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Optical clearing methods facilitate deep biological imaging by 
mitigating light scattering in situ. Multi-scale high-resolution 
imaging requires preservation of tissue integrity for accurate 
signal reconstruction. However, existing clearing reagents 
contain chemical components that could compromise tissue 
structure, preventing reproducible anatomical and fluorescence 
signal stability. We developed ScaleS, a sorbitol-based optical 
clearing method that provides stable tissue preservation for 
immunochemical labeling and three-dimensional (3D) signal 
rendering. ScaleS permitted optical reconstructions of aged 
and diseased brain in Alzheimer’s disease models, including 
mapping of 3D networks of amyloid plaques, neurons and 
microglia, and multi-scale tracking of single plaques by 
successive fluorescence and electron microscopy. Human 
clinical samples from Alzheimer’s disease patients analyzed 
via reversible optical re-sectioning illuminated plaque 
pathogenesis in the z axis. Comparative benchmarking of 
contemporary clearing agents showed superior signal and 
structure preservation by ScaleS. These findings suggest that 
ScaleS is a simple and reproducible method for accurate 
visualization of biological tissue. 

Optical clearing techniques combined with genetically encoded fluo-
rescent proteins (FPs) and transgenic (Tg) labeling methods have 
improved the depth-independent visualization of biological samples 
by fluorescence light microscopy (LM)1–11. However, the potential 
applications of clearing methods in large-scale connectomic map-
ping and 3D neural circuit reconstruction remain limited by a lack 
of adequate sample preservation as a result of tissue damage from the 
reagents’ lipid-solubilizing components, specifically the high concen-
trations of ionic detergents and/or organic solvents employed for full 
tissue clarification. To date, there have been few efforts to study the 
critical trade-off between effective clearing and tissue/signal preserva-
tion, whose appropriate balance is essential for the reproducible use 
of clearing methods.

Our first clearing reagent, ScaleA2, used a urea-based formula that 
could render a mouse brain transparent in 2 weeks2 (Supplementary 
Fig. 1a). However, its chief limitations included slow clearance rates, 
tissue fragility and volume enlargement of specimens (Fig. 1a). Since 
then, additional clearing methods based on new aqueous components  

have been reported, including CLARITY3,9, SeeDB5, ClearT (ref. 6),  
CUBIC7,11 and PACT (passive clarity technique)8. These meth-
ods used either electrophoresis or high levels of lipid-extracting  
detergents to achieve clearing under particular conditions, but did 
not examine performance taking into consideration the clearing- 
preservation spectrum for reproducible use. Thus, there are, to the 
best of our knowledge, no published studies that address the issue 
of effective tissue clarification versus tissue damage and signal  
degradation to achieve a reliable method for scalable studies.

There are several additional limitations with the approaches  
taken in current clearing reagent studies. A chief concern is that 
tissue samples that are not genetically modified with FPs must be 
analyzed by chemical and/or immunohistochemical (IHC) labeling.  
Several clearing reagents are compatible with immunostaining,  
but there has been no rigorous assessment to date of quantitative, 
depth-independent fluorescent signals indexing adequate tissue  
stability. Another concern is tissue penetration and fluorescence  
signal attenuation under realistic experimental conditions,  
including the study of neural circuits in adult and aged mice. 
Most published clearing methods have primarily used developing  
mice to show effective clearing, as their brain tissue readily absorbs 
solutions and is therefore easier to clear. Moreover, many clear-
ing reagents employed YFP-H mouse lines with exceptionally 
bright fluorescence and did not evaluate performance under more  
common experimental conditions.

Finally, the ability of clearing reagents to enable accurate 3D  
tissue reconstructions with multiple markers and ultrastructural pres-
ervation for electron microscopy (EM) has not been well addressed 
by current methods. Specifically, quantitative 3D imaging requires 
depth-independent preservation of tissue to enable optical interroga-
tion along the z axis for reversible re-sectioning to identify cell-level  
structures that span multiple fields of view. However, given the  
limitations in understanding the clearing-preservation spectrum,  
current methods have not shown quantitative 3D imaging or addressed 
multi-scale LM/EM in biological samples.

We developed and tested the performance of a new clearing tech-
nology termed ScaleS. The key technical advance of this method is 
the use of a mild tissue-permeant sugar alcohol, sorbitol. Notably, our 
method was able to preserve fluorescence signals at the LM level and 
brain histology at the EM level for multi-scale, serial visualization.  

1Laboratory for Cell Function Dynamics, Brain Science Institute, RIKEN, Wako-city, Saitama, Japan. 2Department of Morphological Brain Science, Graduate School  
of Medicine, Kyoto University, Yoshida-Konoe-Cho, Sakyo-ku, Kyoto, Japan. 3Biotechnological Optics Research Team, Center for Advanced Photonics, RIKEN,  
Wako-city, Saitama, Japan. 4Support Unit for Animal Resources Development, Brain Science Institute, RIKEN, Wako-city, Saitama, Japan. 5Laboratory for Proteolytic 
Neuroscience, Brain Science Institute, RIKEN, Wako-city, Saitama, Japan. Correspondence should be addressed to A.M. (matsushi@brain.riken.jp).

Received 28 April; accepted 13 August; published online 14 September 2015; doi:10.1038/nn.4107

ScaleS: an optical clearing palette for biological imaging
Hiroshi Hama1, Hiroyuki Hioki2, Kana Namiki1, Tetsushi Hoshida3, Hiroshi Kurokawa1, Fumiyoshi Ishidate1, 
Takeshi Kaneko2, Takumi Akagi4, Takashi Saito5, Takaomi Saido5 & Atsushi Miyawaki1,3

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nn.4107
http://www.nature.com/natureneuroscience/


nature neurOSCIenCe	 VOLUME 18 | NUMBER 10 | OCTOBER 2015 1519

t e C h n I C a l  r e p O r t S

ScaleS enabled high-resolution imaging of antibody epitopes for quan-
titative 3D-IHC imaging of amyloid-β (Aβ) plaques in an Alzheimer’s 
disease (AD) mouse model12 and in postmortem AD patient brain. We 
performed serial LM/EM to track single amyloid plaques at diverse 
spatial scales. Together, these findings demonstrate that ScaleS is a 
simple and reproducible technique for the optical clearing of adult and 
aged tissue with accurate preservation to enable diverse applications 
in healthy and diseased tissues.

RESULTS
A new chemical solution for tissue clearing
Starting with the published ScaleA2 formula2, we searched for com-
pounds that, when combined with urea, could improve clearing per-
formance on brain tissue. Among the candidate compound sets, we 
screened a panel of sugars and sugar alcohols and found that sorbitol 
was the most effective at clearing mouse brain. Both urea and sorbitol 
have tissue-clearing properties, but urea causes hydration, resulting 
in tissue expansion, whereas sorbitol causes dehydration, leading to 
tissue shrinkage. Thus, by controlling the concentration ratio of each 
component, we were able to achieve tissue clearing while preserv-
ing the original sample volume, although there was an expansion 
and contraction phase. Glycerol could further counterbalance the  
urea-induced tissue expansion and promote further dehydration; 
sorbitol is hydrophilic, but glycerol is amphipathic and is predicted 
to target lipophilic tissue regions. Because sorbitol was required for 
solution performance, we termed solutions with sorbitol ScaleS. 
We optimized a ScaleS clearing protocol for adult mouse brain with 
sequential incubation of fixed samples in five solutions, ScaleS0–4 
(Supplementary Fig. 1b and Supplementary Table 1). Equilibration in 
ScaleS4 made a brain hemisphere transparent (Fig. 1b) with a volume 
approximately 100% of that of the original (102.1 ± 3.5%, n = 3) after  
transient shrinkage and expansion (Supplementary Fig. 2a). Notably, 
the transparent sample was firm and durable and could easily be 
trimmed without distortion for the preparation of slices (Fig. 1c). 
Furthermore, the outlines and internal structures of cut brain slices 
maintained their original shape (Supplementary Fig. 2b), indicat-
ing that the transient shrinkage/expansion was not damaging at the  
macroscopic level. Notably, transparent samples could be stably stored 
in ScaleS4 for more than 1 year (Supplementary Fig. 2c).

ScaleS clearing and retention of fluorescence signals
We examined the hypothesis that many current clearing methods used 
for rapid and/or extensive tissue clarification contain chemical com-
ponents that result in damage at the subcellular level, leading to a loss 
of fine structure and fluorescence signal. For example, CUBIC is a 
clearing method for whole-brain and whole-body imaging by advanced 
microscopy, such as selective plane illumination microscopy (SPIM). 
However, CUBIC samples are incubated in a strong lipid detergent, 
Triton X-100 (15%, Reagent-1), for 7 d7,11. PACT, a new clearing 
method derived from CLARITY, uses 8% SDS to clear rodent whole 
organs and 1–3-mm-thick tissue slices8. Given the high detergent con-
tent, we were concerned that these methods might interfere with fluo-
rescence signal and structure preservation. In contrast, we restricted 
the Triton X-100 level in ScaleS to ≤0.2% (Supplementary Table 1).

To examine the preserving and clearing capabilities of ScaleS, 
we fixed the brain of a 19-week-old YFP-H mouse13 that had been 
divided into two hemispheres, with the left side cleared with ScaleS 
and the right with control phosphate-buffered saline (PBS)(−). The 
hemispheres were comparatively imaged for light transmission and 
YFP fluorescence and 1-mm-thick slices were then directly excised 
from each hemisphere and imaged (Fig. 1d). The ScaleS-treated 
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Figure 1 ScaleS optical clearing enables signal and structure 
preservation. (a) Mouse (10 weeks old) hemispheres after treatment with 
ScaleA2 (left) and PBS(−) (right). (b) Mouse (10 weeks old) hemispheres 
after treatment with ScaleS (left) and PBS(−) (right). At least three 
different samples were examined for each condition in a and b.  
(c) Cutting capability of a ScaleS-treated brain from a 10-week-old 
mouse. The transparent hemisphere was cut with two razors to make 
a 2-mm-thick slice, which stood upright on a glass plate. The same 
results were achieved with six other hemispheres. (d,e) Clarification 
(T, transmission) and preservation of YFP fluorescence (FL) between 
ScaleS-treated (left) and PBS(−)-treated (right) hemispheres (center) and 
1-mm-thick slices (periphery) from a 19-week-old YFP-H mouse (d) and 
a 15-week-old ChR2-YFP mouse (e). Slices containing the hippocampus 
were directly excised from the hemispheres. A, anterior; P, posterior. 
(f) 3D reconstruction of YFP-expressing neurons in a ScaleS-treated 
hemisphere of a 14-week-old YFP-H mouse. Images were taken using 
two-photon microscopy. The experiment was performed in triplicate using 
different YFP-H mouse brains. Top, a maximum intensity projection (MIP) 
image. Bottom, six xy images at different z positions. WM, white matter; 
GCL, granule cell layer; Hil, hilus; LHb, lateral habenular nucleus; MDC, 
mediodorsal thalamic nucleus (central part); IV, layer IV; V, layer V;  
VI, layer VI; 3rdV, third ventricle. Gray arrows indicate slicing in c–e.  
Scale bars represent 2.5 mm (a–e) and 0.1 mm (f, bottom).
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hemisphere and slices became transparent and showed stronger YFP 
fluorescence than controls as a result of ScaleS-driven transparency.  
A similar result was obtained with a more commonly used fluorophore 
using hemispheres and brain slices prepared from Channelrhodopsin2 
(ChR2-YFP) mice14 (Fig. 1e). To confirm the specificity of YFP fluores-
cence signals, we visualized YFP-expressing neurons deep in the ScaleS-
treated YFP-H hemisphere by two-photon microscopy (Fig. 1f).

We compared the performance of ScaleS and several clearing rea-
gents by measuring the transmitted light and fluorescence signals 
from cleared and PBS(−)-treated hemispheres in multiple brain sam-
ples from YFP-H and ChR2-YFP mice after clearance by CUBIC, 
3DISCO, SeeDB and ScaleS (Fig. 2a,b and Supplementary Fig. 3a). 
CUBIC-treated samples became transparent, but had reduced YFP 
fluorescence compared with ScaleS-treated samples. The organic 
chemical–based method 3DISCO exhibited the greatest clearing 
capability, but YFP signals were considerably quenched. SeeDB pre-
served YFP fluorescence, but showed only modest clearing capabil-
ity. Although SeeDB has been mostly applied to very young mice5, 
our comparative analysis revealed that SeeDB did not clear mouse 
embryos and neonatal mouse brains as well as ScaleS (Supplementary 
Fig. 4). In addition, we compared ScaleS with PACT (Fig. 2c,d and 
Supplementary Fig. 3b) using 2-mm-thick brain slices, as tissue slices 
(1–3 mm thick) were used to validate the PACT performance8. After 
equilibration in the PACT clearing and mounting solutions, samples 
became transparent, but lost approximately half of the fluorescence of 
ScaleS-treated samples. In contrast with other reagents, fluorescence 
was stably preserved in ScaleS-treated samples. Based on these find-
ings, we conclude that, of the clearing methods that we examined, 
only ScaleS was able to improve fluorescence detection from thick 
samples of brain tissue.

We previously demonstrated the reversibility of ScaleA2 treat-
ment to enable retrospective two-dimensional (2D) IHC2. Here 
we compared this tissue transformation for ScaleS and CUBIC 
(Supplementary Fig. 5). Considering the antigen retrieval effect of 
urea, a fair comparison is possible between ScaleS and CUBIC, as 
both contain 4 M urea. In sections of both ScaleS- and CUBIC-treated 

samples, structural cytoskeletal proteins, such as MAP2 and GFAP, 
were properly immunolocalized. However, although ScaleS treatment  
accurately preserved immunostaining patterns of presynaptic and 
postsynaptic proteins, CUBIC treatment diminished the intensity 
and/or specificity of immunostaining of several synaptic proteins.

ScaleS tissue preservation at organelle resolution
We used EM to examine synaptic ultrastructure in ScaleS- 
treated samples (Supplementary Fig. 6a). After fixation with  
4% paraformaldehyde (PFA), we cleared a brain hemisphere by  
ScaleS and restored it to its original state by washing with PBS(−)  
(deScaled)2, and a 1-mm cube was excised from the deScaled  
sample and used to prepare ultrathin tissue sections for transmis-
sion EM (TEM). We obtained a relatively wide multicellular field 
of view containing adjacent somata of two layer II/III pyramidal 
neurons. Membrane integrity and ultrastructure were substantially 
preserved even without the addition of glutaraldehyde, and subcel-
lular organelles in the neurons could be observed nearly continuously. 
We were able to identify a symmetric type (presumed inhibitory) of 
synapse in the axon initial segment as well as asymmetric (presumed 
excitatory) synapses in the neuropil region. To control for membrane 
integrity by standard TEM in uncleared samples, we confirmed that 
there was comparable structural subcellular integrity in sections from 
cleared and uncleared specimens (Supplementary Fig. 6b).

To compare the performance of ScaleS and published clearing rea-
gents, we conducted EM analyses of synaptic structural integrity using 
restored samples (Fig. 3 and Supplementary Table 2). In ScaleS- and 
PBS(−)-treated samples, we defined synapses by the presence of intact 
postsynaptic densities (PSDs) with their characteristic electron-dense, 
thickened appearance. ScaleS-treated samples had nearly complete, 
contiguous membrane integrity in and near excitatory synapses, out-
lining pre- and postsynaptic structures. CUBIC-, PACT- and 3DISCO-
treated samples also contained distinct PSDs indicating the presence 
of synapses, but, in contrast, we were not able to observe the entire 
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Figure 2 Comparison of optical transparency and fluorescence 
preservation. (a,b) Evaluation of ScaleS, CUBIC, 3DISCO and SeeDB 
using brain hemispheres from YFP-expressing Tg mice (YFP-H and  
ChR2-YFP). Comparisons were made using four YFP-H mice (#1–4)  
for each method, plus five and two ChR2-YFP mice for ScaleS (#5–9)  
and CUBIC (#5, 6), respectively. (a) Representative images (#1)  
comparing the clarification and preservation of YFP fluorescence between 
cleared (left) and PBS(−)-treated (right) hemispheres. The age in weeks (W)  
and gender of the sample is shown in parentheses. (b) Top, optical 
transmittance (%T) at 655 nm was quantified for each hemisphere and 
collective data are shown on a bar graph (mean ± s.d.). The number  
of hemispheres analyzed is shown in parentheses. The %T value for  
PBS(−)-treated hemispheres is shown as the mean ± s.d. (n = 23). 
Bottom, the fluorescence collected from a cleared hemisphere (total  
fluorescence) was normalized to that from the respective reference  
hemisphere (PBS(−)) and collective data are shown on a bar graph  
(mean ± s.d.). Statistical significance (**P < 0.01) was examined by  
Bonferroni’s multiple comparison test. (c,d) Evaluation of ScaleS and  
PACT using 2-mm-thick brain slices from YFP-H mice. Image acquisition 
and quantitative measurement were performed as described in a and b. 
Comparisons were made using six and seven YFP-H mice for ScaleS  
(#1–6) and PACT (#1–7), respectively. Representative images (#1) are 
shown in c. (d) The number of analyzed slices is shown in parentheses on  
the bar graph. The %T value for PBS(−)-treated slices is shown as the 
mean ± s.d. (n = 13). Statistical significance (**P < 0.01, *P < 0.05) 
was examined by Welch’s unpaired t test. All the images other than #1 are 
shown in Supplementary Figure 3. Scale bars represent 5 mm.
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contiguous synaptic membrane structure as a 
result of the severe degradation of membrane 
integrity and ultrastructure caused by these methods. These find-
ings indicate that ScaleS preservation of membrane structure is better  
than other methods. Given the substantial damage that we observed 
in the first 3DISCO, CUBIC and PACT samples that we processed, 
we did not repeat these experiments extensively (Supplementary  
Table 2). Thus, although ScaleS appeared to be superior to these 
other clearing agents for EM, additional experiments will be needed 
to confirm our initial observations and explore other tissue process-
ing conditions before it can be concluded whether these agents are 
compatible with this type of microscopy.

Multiscale imaging of Ab plaques by ChemScale and AbScale
In most experimental systems, including clinical samples and disease 
model tissue, transgenic FP lines may not be available for in vivo  
fluorescent imaging analysis, necessitating a system for high- 
resolution protein detection via immunolabeling. To address this 
issue, we devised AbScale (Supplementary Fig. 1c), a clearing method 
for quantitative 3D-IHC of brain tissue up to several millimeters thick. 
Notably, deScaled samples in which high concentrations of urea were 
dialyzed out could be effectively immunostained followed by fixation 
and clearing. We applied AbScale to aged brains from an AD mouse 
model with high construct and face validity12. We observed the spatial 
distribution of Aβ plaques using Alexa488-6E10, a fluorescent mouse 
monoclonal antibody (mAb) that reacts with amino acids 1–16 of 
Aβ15. Given that 6E10 also reacts with Aβ precursors, such as APP 
and CTF-β, it is possible that the Alexa488-6E10 signals might be 
intracellular16. To resolve this issue, we imaged brains from a mouse 

model (AppNL-F)12 that overproduces Aβ42. To examine Alexa488-
6E10 signals relative to neuronal nuclei, we co-stained samples with 
a mouse mAb to NeuN (A60) conjugated to Cy5 (Cy5-A60).

To examine whether AbScale was quantitative and reproducible, we 
fixed a hemisphere (6 × 4 × 4 mm) from a 20-month-old AppNL-F/NL-F  
mouse and incubated it with Alexa488-6E10 and Cy5-A60 (pre-cut 
staining). After ScaleS treatment, the hemisphere was cut in the  
coronal plane into 50-µm-thick sections (Fig. 4a) and a section 
containing the hippocampus was incubated with rabbit Ab to 
NeuN followed by goat Ab to rabbit IgG conjugated to Cy3 (post-
cut staining). We then acquired images for Cy3 (Fig. 4b), Cy5  
(Fig. 4c) and Alexa488 (Fig. 4d) fluorescence with a stereomicroscope 
(Supplementary Fig. 7a) or a confocal microscope (Supplementary 
Fig. 7b). To evaluate the diffusion properties of Cy5-A60 through-
out the entire brain hemisphere, we compared Cy3-αNeuN (post-cut 
staining) and Cy5-A60 (pre-cut staining) images. Cy5 signals were 
uniformly strong irrespective of depth from the surface and accu-
rately matched Cy3 signals (Fig. 4e and Supplementary Fig. 7b). 
These results demonstrate the efficient and uniform penetration of 
Cy5-A60 into the deScaled hemisphere. Next, the Cy5-A60 image was 
compared with the pre-cut stained image of Alexa488-6E10 (Fig. 4f). 
Alexa488-labeled Aβ plaques were visualized in regions deficient in 
Cy5-labeled neuronal nuclei (Fig. 4g,h), suggesting that Aβ plaques 
reside in the extracellular, but not intracellular, spaces. The uniform 
penetration of Alexa488-6E10 into AbScale-treated brain tissue  
enabled the quantitative labeling of essentially all resident Aβ plaques 
inside ~4-mm-sized aged brain samples.
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Figure 3 Comparison of ultrastructure  
by transmission electron microscopy.  
(a–x) Representative images of synapses in 
ScaleS (a–f), CUBIC (g–l), PACT (m–o), 3DISCO 
(p–r) and PBS(−) (s–x) samples. Magnifications 
of the boxed regions in a, g, m, p and s are 
shown in b, h, n, q and t, respectively. Solid 
arrowheads indicate thickened postsynaptic 
densities (PSDs), which are the characteristic 
of excitatory synapses. Den, dendrite; AT, 
axon terminal. Identified presynaptic and 
postsynaptic regions are colored with magenta 
and green, respectively. Membrane integrity 
was substantially preserved only in ScaleS- and 
PBS(−)-treated samples. However, CUBIC and 
3DISCO rendered the samples porous. PACT 
gave black precipitates that were likely a result 
of hydrogel fixation. Scale bars represent 400 nm.  
(y) Statistical data showing the percentage 
of synapses with identifiable presynaptic and 
postsynaptic structures. Bar graphs showing 
presynaptic (left) and postsynaptic (right) 
fabric. All structures with clear PSDs were 
regarded as synapses. Percentage data were 
collected from six regions (four slices from 
three mice) (ScaleS), eight regions (four slices 
from three mice) (PBS(−)), six regions (three 
slices from one mouse) (CUBIC), two regions 
(one slice from one mouse) (3DISCO) and two 
regions (one slice from one mouse) (PACT). 
See Supplementary Table 2. Data are shown 
as mean ± s.e.m. Statistical analysis by Mann-
Whitney’s U-test showed no difference between 
ScaleS and PBS(−) (P = 0.105 and 0.060  
for presynaptic and postsynaptic fabric).  
n.s., not significant.
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We also developed a procedure for labeling Scale-treated  
tissues with fluorescent chemical compounds, based on an earlier  
method for counterstaining ScaleA2-treated brain tissue with 
4′,6-diamidino-2-phenylindole (DAPI)2. The method, ChemScale 
(Supplementary Fig. 1d), can be generically applied to thick samples 
to observe the locations of chemical receptors. We confirmed that 
neither the AbScale nor ChemScale procedure caused tissue expan-
sion or shrinkage (Supplementary Fig. 8).

The ideal application of ScaleS is multi-color imaging of local neu-
ral elements at high resolution without damage. According to our 
comparative results, ScaleS may be superior to other reagents as a 
result of its relatively accurate preservation of signals and ultrastruc-
ture. We combined ChemScale and AbScale for multi-color visu-
alization of Aβ plaques, using Alexa488-6E10 and PP-BTA-1, a 
benzothiazole derivative that shows strong affinity for Aβ aggregates17 
(Supplementary Fig. 7c). This combinatorial approach was applied 
to the hemisphere of an 18-month-old AppNL-F/NL-F mouse to obtain 
a wide-field quantitative view of fluorescently labeled plaque distri-
bution patterns throughout the sample (Fig. 5a). Notably, PP-BTA-1 
highlighted amyloid deposition in the cerebral vasculature (cerebral 
amyloid angiopathy)18 more strongly than Alexa488-6E10. We also 
resolved individual Aβ plaques to obtain a detailed 3D reconstruc-
tion of a representative fluorescent deposit, revealing a round and 
hollow morphology (Fig. 5a). Compared with the 6E10 epitope, the 
fluorescence signal for PP-BTA-1 was seen in the core of Aβ plaques 
that were too dense to be immunostained. For comparison, the hemi-
sphere of a younger 9-month-old AppNL-F/NL-F mouse was stained and 
imaged in the same manner, revealing sparse labeling indicative of an 
absence of Aβ (Fig. 5b). These results indicate that the staining and 
imaging depth achieved using ChemScale and AbScale were sufficient 
for the quantitative 3D visualization of Aβ plaque patterning in entire 
brain hemispheres. We also analyzed brain hemispheres from 14- and  
24-month-old AppNL-F/NL-F mice to allow calculation of the volume 
fraction of all immunostained plaques in the entire hemisphere  
(Fig. 5c). The whole brain temporal profile across months showed the 
same age-dependence as observed using brain sections12.

The utility of ChemScale was expanded over the previous version 
in two ways. First, we transcardially perfused the vasculature of a  
20-month-old AppNL-F/NL-F mouse with Texas Red–labeled lectin2. 
After fixation, the left hemisphere was AbScaled with Alexa488-6E10  

and dual-color imaged with SPIM (Supplementary Fig. 7d). 3D 
reconstruction of a quadratic prism in the cerebral cortex revealed 
that virtually all of the single Aβ plaques were either in direct  
contact with or were located near resident blood vessels (Fig. 5d and 
Supplementary Video 1). Second, in combination with ScaleS clari-
fication, we performed neural tract tracing in the mouse hippocam-
pus using DiI19,20, the highly lipophilic fluorescent dye. In contrast, 
treatment with the published clearing reagents CUBIC, 3DISCO 
or PACT resulted in a marked loss of DiI labeling (Supplementary  
Fig. 9a), confirming the aggressive lipid extraction of these methods 
that can impair reliable signal preservation.

Understanding the mechanism of amyloid pathology and neuroin-
flammation in AD will require a detailed characterization of the syn-
aptic ultrastructure in and around Aβ plaques. We subjected cleared 
and restored hemispheres from 24-month-old AppNL-F/NL-F mouse 
brains to immunoelectron microscopy using diaminobenzidine 
(DAB) labeling and characterized the synaptic ultrastructure associ-
ated with Aβ plaques (Fig. 5e). We observed considerable neuritis in 
DAB-labeled plaques (Fig. 5f), whereas intact excitatory synapses 
were reproducibly detected in regions adjacent to plaques (Fig. 5g,h 
and Supplementary Fig. 10). These clearing-enabled results support 
observations in this mouse model12 that immunoreactivity for the 
synaptic markers synaptophysin and PSD95 are lost in Aβ plaques, 
but preserved in surrounding areas.

2D imaging performance is sensitive to plaque density. Low-
density plaque distributions make it difficult to obtain plaque-
containing ultrathin sections, whereas a high density of plaques 
complicates the assessment of plaque-synapse geometries.  
To solve these issues, we developed a method of targeting individ-
ual plaques in thick brain samples by LM and subjecting them to  
subsequent EM. Using a 14-month-old AppNL-F/NL-F mouse brain, we 
were able to identify and track a single plaque via successive LM/EM 
observation (Fig. 5i–n). First, a single Alexa488-6E10–positive plaque 
was identified in a 2-mm-thick cleared slice. The slice was cut into 
50-µm-thick sections after deScaling and re-fixation, and the section 
containing the targeted plaque was treated with a secondary antibody 
for visualization with DAB. Finally, the DAB signal-containing regions 
were cut into 70-nm-thick ultrathin sections for EM observation of 
the targeted plaque. This method is, to the best of our knowledge, the 
first known demonstration of multi-scale imaging of single cellular  
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h

Figure 4 AbScale labeling of an aged APP mouse hemisphere. Images 
were collected from a 20-month-old APP knock-in mouse (AppNL-F/NL-F). 
(a) Schematic diagrams illustrating triple-color immunohistochemistry for 
pre-cut staining of the left hemisphere with mAb to Aβ (Alexa488-6E10, 
cyan) and mAb to NeuN (Cy5-A60, magenta) and for post-cut staining 
of an excised section with polyclonal Ab (pAb) to NeuN (Cy3-αNeuN, 
yellow). The maximum size of the hemisphere was 6 mm long, 4 mm wide 
and 4 mm high. For clarity, the hippocampal cell layers are highlighted; 
they are colored initially in magenta and then in red (both yellow and 
magenta). (b–d) Fluorescence images of the section post-cut stained with 
Cy3-αNeuN (yellow) (b), pre-cut stained with Cy5-A60 (magenta) (c) and 
pre-cut stained with Alexa488-6E10 (cyan) (d). Cy5-A60 bound to the  
C terminus of NeuN, whereas Cy3-αNeuN bound to the entire protein; 
no competition occurred between the antibodies. The signal intensities 
for individual neuronal nuclei were nearly constant inside the section (c), 
indicating efficient depth penetration of Cy5-A60 in the hemisphere.  
(e) Merged image of b and c. (f) Merged image of c and d. Alexa488-
labeled Aβ plaques were found mostly in the cortex and to a lesser extent 
in the hippocampus and thalamus. A similar pattern of Aβ distribution  
was observed by 2D-IHC in coronal sections from a 20-month-old  
AppNL-F/NL-F mouse12. (g,h) High-magnifications of the image shown in f.  
scx, somatosensory cortex. All scale bars represent 1 mm. The same 
results were obtained from another AppNL-F/NL-F mouse (20 months old).
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elements enabled by clearing technology and provides a useful per-
spective on fluorescence imaging for 3D tissue reconstructions. 
Together, these results support ScaleS’s unique capability given its 
effective balance of clarification and accurate tissue preservation 
properties for sequential high-resolution LM/EM in situ.

3D dissection of z axis signals for local spatial analysis
The optical detection of early, presymptomatic disease processes 
undoubtedly requires fine-scale imaging along the z axis to detect 
faint signals of nascent disease pathology. Many of these z axis  

signals would be invisible by traditional 2D-IHC. For example,  
previous studies have shown that activated microglial cells in the  
brain inflammation system are positioned near Aβ plaques in AD 
patients and disease model animal brains21–23. However, given the 
inherent limitations of current optical techniques, including 2D 
and 3D reconstruction methods, these findings are neither spatially  
accurate nor quantitative. Moreover, the role of microglia in positive 
and negative modulation of plaque formation remains controversial.  
To explore how ScaleS clearing can resolve these optical disease 
pathology issues in a manner that traditional 2D-IHC methods  

Den

Den

AT

AT
Neuritis

e f g

h

f

g

h

DAB-6E10
24 M (AppNL-F/NL-F) 

Age (months)

10

8

6

4

2

0
24222018161412108

P
la

qu
e 

vo
lu

m
e 

(%
)

a

b

A P

VR

A P

VR

VR

Imaging a single plaque from LM to EM
 14 M (AppNL-F/NL-F) Alexa488-6E10 DAB-6E10

k
TEM

m n

Embedding

Secondary
Ab

ABC
DAB

Bright-fieldi

jAlexa488-6E10

50 µm thick 70 nm thick2 mm thick

Sectioning

Restoration
Re-fixation

l
m

Cleared Restored

20 M (AppNL-F/NL-F)

9 M (AppNL-F/NL-F)

18 M (AppNL-F/NL-F)

Alexa488-6E10 PP-BTA-1 Alexa488-6E10 Texas Red-lectin

a d

b

c

Figure 5 3D imaging of Aβ plaques and  
successive LM/EM. (a–c) 3D visualization of  
Aβ plaques in entire hemispheres of aged  
AppNL-F/NL-F mice, stained with PP-BTA-1 (red) 
and Alexa488-6E10 (green). (a) 18 months  
of age. Inset, a high-magnification volume 
rendering of a representative plaque.  
(b) 9 months of age. Cleared hemispheres  
were viewed from their lateral surfaces, and  
volume-rendered (VR) images aimed toward  
the mid-plane are presented. Observation from 
different angles revealed that immunolabeled 
plaques were mostly located in the cerebral  
cortex. A, anterior; P, posterior. 1,076 and  
9 plaques were identified inside whole  
hemispheres at 18 and 9 months of age,  
respectively. (c) The volume fractions of the 
6E10-positive plaques were automatically  
counted and plotted at 9 (b), 14, 18 (a) and  
24 months. (d) 3D visualization of Aβ plaques 
(Alexa488-6E10, green) and blood vessels  
(Texas Red lectin, red) in a region of cerebral  
cortex from a 20-month-old AppNL-F/NL-F mouse. 
Backward and forward perspective images are 
animated (Supplementary Video 1). A similar  
movie was created using another 20-month-old  
AppNL-F/NL-F mouse. Scale bars in the perspective  
VR images (yellow) show the distance in the 
foreground plane: 50 µm (a,b,d) and 10 µm  
(a, inset). (e–h) Immunoelectron microscopy.  
A hemisphere from a 24-month-old AppNL-F/NL-F  
mouse was fixed with 4% PFA and cleared  
by ScaleS. After restoration, Aβ plaques were 
labeled with mAb 6E10 and the secondary Ab. 
Immunostaining was visualized by DAB. (e) A  
micrograph containing a DAB-positive structure 
in the extracellular space. (f) A magnified  
micrograph corresponding to the box shown in e, 
illustrating neuritic regions inside the structure. 
(g,h) Excitatory synapses in the two regions  
(boxes in e) of the neuropil. Solid arrowheads,  
thickened postsynaptic densities. Den, dendrite; 
AT, axon terminal. Similar TEM images were  
obtained from nine other regions of the same  
mouse brain (Supplementary Fig. 10). Scale  
bars represent 5 µm (e) and 500 nm (f–h).  
(i–n) Successive LM/EM observation to zoom  
in on a plaque. We successfully tracked more 
than three single plaques from hemispheres  
of two different animals. (i–k) An isolated  
fluorescently labeled plaque was targeted  
in a 2-mm-thick cleared slice prepared from  
a hemisphere AbScaled with Alexa488-6E10. 
(l,m) After restoration by PBS(−) washing and  
re-fixation with 4% PFA, 50-mm-thick sections  
were made, among which the section containing the targeted plaque was subjected to immunoreaction for visualization with DAB. (n) Finally, the 
targeted plaque was observed in 70-nm-thick ultrathin sections by TEM. Scale bars represent 1 mm (j,k), 50 µm (l,m) and 2 nm (n).
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cannot, we performed experiments to quantitate spatial positions of 
amyloid markers in their 3D cellular microenvironment with neurons 
and microglia.

To acquire 3D images of microglial activation during amyloido-
sis, we used dual-color AbScale on a 2-mm-thick coronal brain slice 
prepared from a 20-month-old AppNL-F/NL-F mouse (Fig. 6a and 
Supplementary Fig. 7e). A cuboid region containing the primary 
somatosensory cortex and hippocampal CA1 area was imaged inside 
the 2-mm-thick slice with SPIM. 6E10-positive plaques and Iba1-
positive microglia were visualized. 3D plaque reconstructions were 
extended inside the cuboid and we created two volume renderings 
(xy and xz planes; Fig. 6b,c). The latter view revealed fluorescence 
distribution along the z axis, reflecting the penetration efficiency of 

the antibodies. There was no signal attenuation in the deepest regions 
analyzed, indicating that the antibodies penetrated uniformly into the 
tissue from both surfaces. We selected a cortical region containing  
39 Aβ plaques (Fig. 6d) and found 137 microglia localized near the 
plaques (<60 µm). After image segmentation, we determined the 
size and shape of individual plaques and the relative 3D locations 
(barycenters) of plaques and microglia. We then used an algorithm 
to automatically quantitate the distance of each microglial center to 
the nearest plaque edge in 3D space (Fig. 6e).

Resting and activated microglia have ramified and amoeboid 
shapes, respectively24, a classification that allowed us to perform a 
ScaleS clearing–based characterization of microglial activation mor-
phology with respect to plaque locations in 3D space. We assessed 
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Figure 6 3D visualization of Aβ plaques and 
microglia by multicolor AbScale. (a–h) 3D 
imaging in AD mouse model brain by 3D-IHC 
with Alexa488-6E10 (green) and Alexa546-Iba1  
(red). (a) Schematic diagrams illustrating 
how Aβ plaques (green spots) and microglia 
(red dots) inside a 2-mm-thick slice were 
immunostained and imaged using SPIM  
(cyan, illumination; orange, detection).  
The imaged region is boxed. (b–h) A 20- 
month-old AppNL-F/NL-F mouse. (b,c) Two 
volume-rendered (VR) images (xy plane, b; xz 
plane, c) generated from the observed cuboid. 
(d) A high-magnification VR image of 39 Aβ  
plaques and microglia. The xyz coordinates are 
defined with respect to the objective in a–d. 
(e) Plaque-centered distance measurement in 
3D space. Automatic calculation of distances 
(yellow arrows) from the plaque edge to  
individual microglial centers. (f–h) Two Aβ 
plaques differentially associated with microglia. 
The plaque edge-microglial center distances for 
the two plaques are summarized in histograms. 
The numbers of activated (pink) and resting 
(violet) microglial cells are plotted. (i–r)  
3D imaging in AD patient brain by 3D-IHC  
with Alexa488-6E10 (green), Alexa546-Iba1 
(red) and Cy5-A60 (blue). (i–k) #1617: an 
84-year-old woman. (i) A VR image (xz plane) 
generated from the imaged region (see r).  
(j) A high-magnification VR image (xy-plane) 
highlighting two isolated plaques (§ and † in i). 
(k) A high-magnification VR image (xy plane) 
highlighting a microglia-associated plaque  
(‡ in i). (l–q) #1523: an 82-year-old man.  
(l) A VR image (xz plane) generated from  
the observed region (see r). (m) Schematic 
diagrams illustrating how 3D reconstructions 
were systematically re-sliced to create various 
Zst images of different thicknesses. Large 
dispersed objects called diffuse plaques  
can be seen against the abundant bright  
objects (intracellular 6E10 signals) by z 
stacking several xy images. (n) A Zst image 
composed of 28–33 xy images showing  
the presence of a diffuse plaque spatially 
associated with microglial clustering.  
(o) A Zst image composed of 53–63 xy  
images showing a diffuse plaque tightly 
associated with microglia. (p,q) The diffuse 
plaques shown in n and o were highlighted  
by VR, respectively. (r) VR images of  
Aβ plaques (green) and neuronal nuclei (blue) in nine AD patient brain samples. Scale bars in Zst images (n,o) represent 100 µm. All scale bars in the 
perspective VR images (yellow) show the distance in the foreground plane: 50 µm.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature neurOSCIenCe	 VOLUME 18 | NUMBER 10 | OCTOBER 2015 1525

t e C h n I C a l  r e p O r t S

the morphological activation or resting state of each microglial 
cell together with their proximity to plaques to estimate the sever-
ity of plaque neuritis. We observed two neighboring plaques with  
similar sizes (Fig. 6f), but different spatial associations with microglia  
(Fig. 6g). One plaque was closely surrounded by nine activated  
microglia and was assumed to be in an acute neuritic state  
(Fig. 6h). In contrast, the other plaque was not closely associated  
with microglia, and even the closest were in the resting state (Fig. 6h).  
We operationally defined this plaque without activated microglia 
in the vicinity (≤21 µm) to be ‘isolated’. The histograms of these  
two plaques revealed the distribution of distances from activated and 
resting microglia to the plaque edge (Fig. 6h). We further analyzed 
additional 37 plaques and 137 neighboring microglia (Supplementary 
Fig. 11a), and 26 of 39 plaques (68%) could be classified as iso-
lated according to our criteria. We also performed these analyses  
using brain cuboids prepared from a younger 10-month-old  
AppNL-F/NL-F mouse (Supplementary Fig. 11b), and classified only  
2 of 27 plaques (7.4%) as isolated. Fewer Aβ plaques were observed 
at 10 months, but a larger fraction showed microglial association  
than at 20 months. Likewise, the proportion of isolated plaques 
at 12 and 14 months was 18.8% (3 of 16) and 48.8% (15 of 31) 
(Supplementary Fig. 11c,d). Our results suggest that more plaques 
accumulate at later stages of AD and that microglial association and 
concurrent active inflammation occur chiefly at earlier stages of 
plaque development (Supplementary Fig. 11e).

3D pathology based on cleared human clinical samples
The reproducible tissue preservation enabled by ScaleS makes it suit-
able for analysis of human patient brain samples by quantitative 3D 
optical pathology. Using dual-color AbScale clearing, we visualized 
microglia-plaque spatial associations in postmortem brain tissues 
from elderly AD patients (Fig. 6i–r). We resolved extracellular Aβ 
plaques from intracellular Alexa488-6E10 signals by using Cy5-A60 
to identify neuronal nuclei (Supplementary Fig. 7f). 3D reconstruc-
tions were used to classify brain tissue from AD patients into two 
groups in terms of the presence of dense cored plaques. In one sample 
(#1617) from the cored plaque(+) group, 11 cored plaques were clearly 
observed, but clustering of Iba1-positive microglia was not seen  
(Fig. 6i). Further examination of the volume rendering (VR) revealed 
that cored plaques were generally distant from microglia (Fig. 6j), and 
very few had microglial association (Fig. 6k).

In contrast, in the 3D rendering of a sample (#1523) of the cored 
plaque(−) group, we observed no clear cored plaques, and instead 
found substantial microglial clustering (Fig. 6l). Analysis of a large 
number of serial xy images revealed that microglia clusters were 
closely associated with the so-called ‘diffuse’ plaques that have been 
described as ‘vague’ compared with the surrounding intracellular  
Aβ accumulation25–27, but could not be accurately identified in  
volumetric ray casting image data.

To optically investigate the spider-like diffuse plaque structures that 
often spanned several consecutive xy images, we used a custom-made 
program to construct a full set of z stacked (Zst) images, with each con-
taining a set of 2–12 xy images (Fig. 6m). After this reconstruction, dif-
fuse plaques could be observed in some of the Zst images (Fig. 6n,o) and 
the extracted cuboid regions were volume-rendered to examine whether 
diffuse plaques were associated with microglia (Fig. 6p,q). Inside the tis-
sue block sample (#1523), 74 diffuse plaques were identified, of which the 
majority (53) were observed in close association with microglia. Microglial 
association of diffuse plaques was frequently observed in other AD patient 
brain samples (Supplementary Table 3), revealing a previously unknown, 
but prevalent, target of inflammation in AD pathogenesis.

Together, our findings indicate that optical slicing after ScaleS 
clearing of clinical tissue samples was effective for improving the 
spatial detection threshold caused by segmentation of dispersed or 
obscure objects with intrinsic low-photon yield. Optical slicing does 
not involve mechanical sectioning, allowing accurate identification 
of structures of different sizes, shapes or extended 3D distributions, 
such as diffuse plaques that we isolated in patient tissue in 3D space. 
We performed a quantitative analysis on three cored plaque-positive  
tissue samples, including #1617, and six cored plaque-negative  
samples, including #1523 (Supplementary Table 3). Diffuse plaques 
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Figure 7 ScaleSQ: rapid clearing for brain slices for time-sensitive  
applications. (a–f) ScaleSQ(0). (a–c) Transmission images of a 1-mm-thick  
brain slice prepared from an 8-week-old YFP-H mouse after 0- (a), 1- (b)  
and 2-h (c) incubations in ScaleSQ(0) at 37 °C. (d) Fluorescence image of  
the ScaleSQ(0)-treated slice. (e) 3D rendering of YFP-expressing neurons  
in the cortical region (indicated by a white box in d). 723 SPIM xy images  
were acquired to make the 3D reconstruction (delineated by white lines).  
(f) Excitatory synapse observed by EM in a mouse brain sample restored 
from ScaleSQ(0). (g–l) ScaleSQ(5). (g–i) Transmission images of a 1-mm-
thick brain slice prepared from an 8-week-old YFP-H mouse after 0- (g),  
1- (h) and 2-h (i) incubation in ScaleSQ(5) at 37 °C. (j) Fluorescence  
image of the ScaleSQ(5)-treated slice. (k) 3D rendering of YFP-expressing  
neurons in the cortical region (indicated by a white box in j). 769 SPIM  
xy images were acquired to make the 3D reconstruction (delineated by  
white lines). (l) Excitatory synapse observed by EM in a mouse brain  
sample restored from ScaleSQ(5). (d,j) Scale bars represent 2.5 mm.  
(e,k) Blue and green arrows indicate illumination and detection, 
respectively. Scale bars in the perspective VR images (yellow) show the 
distance in the foreground plane: 200 µm. Similar 3D reconstructions were 
obtained using 11 and 6 mice for ScaleSQ(0) and ScaleSQ(5) experiments, 
respectively. (f,l) Solid arrowheads indicate thickened postsynaptic 
densities. Den, dendrite; AT, axon terminal. Scale bars represent 200 nm.
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Table 1 Comparison of ScaleS properties with other tissue clearing methods
References Agents

Clearing 
capabilityb Timeb

Depth- 
independent 

3D-IHC

Preservation

Long-term 
storagee Handling

Cutting 
capabilityf

Refractive 
indexgMethod

Refer-
ence

Species  
(age/ 

condition)a Main Detergent
Ultra-  

structurec FP signald

Aqueous solution-based (simple)
ScaleS Mouse 

(A,O,O/D) 
Human (O/D)

Urea  
Sorbitol

Triton X-100 
0.2%

Strongh Several  
daysi

Quantified Preservedo Preservedh Possible  
(for  
months)s

Very easy Very easyaa 1.44

ScaleA2  2 Mouse  
(E,Y,A)

Urea  
Glycerol

Triton X-100 
0.1%

Mediumh 2 weeks Not 
quantifiedk

N.T. Preservedh Difficult Very easy Not easy 
(spongy)

1.38cc

CUBIC  7 Mouse  
(N,Y,A) 
Marmoset  
(N)

Urea  
Amino-
alcohol

Triton X-100 
15% (Reagent-1) 
0.1% (Reagent-2)

Very  
strongh

1–2  
weeks

Not 
quantifiedk

Damagedo Modest 
lossh

Difficultt Very easy Not easy 
(spongy)bb

1.45

CUBIC-
perfusion

11 Mouse 
(N,A,A/D)

Urea  
Amino-
alcohol

Triton X-100  
15% (Reagent-1) 
0.1% (Reagent-2)

Very  
strong

2 weeks 
(whole  
body)

Not 
quantifiedk

N.T. Modest  
loss

Difficult Easy Not easy 1.45

SeeDB  5 Mouse  
(E,Y)

Fructose – Weakh Several  
days

Not 
quantifiedk

N.T. Preservedh Possibleu Easy 
(viscous)x

Easy 1.50

ClearT/T2  6 Mouse  
(E,Y)

Formamide – Medium 2–3 d  
(E16–P11)

Not 
quantifiedk

N.T. Preserved? 
(untested)

Difficultt Very easy Possible 1.44

FocusClear 33 Insect Diatrizoic 
acid  
(Hypaque)

Unknown Strong Several  
days

N.T. N.T. Preserved Difficultv Very easy Easy 1.43

Aqueous solution–based (hydrogel embedding)

CLARITY  3 Mouse (Y,A) 
Human  
(C,C/D)

SDS  
Boric acid

SDS 4% Very  
strong

2–4  
weeks

Quantifiedl Maybe 
preservedp

Preserved? 
(untested)q

Possible Needs carey 
Complicated 
(needs 
devices)

N.T. 1.45

PACT  8 Human (D) 
Mouse (Y,A) 
Rat (A)

SDS  
Histodenz

SDS 8% Very  
strongh

2–4  
weeksj

Not 
quantifiedm

Damagedo Modest  
lossr

Possiblew Needs carey Not easy 
(spongy)bb

1.48

PARS  8 Mouse (Y,A) 
Rat (A)

SDS  
Histodenz

SDS 8% Very 
strong

1–2  
weeks

Not 
quantifiedk

N.T. N.T. Possiblew Needs carey 
Needs skills 
(perfusion)

Not easy 1.48

Organic solvent–based
BABB  1 Insect  

Mouse  
(E,Y,A)

Benzyl  
alcohol 
Benzyl  
benzoate

– Strong 3 d N.T. N.T. Major  
loss

Difficult Needs carez Tough 1.55

3DISCO  4 Mouse  
(E,Y)

Benzyl  
ether

– Very  
strongh

3 d Not 
quantifiedk

Damagedo Major  
lossh

Difficult Needs carez Not easy 
(breakable)

1.56

iDISCO 10 Mouse 
(E,Y,A,A/D)

Benzyl  
ether

– Very  
strong

3 d Not 
quantifiedn

Damagedo Major  
lossh

Difficult Needs carez Not easy 
(breakable)

1.56

The table summarizes general properties and performance indicators for ScaleS and other major published clearing methods. These methods are categorized into aqueous solution– or 
organic solvent–based methods, and the aqueous class is further divided into simple or hydrogel-embedding techniques. Bold text indicates conclusions drawn from experiments performed 
in this paper and remaining material refers to evaluations based on published information. Every effort was made to compare clearing methods under objective conditions and/or criteria for 
equitable comparisons. Nevertheless, we provide the caveat that comparative experiments were performed in our laboratory and require replication by other labs to conclude whether the 
results are reproducible. In addition, the evaluation criteria we use are our own and require discussion by the community on appropriate standardization. Each method has unique strengths 
and weaknesses, and users should select a particular method according to the specific requirements of their experimental aims. This table does not preclude the use of multiple methods in  
a single or sequential experiment. In this regard, ScaleS may be a suitable first reagent given its reversible restoration property (deScaling) that largely preserves signal and structure  
integrity. Based on their compositions, CUBIC-perfusion, iDISCO and PARS were assumed to show a similar efficacy to CUBIC, 3DISCO and PACT, respectively. N.T., not tested.
aThe animal species used in the original studies are indicated (E, embryo; N, neonatal; C, child; Y, young adult; A, adult; O, old; D, diseased). bFor clearing a whole mouse brain or  
hemisphere. cEvaluation based on the EM data shown in Figure 3. dSignal loss can be a result of either leaching or quenching of the FP. Major loss for iDISCO, 3DISCO and BABB does  
not necessarily include protein leaching and therefore may underestimate signal loss from these methods when used in 3D-IHC. e‘Possible’ is defined as neither the morphology  
nor fluorescence of a sample being substantially deteriorated in the transparent state in 1 month. ‘Difficult’ is defined as evidence not meeting the criteria of possible. fUsing a razor or  
slicer. gRefractive indices of the mounting solutions at 589 nm were measured using a refractometer (DR-M2, ATAGO) at 27 °C. hEvaluation based on the data shown in Figures 1 and 2, 
and Supplementary Figures 3 and 4. Reagent clearing capability was categorized into very strong (>60%), strong (50–60%), medium (40–50%) and weak (<40%) according to the optical 
transmittance measurement of mouse brain hemispheres (Fig. 2b). In addition, very strong was defined for >80% in 2-mm-thick slices (Fig. 2d). FP signal was categorized into preserved, 
modest loss and major loss based on unblinded visual inspection of the left-right comparison data of sections. iFluorescence intensity was preserved for months; it is possible to leave  
transparent samples for long term storage in ScaleS4 solution. j2–5 d for 1–3-mm-thick tissues. kDepth-independent signals have not been demonstrated. lA slight attenuation of immuno-
chemical signals was detected in the deepest region of a several-millimeter-thick sample. mIgG penetration inside a 2-mm-thick brain slice was assessed, but the penetration depth  
did not reach 1 mm or half of the sample’s thickness. nImmunosignal distribution inside various whole-mount-labeled samples was assessed in a qualitative manner. oThe criteria  
preserved and damaged are based on data from Figure 3. Preserved is defined as both pre- and postsynaptic structures being clearly identified by EM in >50% of synapses observed.  
Damaged is defined as 0% intact synapses (pre- and postsynaptic structures) being observed in the given areas (Supplementary Table 2). A full assessment of the compatibility of  
3DISCO, CUBIC and PACT with EM will need additional experiments given the small number of observations that we made in this study (Fig. 3). pFixation using 2% glutaraldehyde for  
EM observation. qLeaching rather than quenching of the FP was investigated. rFluorescent intensity decreases with incubation time, likely as a result of SDS, and then recovers partially 
after incubation in RIMS (refractive index matching solution) or sRIMS (sorbitol-RIMS). sSamples have been successfully stored for >1 year (Supplementary Fig. 2c). tRestoration is  
recommended for storage in the original paper. uSample becomes dark and dull in several weeks. vWhite precipitates are generated in a week. wRequires substitution of RIMS or sRIMS. 
xRequires warming for incubation with SeeDB37. yRequires care in handling hydrogel-forming solutions. zRequires ventilation and disposal of organic waste liquid. aaA smooth and  
flat surface is produced (Fig. 1c). bbA rough and wrinkled surface is produced. ccAs a result of having a refractive index near that of water, ScaleA2-treated samples can be viewed  
with water-immersion, long working distance objectives, used in multi-photon deep imaging.

were rarely observed in cored plaque-positive samples, providing, 
to the best of our knowledge, the first direct evidence supporting 

the long-standing hypothesis that diffuse plaques may represent the 
precursors of cored plaques25–27.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature neurOSCIenCe	 VOLUME 18 | NUMBER 10 | OCTOBER 2015 1527

t e C h n I C a l  r e p O r t S

ScaleSQ rapid clearing after physiological studies
Researchers who perform functional or anatomical neural circuit 
mapping with viral-based tracing or optogenetic approaches, or  
high throughput mapping of serial brain sections requiring brain  
slice thicknesses of 1–2 mm or less, would benefit from an ultra- 
rapid clearing protocol to quickly align physiological and  
anatomical labeling data in a given experiment. Thus, we developed 
a rapid clearing protocol called ScaleSQ for applications requiring 
fast processing.

A ScaleS solution of 9.1 M urea and 22.5% sorbitol rapidly cleared 
1-mm-thick brain slices of adult mice, and we termed this reagent 
containing 0% Triton X-100 ScaleSQ(0). 1-mm-thick brain slices of an  
8-week-old YFP-H mouse were cleared after incubation in ScaleSQ(0) 
for 1–2 h at 37 °C (Fig. 7a–c, Supplementary Fig. 1e and Supplementary 
Video 2). Comparison between the cleared (Fig. 7d) and control slices 
(Supplementary Fig. 12) verified that the method allowed complete 
preservation of YFP fluorescence. The cleared slice was incubated in 
ScaleS4(0) (Supplementary Table 1) for another 2 h, and the 3D recon-
struction of YFP-expressing neurons (Fig. 7e) in a cortical slice (Fig. 7d)  
was completed in 1 min with SPIM. Notably, ScaleSQ(0) treatment 
accurately preserved anatomical ultrastructure as a result of the absence 
of detergent, and we confirmed substantial membrane integrity in 
ScaleSQ(0)-treated samples by EM analyses (Fig. 7f).

Despite the apparent transparency achieved with ScaleSQ(0), SPIM 
imaging revealed that some opacity remained in the slice (Fig. 7e). We 
increased its transparency by titrating low levels of Triton X-100 in a 
range of concentrations to ScaleSQ(0), and determined that the upper 
limit of Triton X-100 concentration for preserving full FP fluorescence 
was 5%. This reagent, termed ScaleSQ(5) (Supplementary Table 1),  
allowed the complete clarification of a 1-mm-thick slice without 
any loss of YFP fluorescence (Fig. 7g–j, Supplementary Fig. 1f  
and Supplementary Video 2). The cleared sample was 3D imaged 
with SPIM (Fig. 7k) at some expense of ultrastructural preservation 
(Fig. 7l). These results highlight the preservation/clearing trade-off, 
showing that ScaleSQ provides good speed of processing without sac-
rificing signal strength or reliability in clearing performance.

DISCUSSION
We demonstrated that ScaleS is a useful tissue clearing method  
for high-resolution 3D reconstruction and multi-scale serial LM/EM. 
Clearing techniques are rapidly proliferating, with a major focus on 
whole-organ or whole-body clearing combined with advanced micro-
scopy to enhance imaging on a macroscopic scale. However, a key 
issue for tissue visualization at multiple spatial scales, particularly at 
the mesoscopic/cellular and microscopic/subcellular levels, is avoid-
ing damage from harsh clearing chemicals to cellular membranes and 
loss of proteins and antibody epitopes that, together, can inhibit fluo-
rescence signals. This concern is critical under realistic conditions, 
including the detection of low fluorescence emission or rare proteins, 
and in optically dense adult, aging and diseased tissues.

To fully address these concerns, we developed ScaleS to preserve 
fluorescence signals and anatomical ultrastructure at the subcellu-
lar level in recalcitrant tissues. The essential chemical ingredient is 
sorbitol, a hydrophilic sugar alcohol that aligns with the anti-light 
dispersion properties of urea to find an effective balance along the 
spectrum from effective clearing to accurate preservation, and our 
findings position ScaleS as a leading method among the current gen-
eration of clearing reagents3,4,7,8,10,11,28,29 (Table 1). For end users, 
the choice of which clearing reagent to use will depend on the aim 
of their experiment.

A clearing technology for multi-scale biological imaging
New clearing techniques should address not only basic clearing effi-
cacy, but several fundamental concerns, including depth of penetrance 
and signal intensity in tissue, preservation of fine structure, and z axis 
detection limits. A recent review30 outlined the physical principles 
of clearing, but did not address how preservation of structure and 
signal intensity depend on a reagent’s composition and can affect its 
reproducible use. The degree of clearing depends on the strength of 
a solution’s chemical components to enter and/or solubilize tortuous  
or membrane-delimited tissue spaces and clarify light-scattering 
lipid and proteolipid components. ScaleS does not clarify tissue as  
transparently as reagents that use higher levels of membrane- 
damaging detergents or organic solvents, but its clarification is strong 
enough to allow accurate optical control of performance and repro-
ducibility under a variety of challenging conditions, suggesting that 
it may be the best available method for precise multi-scale imaging. 
Our EM data show that transient expansion per se does not affect 
membrane ultrastructure or signal intensity; more critical for accu-
rate tissue clearing is the absence of high concentrations of ionic  
detergents or organic solvents, as many proposed applications of  
clearing critically depend on the accuracy and reproducibility of 
protein labeling and tissue integrity. Although the recent review sug-
gested that lipid removal is a key feature of Scale solutions30, our find-
ings instead indicate that ScaleS, which contains ≤0.2% Triton X-100, 
does not remove lipids, as determined by intact EM level membrane  
structures and DiI staining.

Tissue age is also important for determining clearance efficacy, 
with preparations from adult and aged animals being more difficult to 
clarify as a result of the accretion of impermeant tissue barriers. The 
mild clearing reagents SeeDB5 and ClearT (ref. 6) ensure preservation, 
but their performance was only demonstrated in neonatal and young 
adult mice (≤11 weeks old). On the other hand, BABB1, 3DISCO4, 
CLARITY3,9, CUBIC7,11, PACT8 and iDISCO10 provide robust clear-
ance, in principle, of adult tissue, but these studies did not provide 
extensive documentation on the reproducibility of fluorescence signal 
and ultrastructure preservation or the absence of predicted signal 
attenuation from quenching or leaching of FPs. We sought this miss-
ing information, finding that ScaleS provides substantial performance 
advantages compared with existing clearing methods.

Another factor in clearing performance is the common use of 
the YFP-H mouse brain13 in many published clearing studies. YFP 
expression and fluorescence in this line is extremely high, which can 
mask partial losses in fluorescence as a result of structure- and signal- 
damaging reagents. Such losses in signal intensity were evident in 
mice that express moderate or low levels of FPs, and may also occur 
in conjunction with 3D immunostaining for rare epitopes. In contrast, 
ScaleS was effective for low level signal detection from cleared brain 
samples of 9–24-month-old APP knock-in mice and AD patients 
older than 50 years. Moreover, membrane staining with lipophilic 
fluorescent dyes, such as DiI, the primary method for the tracing of 
neuronal tracts in human postmortem brain samples, was compatible 
with ScaleS, but not with CUBIC, 3DISCO or PACT (Supplementary 
Fig. 9a). We performed dual-color ChemScale to label neurites and 
Aβ plaques with DiI and FSB, respectively, in AD patient brain tissue 
(Supplementary Fig. 9b).

Our findings indicate that ScaleS preserves tissue with subcellular 
structural fidelity, including synapses and their constituent organelles, 
indicating that it is potentially useful for combined fluorescence and 
EM brain reconstructions. In support of the potential application of 
ScaleS for neural circuit reconstructions, we performed a multi-scale 
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visualization of individual Aβ plaques tracked by whole-brain LM and 
subsequent EM levels. In contrast, other clearing reagents that use 
high concentrations of ionic detergents or organic solvents damage 
fine structure and may alter immunoreactivity. In mitigating such 
damage, ScaleS will enable investigators to zoom in on subcellular 
structures using EM after large-scale whole-brain 3D reconstruc-
tions by fluorescence LM. However, further improvements of ScaleS 
in structural preservation at the EM level will be needed to ensure 
sufficient accuracy for replicable large-scale connectomics studies.

Other comparative performance advantages of ScaleS were evi-
dent. ScaleS-treated brain was surprisingly firm and facile (Fig. 1c)  
compared with other reagent-cleared samples; this firmness prop-
erty will facilitate the microdissection of labeled structures from a 
block or slice for large-scale 3D reconstructions or mesoscopic-scale 
circuit mapping. Finally, ScaleSQ is formulated for ultrafast clear-
ance of brain slices for the imaging of neural circuit anatomy after 
physiology studies.

3D reconstruction and clinical pathology in the z axis
At present, most fluorescence imaging studies are performed in two 
dimensions with an unavoidable loss of fluorescence detection in the 
z axis. Currently, the measurement of 3D cellular-scale structures 
in sectioned tissues with low detection limits use stereology31 and  
2D-IHC. However, stereology contains inherent problems as a result 
of the potential misinterpretation of cross sections. ScaleS provides 
an ideal solution to these imaging problems, as weaker or rare fluo-
rescence signals are preserved, resulting in a marked enhancement of 
the z axis signal detection limit with optical sectioning.

In thick tissues, uniform depth-independent immunostaining is 
difficult to achieve given nonlinearities in the diffusion and binding 
of antibodies. To validate 3D-IHC data, it is necessary to determine 
experimentally whether signal distribution along the z axis is depth 
independent. We performed this analysis for AbScale by compar-
ing immunostaining signals from 3D-IHC in pre-cut brain samples 
with the same signals obtained from 2D-IHC in the post-cut sam-
ples (Fig. 4), and examining images parallel to the xz plane (Fig. 6). 
In published studies, 3D-IHC has been performed on large tissue 
samples after treatment with CLARITY, CUBIC, PACT and iDISCO. 
However, these studies did not evaluate the immunostaining depth 
limit required to verify accurate quantitation3,4,7–10. AbScale, in  
contrast, enabled quantitative 3D-IHC reconstructions from tissue 
slices in adult and aging brain that were several millimeters thick. 
Moreover, Cy5-A60 and Alexa488-6E10 effectively immunostained 
5–6-mm-thick samples from entire mouse brain hemispheres, and 
they were also effective on large pieces of brain from postmortem 
elderly AD patients. Finally, on a technical point, the use of 4M 
urea in ScaleA2 was suggested by another study to result in limited 
compatibility with immunostaining10. The AbScale method, how-
ever, employs restored (deScaled) samples, which were subsequently 
fixed and cleared by ScaleS. Thus, these concerns do not apply to the 
AbScale procedure.

To demonstrate improved z axis resolution, we imaged postmor-
tem brain samples from aged AD patients and found that previously 
described, but optically obscure and clinically important, diffuse amyloid 
plaques could easily be resolved after ScaleS treatment, 3D reconstruction  
and systematic optical reslicing along the z axis. These mysterious diffuse 
plaque structures are typically undetectable in 2D images and are nearly 
invisible in conventional volume renderings. Although they are assumed 
to be primitive and isolated25–27, our data from AD patient brain indicate 
that many such diffuse plaques showed acute neuritis with extensive 

microglial association (Supplementary Table 3), opening a previously 
inaccessible window on early plaque development. These findings sug-
gest that ScaleS clearing, coupled with optical z axis re-sectioning, can 
aid in the localization and characterization of low fluorescence, sparse 
or diffuse protein targets to define 3D targets and local cellular struc-
ture well below the detection threshold of common 2D-IHC, a critical 
advantage of clearing with tissue preservation.

To further demonstrate the performance of ScaleS in 3D recon-
struction, we used AbScale 3D-IHC in the brains of AD mouse  
models and human patients to study the controversial role of micro-
glial localization and inflammation on amyloid plaque development. 
A published study on AD patient brain using 2D stereology assessed 
the proximity of activated microglial cells relative to the size dis-
tribution of ThioS-positive Aβ plaques and concluded that plaque 
size correlates with microglial proximity32. However, quantitative 
3D reconstructions are required to address the heterogeneity of  
microglia-plaque association. We analyzed 3D microglial positions 
with inflammation around single Aβ plaques at 10–20 months of  
age by measuring the 3D spatial association between plaques  
and active or resting microglial cells. In the AD literature, prolonged 
exposure to Aβ plaques is proposed to activate microglial cells. 
However, our data suggest that this relationship is dependent on the 
age and state of individual plaques.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Preparation of ScaleS solutions. Preparation of ScaleS solutions used the  
following reagents: urea crystals (Wako Pure Chemical Industries, 217-00615), 
D(−)-sorbitol (Wako Pure Chemical Industries, 199-14731), methyl-β-cyclodextrin  
(Tokyo Chemical Industry, M1356), γ-cyclodextrin (Wako Pure Chemical 
Industries, 037-10643), N-acetyl-L-hydroxyproline (Skin Essential Actives, 
Taiwan), dimethyl sulfoxide (DMSO) (Wako Pure Chemical Industries,  
043-07216), glycerol (Sigma, G9012), and Triton X-100 (Nacalai Tesque, 
35501-15). The reagents were dissolved in or added to water (Supplementary  
Table 1), and stirred until well mixed. Preparation of ScaleS4, ScaleS4(0), 
ScaleSQ(0), and ScaleSQ(5)) required heating with a microwave oven. A con-
centrated stock solution of phosphate-buffered saline (10× PBS(−)) was used 
for making ScaleS0. The final concentrations of the ingredients were adjusted by 
dilution with deionized water.

Two-photon excitation fluorescence microscopy (TPeFm). A YFP-H  
mouse brain (14 weeks old) was fixed and cleared with ScaleS. YFP-expressing  
neurons were imaged using a TPEFM system (Olympus FVMPE-RS) with  
920-nm excitation and an objective lens (XLSLPLN25XGMP) with a numerical  
aperture (NA) = 1.0, working distance (WD) = 8 mm, refractive index  
(RI) = 1.41–1.52), a collection collar, and a z-drive. The z step was 2.0 µm  
(see Fig. 1f).

Antibodies for AbScale. The following fluorophore-conjugated antibodies (Abs) 
were used: Alexa488-6E10, mouse mAb to amyloid-β conjugated to Alexa Fluor 
488 (Covance; SIG-39347, 1:200), Cy5-A60 was made by treating mouse mAb 
to NeuN (A60) (Millipore, MAB377) with Cy5 bis-reactive dye (GE Healthcare, 
PA25500, 1:300), Cy3-αNeuN, rabbit polyAb to NeuN conjugated to Cy3 (Millipore; 
ABN78C3, 1:300), rabbit polyAb to Iba1 (Wako Pure Chemical Industries; Wako, 
019-19741, 1:200), goat polyAbs to rabbit IgG conjugated to Alexa Fluor 546 and 
Alexa Fluor 633 (Molecular Probes; A-11035 and A-21071, respectively, 1:250), and 
goat polyAb to mouse IgG conjugated to HRP (Jackson Laboratories; 015-030-003, 
1:1,000). Validation of antibodies for immunohistochemistry was reported for 6E10 
(ref. 34), A60 (ref. 35), and anti-Iba1 pAb (ref. 36).

Immunohistochemistry. 2D immunohistochemistry was performed as previ-
ously described2. The following primary Abs were used: rabbit polyAb to MAP2 
(Millipore, AB5622, 1:300), Mouse mAb to GFAP conjugated to Cy3 (clone G-A-5: 
Sigma, C9205, 1:400), mouse mAb to synaptophysin (clone SVP-38: Sigma, S5768, 
1:300), Rabbit polyAb to VGLUT1 (Synaptic Systems, 135-303, 1:300), Rabbit  
serum to SV2A (Synaptic Systems, 119-002, 1:300), rabbit polyAb to GluR1 
(Upstate, 06-306, 1:300), mouse mAb to GluR2 (clone 6C4: Millipore, MAB397, 
1:300), mouse mAb to PSA-NCAM (clone 2-2B: Millipore, MAB5324, 1:400). 
The following secondary Abs from Molecular Probes were used: goat polyAb to 
mouse IgG conjugated to Alexa Fluor 488, goat polyAb to rabbit IgG conjugated 
to Alexa Fluor 488, goat polyAb to rabbit IgM conjugated to Alexa Fluor 488, 
and goat polyAb to mouse IgG conjugated to Alexa Fluor 546 (Molecular Probes; 
A-11001, A-11034, A-10680, and A-11030, respectively, 1:500).

A YFP-H mouse (10 weeks old) brain was split into two hemispheres. The left 
and right hemispheres were cleared by ScaleS and CUBIC, respectively, and then 
restored by washing with PBS. Another 10-week-old mouse was used as a control 
brain sample (PBS(−)). After cryo-protection in 20% sucrose/PBS(−) (wt/vol),  
restored or control brain samples were embedded in OCT compound. Coronal 
sections (50 µm thick) were cut with a cryostat (Leica CM1860). Sections were 
permeabilized/blocked for 1 h in 0.1% Triton X-100 (wt/vol)/1% Blocking reagent 
(Roche)/ PBS(−) (wt/vol) and then processed by free-floating immunohisto-
chemistry (Supplementary Fig. 5).

chemScale for Ab plaque staining with PP-BTA-1 or FSB. After treatment 
with Alexa488-6E10, whole mouse brain hemispheres were incubated in ScaleA2 
solution containing 2.5 µg ml−1 PP-BTA-1 (Wako Pure Chemical Industries, 
165-25301)17 ( Fig. 5a,b). Fixed postmortem brain samples were incubated in 
ScaleA2 containing 3.5 µg ml−1 FSB (Dojin, F308)37 (Supplementary Fig. 9b).

chemScale for nuclear staining. Fixed mouse hemispheres were incubated in a 
ScaleA2 solution containing propidium iodide (PI) (Sigma, P4864, 2 µg ml−1) at 
37 °C for 6 h, and then cleared by ScaleS4 (Supplementary Fig. 8b).

Fluorescence labeling of blood vessels. After deep anesthesia with pentobarbital 
(Somnopentyl) (Kyoritsu Seiyaku), the entire vasculature of a mouse was tran-
scardially perfused with ice-cold HBSS solution (Life Technologies, 14025076) 
containing Texas-Red-labeled lectin (0.1 mg ml−1, Vector Labs, TL-1176) to  
fluorescently label blood vessels. After perfusion with 4% PFA/PBS(−) (wt/vol), 
the whole brain was resected and subjected to post-fixation in 4% PFA/PBS(−) 
at 4 °C for 10 h (Fig. 5d and Supplementary Video 1).

mouse brain sample preparation. Adult and aged mice (8−80 weeks old) 
were deeply anesthetized with pentobarbital (Somnopentyl) and transcardially  
perfused with 4% PFA/PBS(−). The whole brain was extracted and subjected 
to post-fixation in 4% PFA/PBS(−) at 4 °C for 10 h (up to 3 d). Hemispheres 
and slices containing the hippocampus were cleared by ScaleS directly or after 
fluorescently labeling by AbScale or ChemScale treatment.

mouse lines. Male mice (wild-type, C57BL/6J) were used unless otherwise  
stated. AppNL-F mice harboring Swedish and Beyreuther/Iberian mutations in 
the APP gene12 was provided by T. Saido. The YFP-H mouse line13 was provided 
by J.R. Sanes and J.W. Lichtman. The ChR2-YFP mouse line14 was provided  
by G.J. Augustine. All mouse lines were maintained by crossing to C57BL/6J  
mice for several generations. Up to five mice per cage were housed with  
12 h-light / 12 h-dark cycle and free access to food and water. The experimental  
procedures and housing conditions for animals were approved by the Institute’s 
Animal Experiments Committee at RIKEN and Kyoto University and all  
animals were cared for and treated humanely in accordance with the Institutional 
Guidelines for Experiments Using Animals.

Human sample preparation. Frozen postmortem brain (frontal cortex-temporal 
lobe) blocks from AD patients (60–80 years old) (provided by the University 
of Pennsylvania) (Fig. 6i–r) were thawed and fixed in 4% PFA/PBS(−) at 4 °C 
for 8–24 h. A 3–5-mm cube was excised from each block and AbScaled using 
Alexa488-6E10 (at a dilution of 1:200), Cy5-A60 (1:200), and rabbit anti-Iba1 
polyAb (1:200). The sample was further incubated with goat anti-rabbit IgG 
polyAb conjugated with Alexa Fluor 546 (1:500). The handling and ethics for 
human samples were approved by the Institute’s Research Ethics Committee 
RIKEN and all human tissues were cared for and treated in accordance with the 
Institutional Guidelines for Experiments with Human Specimens.

diI tracing of postmortem brain. One DiI-crystal (Molecular Probes, D-3911) 
glued to the tip of a needle was placed into a fixed cube of postmortem brain19,20. 
After incubation with 2% PFA/PBS(−) at 37 °C for a week, the sample was stained 
with 3.5 µg/ml FSB (Dojin, F308) in ScaleA2 solution at 37 °C for 6 h. The sample 
was washed with ScaleA2 for 2 h at 37 °C and then cleared with ScaleS4 at 37 °C 
for 6 h (Supplementary Fig. 9)

laser-scanning confocal microscopy. Multiple adjacent regions of brain  
were imaged with an upright laser scanning confocal microscopy system  
(Olympus FV1000) equipped with a motorized xy stage module in addition  
to a motorized focus module (z drive), and a 10× dipping objective lens 
(XLPLN10XSVMP, NA = 0.6, WD = 6 mm, RI = 1.33–1.52). For precise align-
ment, adjacent regions were overlapped by 10%. The z step size was 2–10 µm 
(Supplementary Fig. 7a,b).

SPIm. Observation was performed with a ZEISS Lightsheet Z.1 equipped with 
a 20× objective lens (HRLD Plan-APOCHROMAT, NA = 1.0, WD = 5.6 mm,  
RI = 1.45). A cleared sample was glued to the tip of a syringe (1 ml) with surgical 
adhesive (Aron Alpha A, Sankyo), and was positioned in front of the objective in 
the mounting medium (ScaleS4). The z step size was 2.0 µm for mouse samples 
and 5.0 µm for human samples (Fig. 6).

comparative assessment of clearing methods. YFP-H or ChR2-YFP mice were 
used. Fluorescence quenching depends on the degree of tissue fixation, which may 
vary among animals, so a direct comparison was made between the perfomance 
of a clearing agent and PBS(−) using the left and right halves, respectively, of the 
same mouse brain (Figs. 1d,e and 2, and Supplementary Fig. 3). Clarification 
using other clearing methods was performed by following the protocols described 
in the original published papers4,5,7,8 to the best of our laboratory abilities.
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observation of macroscopic structures. Wild-type (C57BL/6J), YFP-H, or 
ChR2-YFP mice were used. Brain samples, chiefly hemispheres and slices, were 
placed on a coverslip with a patterned background (graph paper ruled into  
5-mm squares). Fluorescence (YFP) images were acquired with a fluorescence 
stereomicroscope (Leica MZ16F) equipped with an excitation filter (480 ±  
20 nm), an emission filter (510-nm long pass), a 1× objective lens (PLANAPO, 
NA = 0.141), and a cooled CCD camera (Zeiss AxioCam 506 color). Alternatively, 
a fluorescence stereomicroscope (Nikon SMZ18) with an excitation filter  
(499 ± 9 nm), an emission filter (535 ± 15 nm), a dichroic mirror (515 long-pass), 
and a 0.5× objective lens (SHR PLANAPO, NA 0.075) was used. Importantly, 
fluorescence images acquired by using common stereomicroscopes with their 
diaphragms fully open were found to be highly sensitive to geometrical factors, 
such as the size and position of a sample. Thus, these images were not used for 
quantitaive measurements. Transmitted-light bright-field images were acquired 
with a digital single lens reflex camera (Nikon D7000).

Quantitative measurement of transmittance and fluorescence. A macro-zoom 
microscope (Olympus MVX10) equipped with an objective lens (MVPLAPO 
0.63X, NA = 0.15) and a CCD camera (Hamamatsu ORCA-D2) was used.  
This simple microscopy system is more suitable for quantitative analysis than 
common stereomicroscopy due to sensitivity to geometrical factors in the latter. 
The lens was diaphrammed down to a predetermined extent, where the focal 
length fully covered the height of all thick samples. The effectiveness of the focal 
length (lens aperture) was evaluated by examining how tolerant the signal was 
of the sample z-position. For transmittance measurements, light from a halogen 
lamp was passed through an excitation filter (655 ± 5 nm). Fluorescence (YFP) 
was measured with an excitation filter (480 ± 10 nm), an emission filter (520 ±  
17.5 nm), and a dichroic mirror (493 long-pass). Total fluorescence otained 
from the entire sample was measured and normalized to that from a respective  
reference sample. Due to incomplete transparency, the fluorescence from  
SeeDB-treated hemispheres was not fully collectable (Fig. 2b).

Image segmentation. Imaging data of AbScaled brain samples were acquired 
with SPIM (Lightsheet Z.1 and ZEN software, ZEISS), and stored in TIFF format. 
All tiled xy images were processed for shading correction by the custom-written 
filtering program JINARASHI (ref. 2). This program compensates signal inten-
sity at the periphery of each image. To extract target objects, namely, microglia 
(Alexa546-Iba1 signals) and Aβ plaques (Alexa488-6E10 signals), on a massive 
scale, we developed a semi-automated image segmentation method. The method 
began with the manual assignment of objects; each cell or plaque was fully masked 
by hand. Binary masking data were created using ImageJ software (64 bit, version 
1.48v). Then, the target picture was automatically segmented according to the 
Otsu method38. Due to multilevel signals and variations of the background level, 
the method was helpful to select the optimal threshold for picture segmentation 
in each masked region. All processes involving image segmentation were per-
formed using a custom-made program written in C++ language and the Open CV 
Library. The program is available upon request. Finally, images were sharpened 
by applying a coarse median filter (radius 2.0).

measurement of 3d distances. Commercial software Volocity version 6.3 
(PerkinElmer) was applied to the binarized data sets to measure the distances 
from the center of each microglial cell to the nearest plaque (both surface and 
center). The number of microglia that localized within 50 µm from the plaque 
surface was counted and plotted by a custom-made program written in C++  
language together with commercial software Igor Pro version 6.3.4.1. The program  
is available on request.

Image re-slicing in the z axis. To create various 2D stacked images from an entire 
3D data set, we developed a C++ re-slicing program. In principle, this program 
integrates xy image planes of all numbers systematically, providing an array of 

z-stacked images of different thicknesses. The program was used to re-slice the 
3D reconstruction to create x- or y-stacked images. The program is available 
on request.

Transmission electron microscopy. C57BL6/J mice (10 weeks old) were  
transcardially perfused with 4% PFA/PBS(−). The whole brain was resected  
and subjected to post-fixation in 4% PFA/PBS(−) at 4 °C for 10 h. Coronal 
slices (1 mm thick) were prepared and cleared by ScaleS, CUBIC, 3DISCO and 
PACT, as well as stored in PBS(−) (Fig. 3). The incubation times with ScaleS,  
CUBIC, and 3DISCO reagents were reduced by half in consideration of 
the slice thickness. PACT treatment was performed according to the origi-
nal protocol for 1–3-mm-thick slices8. After restoration of the brain slices 
by washing with PBS(−) at 4 °C overnight, 1-mm-cubes were excised. The 
cubes were osmicated with 1% OsO4 (wt/vol) at 25 °C for 2 h, dehydrated 
with a gradient series of ethanol (50, 70, 90, 99, and 100%) at 25 °C for  
20 min each, replaced by propylene oxide at 25 °C for 5 h, and embedded in 
epoxy resin (Luveak 812; Nacalai Tesque, Kyoto, Japan) at 25 °C overnight.  
After polymerization of the resin at 60 °C for 2 d, ultrathin sections (50–80 nm 
thick) were cut with an ultramicrotome (Ultracut UCT, Leica Microsystems). 
The sections were stained with 1% uranyl acetate (wt/vol) and 1% lead citrate 
(wt/vol), and were observed under a transmission electron microscope (H-7650; 
Hitachi) at 80 kV. Likewise, a brain sample from a 24-month-old APP knock-in 
mouse (AppNL-F/NL-F) was processed (Fig. 5e–h and Supplementary Fig. 10). 
Immunoelectron microscopy on AppNL-F/NL-F mouse brain samples using 6E10 
and DAB was performed as previously described39.

Statistical analysis. The experimenter was blinded to all conditions during data 
analysis. The distribution of data in each experiment was checked for normality 
and equal variation. For comparison of transmission and fluorescence among four 
clearing reagent groups (ScaleS, CUBIC, 3DISCO, and SeeDB samples) (Fig. 2b),  
analysis of variance (ANOVA) was used. After confirming that the ANOVA was 
significant, the Bonferroni procedure was used as a post hoc test. For comparison 
of transmission and fluorescence between two groups (ScaleS and PACT samples) 
(Fig. 2d), Welch’s unpaired t-test was used. Differences were considered to be 
significant at P < 0.01 or 0.05. Data are reported as mean ± s.d. For comparison 
of synaptic structure by TEM between ScaleS and PBS(−) samples (Fig. 3), the 
Mann-Whitney’s U-test (both-sided) was used. Differences were considered to 
be significant at P < 0.05. Data are reported as mean ± s.e.m.; an equal varia-
tion of data distribution was verified between the two groups by an F-test. For  
analyses of Aβ plaques in postmortem brain samples (Fig. 6 and Supplementary 
Table 3), Welch’s unpaired t-test (two-tailed) was used and differences were con-
sidered significant at P < 0.05. Data are reported as mean ± s.d. For EM analyses 
of excitatory synapses around Aβ plaques (Supplementary Fig. 10), Welch’s 
unpaired t-test (two-tailed) was used. Differences were considered significant at 
P < 0.001. Data are reported as mean ± s.e.m. Correlations for colocalization were 
computed using Pearson′s correlation coefficient (Supplementary Fig. 7b).

A Supplementary methods checklist is available.
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