 213 
 214 

Methods 215 
 216 
Experimental animals and human samples 217 
We used 8-week-old CD-1 male mice for MOCAT pipeline development. All animal 218 
procedures and handlings complied with the guideline from the Institutional Animal 219 
Care and Use Committee of Academia Sinica (IACUC protocol No.: 12-05-370), Taiwan. 220 
Experimental mice information for astrocytoma and TBI mouse models is described 221 
below. The postmortem human brain samples were provided by Dr. Hwai-Jong Cheng. 222 
The studies involving human participants were reviewed and approved by the 223 
Institutional Review Board of National Taiwan University Hospital (IRB No.: 224 
202203079RINC), and the participants provided signed informed consent. 225 
 226 

Astrocytoma animal model 227 
All animal procedures and handlings complied with the guideline from the Institutional 228 
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Animal Care and Use Committee of National Tsing Hua University (IACUC protocol No.: 229 
109067), Taiwan. ALTS1C1-GFP cells (1 × 105 cells) were implanted into the brains of 230 
8-week-old C57BL/6 mice following the procedure published40. Briefly, under anesthesia, 231 
1 × 105 ALTS1C1-GFP cells were injected with a 2.5-mm depth at 2 mm laterals to the 232 
midline and 1 mm posterior to the bregma. After injection, bone wax (ETHICON, W810, 233 
Somerville, NJ, USA) was applied to seal the drilled hole. Eighteen days after the tumor 234 
implantation, mice were sacrificed after cardiac perfusion. 235 
 236 

TBI mouse model 237 
All animal procedures and handlings complied with the guideline from the Institutional 238 
Animal Care and Use Committee of National Tsing Hua University (IACUC protocol No.: 239 
110081). We divided 7-week-old C57BL/6 female mice into two groups: (1) untreated 240 
(sham) and (2) treated with alternating magnetic field-responsive NO-release 241 
octahedrons (aNORO@sMN). When applying TBI to mice, we used an electric drill to 242 
create a hole in the skull. The TBI site was on the left motor cortex (M1 & M2). A 243 
2-mm-diameter punch was then used to cause a 1.5-mm-deep injury. For the treated 244 
group, the NO-release octahedrons (aNORO) were embedded in a silk microneedle 245 
(sMN). The microneedle was implanted one day postinjury to avoid excessive swelling in 246 
the injured area. The mice were sacrificed 45 days after the TBI induction. 247 
 248 

MOCAT 249 
The MOCAT workflow is presented in Fig. 1a. The details are provided below. 250 
 251 
Sample preparation. The mice were perfused with 20 mL of cold phosphate-buffered 252 
saline (PBS) and then 20 mL of 4% PFA. The collected brains were further fixed using 4% 253 
PFA at 4°C for 24 hours. The PFA-fixed brains were dehydrated, processed in a tissue 254 
processer (The Tissue-Tek VIP 5 Jr., Sakura Finetek Japan Co., Ltd., Japan), and embedded 255 
in paraffin wax. The FFPE brains were stored at room temperature. 256 
 257 
Deparaffination and rehydration. The FFPE brains were incubated at 65°C to melt 258 
paraffin. Residual paraffin was removed through immersion in xylene for 24 hours. 259 
Xylene was changed at least twice. Dewaxed brains were rehydrated with 100%, 100%, 260 
95%, 85%, 75%, and 55% alcohol diluted with distilled water. The rehydrated brains were 261 
then washed with PBS. 262 
 263 
SHIELD procedure. The dewaxed and rehydrated brains were treated with epoxy 264 
following the published SHIELD protocol22. The brains were incubated in the SHIELD-OFF 265 
solution at 4°C for four days, followed by one more day in the SHIELD-ON solution at 266 
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37°C. All reagents were prepared from SHIELD kits (LifeCanvas Technologies, Seoul, 267 
South Korea) according to the manufacturer’s instructions. 268 
 269 
Antigen retrieval. The SHIELD-processed brains were incubated overnight at 4°C in a 270 
modified citrate buffer (10 mM sodium citrate, 1% Triton X-100, pH 6.0). The brains and 271 
buffer were warmed to room temperature and cooked for 6 min at 121°C in a pressure 272 
cooker (Bio SB, Santa Barbara, CA, USA). The brains and buffer were kept in the pressure 273 
cooker until the temperature dropped below 100°C (for approximately 15 min). Next, 274 
the brains were removed from the cooker and allowed to cool for 10 min at room 275 
temperature. The brains were then washed in PBST (1× PBS with 0.1% Triton X-100) 3 276 
times, with 1 hour per wash.   277 
   278 
Electrophoretic immunolabeling. The procedure was modified from the published 279 
eFLASH protocol11 and conducted in the SmartLabel System (LifeCanvas Technologies, 280 
Seoul, South Korea). The brains were preincubated overnight at room temperature in 281 
sample buffer (240 mM Tris, 160 mM CAPS, 20% w/v D-sorbitol, 0.9% w/v sodium 282 
deoxycholate). Each preincubated brain was placed in a sample cup (provided by the 283 
manufacturer with the SmartLabel System) containing primary and corresponding 284 
secondary antibodies diluted in 8 mL of sample buffer. Antibody information and 285 
optimized quantity are detailed in Supplementary Table 1. The sample cup and 500 mL 286 
of labeling buffer (240 mM Tris, 160 mM CAPS, 20% w/v D-sorbitol, 0.2% w/v sodium 287 
deoxycholate) were loaded into the SmartLabel System. The device was operated at a 288 
constant voltage of 90 V with a current limit of 400 mA. After 18 hours of 289 
electrophoresis, we added 300 mL of booster solution (20% w/v D-sorbitol, 60 mM boric 290 
acid), and electrophoresis was continued for 4 hours. Immunolabeled brains were 291 
washed with PTwH9 (1× PBS with 0.2% w/v Tween-20 and 10 μg/mL heparin) 2 times, 292 
with 3 hours per wash, and then postfixed with 4% PFA at room temperature for 1 day. 293 
The brains were washed with PBST 2 times, with 3 hours per wash, to remove any 294 
residual PFA. 295 
  296 
Refractive index (RI)-matching. Before imaging, the brains were RI-matched by 297 
immersing them in NFC1 and NFC2 solutions (Nebulum, Taipei, Taiwan) for 1 day at room 298 
temperature. 299 
 300 
Volumetric imaging and 3D visualization. The whole mouse brain was imaged using a 301 
light-sheet microscope (SmartSPIM, LifeCanvas Technologies, Seoul, South Korea). For 302 
less-than-3-mm-thick samples, imaging was performed using a multipoint confocal 303 
microscope (Andor Dragonfly 200, Oxford Instruments, UK). 3D visualization was 304 
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performed using Imaris software (Imaris 9.5.0, Bitplane, Belfast, UK).  305 
 306 
Photobleaching. The immunolabeled and imaged brain was placed in a multiwell plate 307 
and immersed in RI-matching solutions to keep it transparent. The plate was sealed with 308 
paraffin. A 100-W projection lamp with an LED array was placed on the plate to quench 309 
the fluorescent signals. A representative photobleaching apparatus constructed using 310 
off-the-shelf components is shown in Supplementary Fig. 8. For a 2-mm-thick sample, 18 311 
hours of photobleaching was sufficient.  312 
 313 

SDS-delipidation 314 
The mice were perfused with 20 mL of cold phosphate-buffered saline (PBS) and then 20 315 
mL of 4% PFA. The brains were collected and further fixed in 4% PFA at 4°C for 24 hours. 316 
The fixed brains were treated with SHIELD procedure described in previous session. The 317 
SHIELD-processed brains were cleared using stochastic electro-transport (SmartClear Pro 318 
II, LifeCanvas Technologies, Seoul, South Korea) with a constant current 1.2 A for 5-7 319 
days. The cleared brains were washed with PBST (1X phosphate-buffered saline 320 
containing 0.1% triton X-100 detergent) at room temperature for at least overnight. 321 
 322 

Raman microscopy 323 
A Yb:KGW laser (Carbide, Light Conversion) emitting 190 fs, 200 kHz, 20 W pulse train at 324 
1030 nm wavelength is used to generate supercontinuum via a double-pass 325 
multiple-plate continuum module41. The resulting spectrum (600-1300 nm) is spectrally 326 
sliced by tunable color filters (3G LVLWP, LVSWP, and LVFBP, Delta) to provide pump (725 327 
nm) and Stokes (914 nm) beams, which can address the Raman shift (2850 cm-1) of lipids. 328 
The two beams are temporally and spatially overlapped, then guided into a commercial 329 
upright microscope (Axio Examiner.Z1, Zeiss) with a scanning unit (LSM7MP, Zeiss) to 330 
achieve raster scanning on the x-y plane. A single 20x water immersion objective 331 
(UMPLFLN 20XW, Olympus) is used to focus the combined laser beams on the mouse 332 
sample. Epi-CARS signal at 601 nm is spectrally separated from the incident radiation 333 
with a bandpass filter (BP 565-610, Zeiss) and detected by a photomultiplier tube. The 334 
mean gray value is calculated via ImageJ. 335 
 336 

Multichannel image registration 337 
For the 6-round immunolabeling of a single whole mouse brain, the data sets of each 338 
round contain one structural channel stained with lectin and one antibody-stained 339 
channel. The image data set of the first staining round was used as a standard brain. The 340 
lectin channel images of each other data set were registered to the lectin channel of the 341 
standard brain through Elastix toolbox23. Transformation parameters obtained from rigid 342 
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and B-spline deformable registration were applied to the antibody-stained channels. 343 
Transformed images were merged and visualized using Imaris software. For the human 344 
specimen, the image data sets of three rounds were registered and resampled using 345 
Amira software (Thermo Fisher Scientific, Waltham, MA, USA). Resampled images were 346 
merged and visualized using Imaris software. 347 
 348 

Quantification and statistics 349 
For volume and surface area quantification, we used the Surface function of Imaris 350 
software to segment the striatum, nigrostriatal fiber tracts, and blood vessels in the 351 
selected regions of interest. For cell number quantification, the area of substantia nigra 352 
(SN) was masked out using Surface, and the cells within SN were detected using the Spot 353 
function of Imaris. For calculating the bifurcations and length of blood vessels, we used 354 
the feature extraction method provided by Vessap42 to detect the centerlines of the 355 
blood vessels and the bifurcation point. First, erosion and dilation were performed to 356 
remove false-negative pixels and avoid false centerline detections. Next, the centerlines 357 
were extracted with a 3D thinning algorithm43, and the bifurcation points were detected 358 
using the surrounding pixels of each point to decide a point that splits into two or more 359 
vessels. All statistical analyses were performed using GraphPad Prism (GraphPad 360 
Software Inc., San Diego, CA, USA).  361 
 362 

Antigen retrieval test 363 
The brains were collected and processed as described in the MOCAT section of Methods. 364 
Four conditions were tested: (1) Heat-induced retrieval in pH 6.0 solution; (2) 365 
Heat-induced retrieval in pH 9.0 solution; (3) SDS at room temperature; (4) No antigen 366 
retrieval. For condition 1, the dewaxed, SHIELD-processed brain was incubated overnight 367 
at 4°C in citrate buffer (10 mM sodium citrate, 1% Triton X-100, pH 6.0). The brains and 368 
buffer were then warmed to room temperature and cooked for 6 min at 121°C in a 369 
pressure cooker (Bio SB, Santa Barbara, CA, USA). For condition 2, a commercial 370 
Tris-EDTA buffer (ab93684, Abcam, Cambridge, UK) was used following the procedure in 371 
condition 1. For condition 3, SDS-based electrophoresis was performed using stochastic 372 
electrotransport (SmartClear Pro II, LifeCanvas Technologies, Seoul, South Korea) with a 373 
constant current of 1.2 A for 2 days. Finally, for condition 4, the dewaxed, 374 
SHIELD-processed brain directly proceeded to the immunolabeling step. 375 
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Fig. 1: MOCAT reveals the 

three-dimensional (3D) biomarker 

expression pattern of a whole FFPE 

mouse brain. a, Images of coherent 

anti-Stokes Raman scattering (CARS) of 

dewaxed FFPE mouse brain without 

antigen retrieval; dewaxed FFPE mouse 

brain with antigen retrieval and freshly 

prepared SDS-delipidated mouse 

brain. The images were taken at Raman 

shift of 2850 cm-1 to address the CH2 

vibration frequency. The mean gray 

values were shown below images. 

b, The MOCAT workflow. 

c, Brain-wide tyrosine hydroxylase (TH) 

expression in FFPE and fresh wild-type 

C57BL/6 mice. The expression patterns 

are shown in temporal code. The major 

dopaminergic regions are identified. SN, 

substantia nigra; VTA, ventral 

tegmental area; LRN, lateral reticular 

nucleus; PRN, pontine reticular 

nucleus. d, Application of MOCAT to a 

15-year-old FFPE block. Top-left: The 

projection image of a 2-mm-thick 

mouse brain slice retrieved from the 

15-year-old FFPE block. e, 

Magnification of the region marked in d. 

The dopaminergic regions are 

identified. PVT, paraventricular nucleus 

of thalamus; PH, posterior 

hypothalamic nucleus; PVp, 

periventricular hypothalamic nucleus. f, 

Magnification of the region marked in 

e. Scale bars are indicated on each 

figure. 
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Fig. 2: MOCAT enables multiple rounds of whole-brain immunostaining. a, A schematic of the 

photobleaching and antigen retrieval steps. b, The image data sets of 6-round immunolabeling. Two X–

Y planes (different z-positions) and one Y–Z plane are shown. c, The merged multichannel image.  
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Fig. 3: MOCAT reveals cell-tumor relationship in an astrocytoma model. a, The projection image of a 

MOCAT-processed mouse brain with xenograft astrocytoma (ALTS1C1 cells, see Methods). 

b, Segmented mouse brain with tumor (white) and surrounding astrocytes. The astrocytes are colored 

in cell-to-tumor distance-code. c, The magnification of the region marked in a, showing the 

morphology of astrocytes. d, The sagittal view of the segmented tumor and color-coded astrocytes. e, 

The magnification of the clipping plane marked in d, showing astrocytes inside (dark blue, purple) and 

outside the tumor. f, Quantification of the detected astrocytes and classification according to their 

distance to tumor surface.  
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Fig. 4: MOCAT demonstrates damage and therapeutic effect of NO-released particles in TBI mouse 

model. a, Fluorescent image of TH immunolabeling. b, Frontal view of segmented striatum (dot line 

circled in a). Magenta: the injury side; cyan: the contralateral side. c, The horizontal views of the 

nigrostriatal fiber tract (marked in a); fluorescent and segmented images are shown (upper and bottom 

in order). Magenta: the injury side; cyan: the contralateral side. d, Detection of dopaminergic cells in 

substantia nigra (SN). Magnification of the marked area in a, including the original TH fluorescent signal 

(yellow) and segmented cell spots (cyan dots), is shown. e, Quantification of striatum volume, 

nigrostriatal volume, and substantia nigra cell number. The relative ipsilateral/contralateral values are 

shown. f, Reconstruction of blood vessels in TBI brains with and without treatments. The regions of 

interested (ROIs) selected for assessment of angiogenesis were indicated in the upper row (magenta 

boxes, right below the injury site). The 3D reconstructions of blood vessels were shown in the bottom 

row. g, Quantification of blood vessel volume, blood vessel surface area, number of blood vessel 

branches, and blood vessel length. Both of the MOCAT- and SHIELD-processed aNORO@sMN-treated 

group (see Methods) shows approximately 60% improvements compared with the sham group.    
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Fig. 5: Application of MOCAT to human 

brain tissue. a, Immunolabeling of glial 

fibrillary acidic protein (GFAP; the astrocyte 

marker). Human brain tissues stored in 

formalin or FFPE blocks are cleared and 

immunolabeled. Stained astrocytes are 

indicated by arrowheads in the bottom 

row. b, Three rounds of immunolabeling 

were performed sequentially on the same 

human brain tissue. For each round, one 

neuronal marker and lectin were used. The 

upper row presents the projection images 

of the whole tissue. The middle row 

presents one optical section of the boxed 

area in the upper row. The bottom row 

shows the magnification of the boxed area 

indicated in the middle row. GFAP: Glial 

fibrillary acidic protein; SMI312: pan-axonal 

marker; MAP2: microtubule-associated 

protein 2, a dendritic marker. c, The 

merged multichannel images. The 

projection image of the whole tissue, and 

the images of merged and single channels 

of one optical section of the selected area 

(white box) are shown. 
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