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SUMMARY

The development of whole-body imaging at single-
cell resolution enables system-level approaches
to studying cellular circuits in organisms. Previous
clearing methods focused on homogenizing mis-
matched refractive indices of individual tissues,
enabling reductions in opacity but falling short
of achieving transparency. Here, we show that an
aminoalcohol decolorizes blood by efficiently eluting
the heme chromophore from hemoglobin. Direct
transcardial perfusion of an aminoalcohol-containing
cocktail that we previously termed CUBIC coupled
with a 10 day to 2 week clearing protocol decolorized
and rendered nearly transparent almost all organs of
adult mice as well as the entire body of infant and
adult mice. This CUBIC-perfusion protocol enables
rapid whole-body and whole-organ imaging at sin-
gle-cell resolution by using light-sheet fluorescent
microscopy. The CUBIC protocol is also applicable
to 3D pathology, anatomy, and immunohistochem-
istry of various organs. These results suggest that
whole-body imaging of colorless tissues at high
resolution will contribute to organism-level systems
biology.

INTRODUCTION

Since the discovery of cells in the organism about 350 years ago,
whole-body imaging of single cells in opaque organisms like
mammals has been a fundamental challenge in biology and
medicine. Imaging intact structures at single-cell resolution will
enable a systems-level elucidation of cellular connectivity and
dynamics. This will improve our understanding of the generation
and progression of diseases with stochastic and proliferative
processes such as autoimmune and malignant neoplastic dis-
eases, because single-cell events in these diseases eventually
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affect the health status of the entire organism. However, even
the ~30 g body of an adult mouse comprises more than 30 billion
cells, which makes it difficult to comprehensively identify cellular
circuits and quantitatively analyze dynamics. Conventional his-
tology techniques are laborious and require tissue sectioning,
which are challenging barriers toward rapid three-dimensional
(3D) visualization of organ structures.

By contrast, optical sectioning with light-sheet microscopy
in combination with recent advances in tissue-clearing tech-
niques is a promising route toward visualizing single cells within
a whole-organ or whole-body context (Dodt et al., 2007; Ertirk
et al., 2012; Keller and Dodt, 2012; Susaki et al., 2014; Tomer
et al., 2014). The pioneering work by Werner Spalteholz first
introduced the principle of transparent 3D specimens a cen-
tury ago (Spalteholz, 1914). Up until now, a number of tissue-
clearing reagents (BABB, THF-DBE, Scale, SeeDB, Clear’)
and protocols (3DISCO, CLARITY, PACT-PARS) have been
developed (Becker et al., 2012; Chung et al., 2013; Dodt
et al., 2007; Erturk et al., 2012; Hama et al., 2011; Ke et al,,
2013; Kuwajima et al., 2013; Tomer et al., 2011; Yang et al.,
2014). However, they cleared tissues to different degrees of
transparency. In order to observe deep tissue structures, we
aimed for a level of transparency of internal organs (such as
heart, lung, kidney, liver, pancreas, spleen, stomach, and small
and large intestines) and soft tissues (such as muscles) to the
extent that: (1) chest and abdominal backbones and the bones
of limbs through internal organs and soft tissues from both
ventral and dorsal sides of the body are visible, and (2) individual
cells within intact organs and tissues are resolved by whole-
body or whole-organ imaging. We previously demonstrated
that aminoalcohol-based chemical cocktails, termed CUBIC
(clear, unobstructed brain imaging cocktails and computational
analysis), efficiently cleared whole brains of adult mice by
removing lipids to homogenizing refractive indices (Rls) without
signal loss from fluorescence proteins (Susaki et al., 2014). All
previous tissue-clearing methods, including ours, have mainly
focused on homogenizing Rls, and some of them based on
the lipid removal (BABB, 3DISCO, CLARITY, CUBIC, PACT-
PARS) succeeded in the clearing and imaging of adult whole
brain (Becker et al., 2012; Chung et al., 2013; Dodt et al.,
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2007; Ertlrk et al., 2012; Susaki et al., 2014; Yang et al., 2014),
which is a relatively lipid-rich tissue. However, when applied
to the whole body, thick tissues block photons in the visible
region (400-600 nm) not only because of light scattering by
endogenous materials with mismatched Rls, but also because
of the light absorbance by endogenous chromophores—mainly
hemoglobin and myoglobin (Faber et al., 2003; Weissleder,
2001). Thus, efficient decolorization of endogenous chromo-
phores inside tissues (particularly heme, which is one of the
most abundant endogenous chromophores) is needed to clear
whole-body tissues. Classical treatment by the peroxide
decolorizes tissues. However, this peroxide treatment causes
not only serious damage to outer tissues (Steinke and Wolff,
2001), but also a significant loss of GFP signal (Alnuami et al.,
2008). Heme tightly binds to hemoglobin and can be released
only in highly acidic (<pH 2) or basic (>pH 11) conditions
(Kristinsson and Hultin, 2004; Teale, 1959). This highly acidic
or basic treatment also results in significant loss of signals
from GFP-related fluorescence proteins (Haupts et al., 1998).
Thus, a clearing method is needed to efficiently elute heme
in moderately basic conditions to enable GFP-related fluores-
cence proteins to retain their fluorescence properties.

In this study, we demonstrate that aminoalcohols within
CUBIC cocktails decolorized the blood by efficiently eluting the
heme chromophore from hemoglobin in moderately basic condi-
tions. An accelerated clearing protocol with CUBIC perfusion
rendered nearly transparent almost all organs of adult mice, as
well as the entire bodies of infant and adult mice, and enabled
rapid whole-body and whole-organ imaging with single-cell res-
olution. We used CUBIC to diagnose the pathology of Langer-
hans islets in the diabetic pancreas, as well as to anatomically
annotate various organ structures in 3D. We also applied CUBIC
to 3D immunohistochemistry of various organs. These results
suggest that whole-body imaging with single-cell resolution
achieved by tissue decolorization can contribute to the founda-
tion of the organism-level systems biology.

RESULTS

Aminoalcohols in CUBIC Cocktails Decolorized the
Blood by Efficiently Eluting Heme Chromophore

To achieve whole-body imaging with single-cell resolution, it is
important to decolorize endogenous chromophores such as
heme. When we immersed various organs directly (i.e., without
perfusion) to paraformaldehyde (PFA) and subjected them to
ScaleCUBIC-1 (Susaki et al., 2014; in this study, we term it
“CUBIC-1" for simplicity), we found that the color of the solvent
immediately turned a dark green. This observation led us to hy-
pothesize that CUBIC-1 could solubilize and elute endogenous
heme from blood-infused tissues. To test this hypothesis, we
first investigated whether CUBIC reagents can directly decol-
orize blood. The PFA-fixed blood suspension was washed three
times with CUBIC-1, resulting in transparent pellet and olive-
green supernatant (Figure 1A). On the other hand, the pellet
and the supernatant from PBS-treated blood suspension
remained dark red and colorless, respectively. Among CUBIC-
1 constituents, N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenedi-
amine (termed here as ‘“aminoalcohol #10”) (Susaki et al.,
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2014) alone, but not other reagents, is sufficient to decolorize
the blood (Figures 1A and 1B). The visible spectra of chemically
treated erythrocytes were recorded to investigate what kind of
olive-green molecule was eluted from the blood into the super-
natant. The visible spectrum from the PBS-treated erythrocyte
suspension is quite different from that of erythrocyte suspension
treated by 0.1 M NaOH (initial pH = 13), aminoalcohol #10
and CUBIC-1 reagent (Figure 1C). We also recorded the visible
spectra from purified hemin (free heme chromophore released
from hemoglobin), purified biliverdin (which is a product of
heme catabolism), iron(ll) chloride, erythrocytes, and superna-
tant of PFA-fixed blood treated by aminoalcohol #10 (Figure 1D)
or CUBIC-1 reagent (Figure S1A available online). The normal-
ized spectra of the erythrocyte and supernatant overlapped
almost completely with hemin solutions in aminoalcohol #10
or CUBIC-1, which suggests that heme is released from hemo-
globin in erythrocytes when treated by aminoalcohol #10 or the
CUBIC-1 reagent.

We noted that aminoalcohol #10 and CUBIC-1 reagent have
buffering capacity in pH 9-11 whereas other reagents did not
(Figure S1B). If buffering capacity in basic pH is critical for the
decolorizing capability, we predicted that a basic solution con-
taining 0.01 M NaOH, which usually elutes heme from hemoglo-
bin, will lose its decolorizing capability at a higher concentration
of erythrocytes because the higher concentration of cells will
shift the pH from basic to neutral. To test this prediction, we pre-
pared a mixture of erythrocytes and these chemicals at different
ratios (Figure 1E). Although urea and Triton X-100 in basic solu-
tion moderately promoted heme release at high chemical ratios,
these were less effective at lower concentrations. On the other
hand, aminoalcohol #10 and CUBIC-1 reagent promoted heme
release even at high erythrocyte ratios. As shown in Figure 1C,
the absorbance ratio between 600 nm and 575 nm can be used
as a quantitative index for the efficiency of heme release.
OD600/0D575 values of samples from Figure 1E were therefore
plotted against erythrocyte/chemical ratio (Figure S1C). These
results quantitatively confirmed that aminoalcohol #10 in the
CUBIC-1 reagent can efficiently promote heme release regard-
less of the erythrocyte/chemical ratio and can work as a
decolorizing buffer at moderate basic pH. We evaluated the
pH dependence on the efficiency of heme release for aminoal-
cohol #10, CUBIC-1 reagent, and non-buffered basic solution,
respectively (Figure 1F). In non-buffered basic solution, heme
was efficiently released from hemoglobin, but only at pH >11,
as previously reported (Kristinsson and Hultin, 2004). On the
other hand, aminoalcohol #10 efficiently eluted heme even in
moderately basic conditions around pH 10, which is within
the optimal pH range for fluorescence signal intensity of GFP-
related fluorescence proteins (Haupts et al., 1998). CUBIC-1 re-
agent further promoted heme release even around pH 9, which
might be attributed to a combinatorial effect with urea and/or
Triton X-100. These results suggested that aminoalcohol #10
in CUBIC-1 reagent expanded the pH window for efficient
heme release. To clarify the chemical properties of aminoalco-
hol #10 associated with its decolorizing capability, we investi-
gated erythrocyte with a series of aminoalcohol derivatives
(Figures S1D and S1E). These results revealed the chemical
properties (i.e., higher amines without carboxylic groups)
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Figure 1. Aminoalcohols in CUBIC Cocktails Decolorized the Blood by Efficiently Eluting Heme Chromophore

(A) Decolorizing of the PFA-fixed blood by the previously published CUBIC-1 cocktail (“CUBIC-1") and its constituents. Numbering of aminoalcohol #10 was
derived from the previous chemical screening. Bright-field images of pellet and supernatant from fixed blood samples washed with PBS, CUBIC-1 reagent, 25 wt
% aminoalcohol #10, 25 wt% urea, 15 wt% Triton X-100, or 0.01 M NaOH, respectively. pH of the original liquid and supernatant is shown at the bottom.

(B) Decolorizing PFA-fixed blood by CUBIC-related chemicals. Bright-field images of pellet and supernatant from PFA-fixed blood samples washed with PBS,
CUBIC-1 reagent (“CUBIC-1"), a mixture of 25 wt% urea and 15 wt% Triton X-100 (“Urea + Triton X”), 25 wt% glycerol (“Glycerol”), or a mixture of 25 wt% urea,
25 wt% glycerol and 15 wt% Triton X-100 (“Modified ScaleA2”), respectively. pH of the original liquid and supernatant is shown at the bottom.

(C) Visible spectra of a chemically treated 0.1% mouse erythrocyte suspension. Erythrocytes were mixed with PBS (gray), 0.1 M NaOH (black), aminoalcohol #10
(magenta), or CUBIC-1 reagent (red), and were incubated at 37°C overnight. Inset: magnification of the Q-band region.

(D) Normalized visible spectra of 0.1% mouse erythrocyte (black), 1/10 diluted supernatant from (A) (red), 10 uM hemin (blue), 10 uM biliverdin (orange), and
100 pM iron(ll) chloride (green), in 25 wt% aminoalcohol #10.

(E) Aminoalcohol #10 in CUBIC reagents facilitates the release of heme independent of the mixing ratio with erythrocytes. Bright-field images of the 1% to 20%
erythrocyte suspension mixed with CUBIC-1 reagent, 25 wt% aminoalcohol #10, 25 wt% basic glycerol, 25 wt% basic urea, 15 wt% basic Triton X-100, and
0.01 M NaOH. Indicated value in each well corresponds to pH.

(F) Aminoalcohol #10 in CUBIC reagents significantly expands the pH range of heme release. 1% erythrocyte suspension including 1-100 mM NaOH (black
diamond, n = 3), aminoalcohol #10 (pH = 9.4-11.0, magenta square, n = 3), CUBIC-1 (pH = 9.2-11.1, red circle, n = 3), and 25 wt% tris(hydroxymethyl)amino-
methane (pH = 10.6-11.8, green triangle, n = 3) incubated at 37°C overnight. Visible spectra of these samples were recorded. Because OD600/575 correlates with
the efficiency of heme release, OD600/575 of these samples is plotted against pH.

Data represent the average + SD. See also Figure S1.

decolorization, which is assisted by its chemical capacities to
buffer pH in moderately basic conditions and to expand the
pH window for efficient heme release.

associated with efficient decolorizing and might reflect the affin-
ity of these chemicals to the heme chromophore. Overall, ami-
noalcohol in CUBIC reagents critically contributed to blood

Cell 159, 911-924, November 6, 2014 ©2014 Elsevier Inc. 913



A Whole-organ clearing protocol B Whole-body clearing protocol

Day(.J ‘] % (.3 1.1 5 6 7 8 9 10 DayO ‘] ? 1|4
CB-Perfusion | BER] CUBIC-2 refresh/day [eIzE Perfu5|on| |
XS |CUBIC-2 refreshiday| PBS PBS |
SeeDB g jLHias SeeDB refresh/day WT P1 (CS7BL/6N)
SIEICY PEA UM Frecze | Scalef2 || ScaleBd Sy Ventral view Dorsal view
PBS [T PBS | PBS CB-Perfusion PBS CB- Pe]rfu5|on
1 T
WT adult (C57BL/6N) i% I
mEEEr yEmmgERRLE mn
PBS Scale  SeeDB usion e Eeaa =
HH w4 HoeeH R
c o HH O e s
‘® mEm ::%r’ bt HH
m o FH e
L35 O
E = I= T
o o o He
F AR H i WT P6 (C57BL/6N)
d r.:f’TvTTI EEHEH T A Ventral view Dorsal view
o a5 HH T T i
IS as o Li 4t + +F PBS CB-Perfusion PBS CB-Perfusion
3 e e e Sl i
H CEEFEF o o Pk SEEERRCEECidoNE e
- - ] 3 T
> TgE R S 3:%
c + - ~ - il - H
k=] ' um o i - ] n um
= THH ‘ ?Q i 3 : %
] T i
N el DT
g NPT e AW
= : T TN i
Hll; I - HHH
§ 1 WT adult (C57BL/6N)
5 . Ventral view
S 3 B PBS CB-Perfusion
= %l I(Iii
3 e
Q. 1 SENEENE mE 17 mE T
» 1 H e
& i : i
) n mEE
s} i Eoadt
(2]
> T
=S
WT adult
(BALBc-nu/nu)
2 PBS i H
§ i H
£ I i manmaaanan H
5 N H
< EEm———— —— —
[} P
S Y = J 7 ——
5 Eé?g
2 e

Figure 2. CUBIC Provides a Simple and Efficient Whole-Organ and Whole-Body Clearing Protocol

(A) (Top) Whole-organ clearing protocol in 10 days. (Middle) Transmission images of whole organs (brain, heart, lung, kidney, liver, pancreas, spleen, and muscle)
from adult C57BL/6N. In the CB-Perfusion protocol, deeply anesthetized mice were sacrificed and transcardially perfused with PBS, 4% PFA/PBS (w/v), and 1/2
diluted CUBIC-1 reagent. The excised organs were further cleared by CUBIC-1 reagent without postfixation in 4% PFA/PBS. (Lower-left) Bright-field images of
whole stomach and intestine from C57BL/6N treated with the CUBIC, CB-Perfusion protocol, SeeDB, or PBS using 10-day clearing protocol (Scale-treated

(legend continued on next page)
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CUBIC Is a Simple and Efficient Whole-Organ and
Whole-Body Clearing Protocol

In this study, we focused on the development of an immersion-
only tissue-clearing protocol based on hydrophilic clearing re-
agents (Extended Experimental Procedures). We evaluated the
clearing performance of Scale, SeeDB, and CUBIC protocols in
various organs (Hama et al., 2011; Ke et al., 2013; Susaki et al.,
2014). Each protocol was based on the experimental conditions
of the original papers, as shown in Figure 2A, except for a daily
exchange of the clearing medium. We measured the temporal
development of average transmittance of different organs (brain,
heart, lung, kidney, and liver) with each protocol (Figure S2A) and
obtained transmittance curves of these organs around the visible
region after 10 days (Figure S2B). The CUBIC protocol was supe-
rior to other methods in both clearing kinetics and plateau perfor-
mance in transmittance for all organs studied. We confirmed that
the CUBIC protocol enhanced the transmittance of organs in the
480-680 nm range, as expected from the decolorizing capability
of CUBIC reagents. Bright-field images of different organs (brain,
heart, lung, kidney, liver, pancreas, spleen, muscle, stomach and
intestine, and skin) after 10 days also demonstrated that all or-
gans treated with CUBIC reagents resulted in the most trans-
parent and decolorized images (Figure 2A).

Based on the blood decolorizing capability of the CUBIC-1
reagent, transcardial perfusion of this reagent (and hence
the blood decolorizaion through blood vessels) will enhance
whole-organ and whole-body clearing. We thus developed a
CUBIC perfusion (CB-Perfusion) protocol to achieve whole-or-
gan and whole-body clearing. In the original CUBIC protocol, tis-
sues were conventionally fixed by transcardial perfusion of 4%
PFA (25-50 ml) and were immersed in 4% PFA at 4°C overnight
as a postfixation. In the advanced CB-Perfusion protocol, tis-
sues in the entire body were fixed by prolonged transcardial
perfusion of 4% PFA (150 ml) and were then cleared by subse-
quent transcardial perfusion of 1/2 diluted CUBIC-1 reagents
(20 ml). Each organ was then extracted and further cleared by
CUBIC reagents. The CB-Perfusion protocol accelerated the
clearing kinetics and further enhanced the plateau performance
in transmittance when compared with the original CUBIC proto-
col (Figures S2A and S2B). In a bright-field imaging comparison
of all organs, the CB-perfused organs were the clearest (Fig-
ure 2A). These results indicate successful development of the
whole-organ clearing protocol, which finishes within 10 days.

We next attempted whole-body clearing of infant (postnatal
day 1 [P1] and P6) and adult mice (19-week-old) by using this
CB-Perfusion protocol. After transcardial perfusion of 4% PFA
and 1/2 diluted CUBIC-1 reagent and subsequent detachment
of skin, the entire body was cleared by the CUBIC-1 reagent.
We noticed that the clearing medium (CUBIC-1 reagent) immedi-
ately turned a dark green color probably due to decolorization
of endogenous chromophores (mainly heme). To facilitate the
whole-body clearing, clearing medium were refreshed daily for

2 weeks. The clearing medium gradually became less colored,
and after 2 weeks, the apparent transparency of the whole
body became saturated. Whole-body samples can be then
stored in CUBIC-1 reagent and even shaken at 37°C over
months because the high pH of CUBIC-1 reagents prevents pro-
liferation of microorganisms. Bright-field images of infant mice
(P1 and P6) demonstrated that CB-Perfusion protocol transpar-
entized and decolorized P1 and P6 infant mice (Figure 2B). We
confirmed the visualization of chest and abdominal backbones
as well as bones of limbs through internal organs and soft tissues
from both ventral and dorsal sides of the body. Bright-field im-
ages of adult mice (19-week-old) demonstrated that CB-Perfu-
sion protocol also markedly transparentized and decolorized
adult mice (Figures 2B and S2C). The bones of forelimbs
(including scapula, humerus, radius, and ulna) and hindlimbs
(including femur, tibia, and fibula) and caudal vertebrae were
clearly visualized in either V-D or the dorsal-to-ventral (D-V) im-
ages of adult mice.

CUBIC Is Applicable to Whole-Body Imaging of Infant
and Adult Mice with Single-Cell Resolution

The high transparency of CB-perfused samples prompted us
to perform light-sheet fluorescence microscopy (LSFM). As
previously described, the CUBIC protocol is compatible with
whole-brain nuclear counterstaining (Susaki et al., 2014). We
thus applied nuclear counterstaining by propidium iodide (Pl)
to whole-body samples and imaged Pl-stained CAG-EGFP
transgenic (Tg) (Okabe et al., 1997) P1 mouse transparentized
and decolorized by the CB-Perfusion protocol. Whole-body im-
ages were obtained from two opposite directions (D-V and V-D)
(Figure 3A). Both images were sufficiently clear even at 4-5 mm
depth. Nuclear staining with Pl tends to highlight non-muscular
organs and solid tissues, whereas CAG-EGFP signals were
more intense in the muscular organs such as heart and subcu-
taneous tissue. Magnified images from the same sample were
also obtained to visualize internal structures of head, chest,
abdominal, and pelvic organs as well as limbs (Figures 3B,
S3A, and S4). These images were then deconvolved by Auto-
Quant X3 software (we denoted the deconvolved images as pre-
fix “DCV-" in the figures). For example, the granule duct in the
submaxillary gland, coronary vessels in the heart, bronchiole
in the lung, gastric walls in the stomach, vascular structures in
the liver, renal cortex and medulla in the kidney, villus in the intes-
tine, and penis and testis in the scrotum were clearly identified in
each z stack image (Figure S4). Surprisingly, detailed structures
in hippocampus and cerebellum were visible through the skull,
central canal inside the spinal cords were seen through verte-
brae, and internal structures of tibia in the leg were also visual-
ized (Figures 3B and S4). We note that the magnified images
of these organs resolved to single-cell levels (Figure 3C, top).
We also performed whole-body imaging of Pl-stained CAG-
EGFP Tg P6 mouse transparentized and decolorized by the

stomach and intestine were usually fragile and torn during the procedure due to proliferation of microorganisms; thus it was impossible to take comparison data).
(Lower-right) Bright-field images of skin from BALB/c-nu/nu treated with CUBIC reagents and PBS using the 10-day clearing protocol.

(B) Whole-body clearing protocol in 2 weeks. Bright-field images (ventral and dorsal view) of whole body (C57BL/6N P1, P6, and adult mice) stocked in PBS after
fixation or subjected to the CB-Perfusion protocol. 8-week-old mouse for the PBS sample and 19-week-old mouse for the cleared sample are shown.

See also Figure S2.
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A CAG-EGFP Tg P1 whole body images with Pl staining
V-D image Z=4.0mm D-V image

B CAG-EGFP Tg P1 body images with Pl staining
Z=2.0mm

DCV-Head (D-V)

2mm

DCV-Chest (v D)

DCV-Abdominal & Pelvic (V-D)  Z=4.5mm DCV Abdominal & Pelvic (D-V)

2mm

D CAG-EGFP Tg 8w body images with Pl staining
DCV-Chest (V-D) Z=3.0mm Abdominal (Upper, V-D)

Hindlimb

4mm 4mm

CB-Perfusion protocol. Because the P6 mouse was too large to
be captured in a single view, we obtained whole-body images
from three views (head, chest, and abdomen, Figure S3C). The
quality of whole-body images of P6 mice was almost compara-
ble to that of P1 mice and visualized the internal structures of
head, chest, abdominal, and pelvic organs as well as limbs.
We next performed whole-body imaging of Pl-stained CAG-
EGFP Tg adult mice (8-week-old) transparentized and decolor-
ized by the CB-Perfusion protocol. Adult mice bodies could
not fit into existing LSFMs, so we dissected the adult body into
four parts (chest organs, abdominal organs, forelimbs, and hin-
dlimbs) and then obtained their images (Figures 3D and S3B).
Adult mouse tissues exhibited much higher contrast between
Pl and EGFP signals than those of infant mice. For example,
EGFP signals were much higher in heart, pancreas, stomach,
and muscles probably because EGFP expression from CAG pro-
moter in these organs was elevated. In z stack images of chest
organs, ventricle structures in the heart and bronchiole in the
lung can be clearly visualized (Figure 3D). In z stack images of

916 Cell 159, 911-924, November 6, 2014 ©2014 Elsevier Inc.

Z=3.5mm

Figure 3. CUBIC Is Applicable to Whole-
Body Imaging of Infant and Adult Mice with
Single-Cell Resolution

(A) 3D-reconstituted and X-Y plane (indicated with
Z position), lower-resolution whole-body images of
Pl-stained CAG-EGFP Tg P1 mouse. Images were
acquired with light-sheet fluorescence microscopy
(LSFM) from the ventral-to-dorsal (V-D) and dorsal-
to-ventral (D-V) directions, respectively.

(B) 3D-reconstituted and X-Y plane body images of
Pl-stained CAG-EGFP Tg P1 mouse. Head (D-V),
chest organs (V-D), abdominal, and pelvic organs
(V-D and D-V) are shown. All images were decon-
volved with AutoQuant X3 software. Prefix “DCV-"
indicates the deconvolved image.

(C) Magnified images in (B) (Chest, Z = 2500) and
(D) (Chest, Z = 3000) indicating these images taken
with single-cell resolution. Each dot is Pl signals of
single cell nucleus.

(D) 3D-reconstituted and X-Y plane body images
of the Pl-stained CAG-EGFP Tg adult mouse
(8-week-old). Chest organs (V-D), upper abdominal
organs (V-D), lower abdominal organs (D-V), and
hindlimb are shown. Enlarged parts in (C) are indi-
cated as a white box in (B) and (D). Prefix “DCV-"
indicates the deconvolved image.

See also Figures S3 and S4.

C Magnified view
P1 Chest (V-D)
Pl,Z= 5

Adult Chest (V-D)
Pl,Z=3.0 mm

100 pm

4 mm

abdominal organs, vascular structure in
the liver, cortex, and medulla in the kid-
ney, muscularis externa in the stomach,
and villus in the intestine were also visual-
ized (Figure 3D). Tibia and fibula as well
as fiber orientation of gastrocnemius and
muscles in the hindlimb were also clearly
visualized (Figure 3D). We note that
the images of these adult organs also
achieved single-cell resolution (Figure 3C,
bottom). These results demonstrated that
CUBIC is applicable to the imaging of the
internal structures of entire body regions (chest and abdominal
organs, forelimb, and hindlimb) with single-cell resolution.

CUBIC Is Applicable to Whole-Organ Imaging with
Single-Cell Resolution

For rapid whole-organ imaging, we used a knockin (KI) mouse
strain expressing three tandem repeats of mKate2 with a nuclear
localization signal, under control of the CAG promoter (Niwa
et al., 1991) from the 3'-UTR of 8-actin gene locus (Tanaka et al.,
2012). We used mKate2 because of its signal intensity, photo-
stability, and rapid protein maturation (Chudakov et al., 2010;
Shcherbo et al., 2009), as well as its resistance to fluorescence
quenching by CUBIC reagents, as previously described (Susaki
et al., 2014). We then performed whole-organ imaging of various
CB-perfused organs, including heart, lung, kidney, liver, pancreas,
spleen, muscle, stomach, and intestine from this B-actin-nuc-3 x
mKate2 Kl mouse (8-week-old) and counterstained with SYTO 16,
a cell-permeable green-fluorescent nucleic acid stain. The result-
ing 3D-reconstituted image of each organ in this mKate2 Ki
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Figure 4. CUBIC Is Applicable to Whole-Organ Imaging with Single-Cell Resolution

The reconstituted 3D and section images of a heart (A), lung (B), kidney (C), and liver (D) from nuclear-stained p-actin-nuc-3 x mKate2 Kl mouse (8-week-old) and
skin and ear (E) from CAG-EGFP Tg mouse (10-week-old) were acquired with LSFM. Raw X-Y section images and reconstituted Y-Z and X-Z section images are
at the indicated positions. Prefix “DCV-" indicates the deconvolved image. In (A-D), enlarged images indicated by a white box on z plane images are shown,
indicating that these images are taken at single-cell resolution. Each dot is nuclear-localized mKate2 signals from single cell nuclei.

See also Figures S5 and S6.

mouse, as well as its horizontal, coronal, and sagittal sections, detailed internal structures (Figures 4A-4D and S5A-S5F). For
enabled the visualization of spatial gene expression patterns example, 3D reconstitution images of the heart successfully visu-
(from the CAG promoter at g-actin 3'-UTR) and examination of alized not only lumens of atria and ventricle, but also internal
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papillary muscle, coronary vascular structures, and even valve
structures (Figure 4A). In lungs, the networks of trachea, bronchi,
and bronchiole in both lobes were clearly identified (Figure 4B). In
the kidney, 3D reconstitution images easily distinguished between
renal cortex, medulla, and pelvis (Figure 4C). In the liver, two kinds
of vascular structures were identified as thicker vessels, which
would indicate the hepatic artery, and thinner vessels, which
would indicate the portal vein (Figure 4D). Langerhans islets and
pancreatic ducts were identified in the pancreas (Figure S5A).
Splenic white pulp and red pulp were identified in the spleen (Fig-
ure S5B). Orientations of muscle fibers and blood vessels were
observed in the muscle (Figure S5C). Corpus glands were signifi-
cantly highlighted, and pylorus and cardia were clearly observed
in the stomach (Figure S5D). Mesentery and villi were seen in the
intestine (Figure S5E). We also obtained 3D reconstitution images
of brain as well as kidney and muscle, which are contralateral to
those in Figures 4C and S5C from the identical mouse body (Fig-
ure S5F). In addition to imaging internal organs and muscles, we
collected skin and ears from pelage-removed CAG-EGFP Tg
mouse and subjected them to CUBIC reagents with nuclear-coun-
terstain Pl. We then performed whole-organ imaging of these
tissues (Figure 4E). EGFP signals highlighted epidermis, muscle
layer under hypodermis, and residual pelage, whereas Pl signal
intensity was relatively higher in hair matrix cells. Taken together,
these results demonstrate that CUBIC enables whole-organimag-
ing with single-cell resolution of almost all organs by using various
fluorescence proteins.

The successful whole-organ imaging using mKate?2 led us to
test other fluorescence proteins, including EGFP and YFP. We
performed similar whole-organ imaging of each organ from three
strains of CB-perfused adult mice: CAG-EGFP Tg (Figure S6A),
an EGFP-fused histone-2B-expressing strain (R26-H2B-EGFP
[CDB0239K]; Figure S6B) (Abe et al., 2011), and a Thy1-YFP-H
Tg strain (Figure S6C) (Feng et al., 2000), respectively. Pl was
used as nuclear staining for whole-organ imaging of these
strains. When we captured the section images of each organ
from CAG-EGFP Tg (Figure S6A) and B-actin-nuc-3 x mKate2
KI mice (Figures 4 and S5), the spatial distribution of fluores-
cence proteins (EGFP and nuc-3 X mKate2) was markedly
different. This is because EGFP was localized in the nucleus
and cytosol, whereas mKate2 was localized only in the nucleus.
Similarly, we could obtain 3D reconstitution images of whole or-
gans from R26-H2B-EGFP and the neuronal marker Thy1-YFP-H
(Figures S6B and S6C). These results demonstrate that CUBIC
protocol enables whole-organ imaging with various fluorescence
proteins (mKate2, EGFP, and YFP) and that whole-organ imag-
ing with single-cell resolution can extract 3D single-cell informa-
tion of internal anatomical structures in different organs.

CUBIC Is Applicable to 3D Pathology of Langerhans
Islets in the Diabetic Pancreas

One attractive application of whole-body and whole-organ imag-
ing with single-cell resolution is 3D pathology of organs. To test
this potential, we investigated the spatial distribution of Langer-
hans islets (LIs) in diabetic and normal pancreases by using the
CB-Perfusion protocol. As a model, we first focused on diabetic
pancreases because BABB-based analysis combined with
optical projection tomography (OPT) has already been applied
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(Alanentalo et al., 2007). Streptozotocin (STZ) is a well-known
cytotoxic agent for pancreatic f cells, which disrupts the ability
of B cells to secrete insulin and stabilize blood sugar levels
(King, 2012). High-dose STZ injection destroys B cells, which
are major constituents of LIs and induce type | diabetes mellitus.
LIs contract because of 3 cell destruction after the onset of dia-
betes. We therefore performed comprehensive and statistical
analysis of diabetic Lls in the whole pancreas of adult mice. We
dissected and transparentized pancreases from saline-treated
control mice (n = 3) and acute type | diabetic mice (n = 3, whose
blood sugar levels were over 400 mg/dl as shown in Table S1) by
the CB-Perfusion protocol with Pl staining. Acquired images
enabled us to morphologically distinguish the characteristic clus-
ters (LlIs) from the characteristic tracts (pancreatic ducts) (Fig-
ure 5A). We identified and 3D reconstituted all LIs according to
Figure 5A and Extended Experimental Procedures. The image
analysis also provided a spatial distribution of LIs in the pancreas.
For example, larger LiIs tend to be localized along pancreatic
ducts. By using the extracted LI data, we can compare the total
number of LIs between diabetic and healthy mice. As expected,
the average number of LIs was significantly reduced by the onset
of diabetes (Figure 5B, left, p = 0.005). The differences of average
LI volume between diabetic and healthy mice were also margin-
ally significant (Figure 5B, center, p = 0.09), which is consistent
with the observed reduction in the existence probability of larger
Lls in diabetic mice (>1.0 x 107 pm?®, Figure 5B, right). These data
indicate that larger LIs are more susceptible to  cell impairment
induced by STZ administration. Overall, these results indicate
that CUBIC enables 3D pathology of a diabetic pancreas.

CUBIC Is Applicable to 3D Anatomy of Various Organs

The successful 3D pathology of diabetic pancreases prompted
us to generalize this to 3D anatomy of various organs, which
may provide a versatile platform for elucidation of cellular mech-
anisms underlying the physiology and pathology of observed
anatomical structures. As a test case, we analyzed whole-heart
images from mKate2 Kl mouse. We noted that mKate2 signals
are more intense in the surface of the tracts, which can be
morphologically annotated as coronary vessels (Figure 6A). We
extracted, by using the surface analysis in the Imaris software,
high-intensity signals in the heart and excluded the surfaces of
smaller volume size, resulting in 3D images of coronary vessels
covering the entire heart (Figure 6A and Movie S1). Internal
structures such as tendinous cords and valves could be also
visualized (Figure S7A). We also analyzed whole-lung images
from the same mKate2 KI mouse. We noted that mKate2 signals
in respiratory tract fall to undetectable levels, and thus we can
extract low-intensity signals in the lungs, resulting in a bronchial
tree covering the entire lung (Figure 6B and Movies S2 and S3).
Interestingly, the 3D-reconstituted image of the tree includes
main stem bronchus, bronchi, bronchioles, and even alveoli
structures. We next analyzed whole-kidney images from the
same mKate2 Kl mouse. Renal cortex, medulla, and pelvis
were clearly distinguished and annotated with characteristic
signal patterns of SYTO16 and mKate2 (Figure 6C and Movie
S4). We further analyzed whole-liver images from the same
mKate2 Kl mouse (Figure 6D and Movie S5). We extracted two
vessel structures inside of the image, which were characterized
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Figure 5. CUBIC Is Applicable to the 3D Pa-
thology of Langerhans Islets in the Diabetic
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(A) The procedures for image analysis of Lls in
pancreases. First, Lls in each X-Y plane image
were manually identified. Seven Lls (white circles)
were identified in the center-top panel. Then, these
LIs were visualized in a 3D image with surface
analysis on the Imaris software. In the upper-right
panel, the seven Lls (yellow) are in the plane. Four
other Lls (blue) are not in the same plane. The
pancreatic duct (green) is also indicated. The
spatial distribution of Lls (blue) as well as a
pancreatic duct (green) is displayed in the lower-
left and lower-center panels. Finally, LI counting
and volume analysis were conducted on the Imaris
software, shown in the lower-right panel.

(B) Statistical analysis of Lls in the whole pancreas
from control mice (n = 3) and diabetes mice (n = 3).
Data represent the average + SE. The average
number of Lls was significantly reduced by the
onset of diabetes (left, p = 0.005). The differences
of average LI volume between diabetic and healthy
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by high and low SYTO 16 signals, and were thus identified as he-
patic arteries and portal veins, respectively. Finally, we extended
similar anatomical analysis to whole-body images of Pl-stained
CAG-EGFP Tg P1 mouse (Figure 3). Each organ inside of the
chest and upper abdomen were clearly visualized (Figure S8A
and Movie S6) with their inside structures, such as a bronchial
tree in the lung (Figure S8B), vascular structures in the liver (Fig-
ure S8C), villi in the intestine (Figure S8D), and spatial relations of
esophagus and esophageal gland (Figure S8E). These results
suggest that CUBIC enables 3D anatomy of various organs
even in whole-body images, which will provide a versatile plat-
form for systems-level elucidation of cellular circuits underlying
the physiology and pathology of various organs of interest.

CUBIC Is Applicable to 3D Immunohistochemistry of
Various Organs

Another challenge for establishing whole-organ imaging is the
development of 3D immunohistochemistry (3D-IHC). In our pre-
vious work, we have demonstrated that CUBIC was applicable
to the 3D-IHC using large blocks of brain tissue (Susaki et al.,
2014). According to the protocol, we performed 3D-IHC of

Lt

extracted islets (green circles) at plane 80. (Right)
Islet volume (x10° um?)

Reconstituted 3D image with all identified islets.

LI counting and volume analysis See also Table S1.

nuclear-stained whole-organ samples
(Figure 7A). Organ samples with CB-
Perfusion were subjected to CUBIC-1
treatment, followed by 3D-IHC with anti-
bodies to two proteins expressed in the
organs. We used a-smooth muscle actin (¢-SMA) antibody to la-
bel the heart, stomach, and intestine and pan-cytokeratin anti-
body to the lung. After immunostaining, organ samples were
treated with CUBIC-2 for several hours to 1 day, and the resulting
samples were observed with LSFM. The immunostained signals
were detected over 1 mm depth and were visualized as 3D-re-
constituted images (Figure 7). In the heart, the immunofluores-
cence signal for a-SMA antibody clearly highlighted vascular
structures (Figure 7B). Epithelial cells in the lung were visualized
by immunostaining with the antibody to pan-cytokeratin (Fig-
ure 7C). Previously reported staining pattern of pan-cytokeratin
was recapitulated by CUBIC-based 3D-IHC (Xiang et al,
2007). «-SMA antibody also visualized smooth muscular cells
in the stomach and intestine (Figures 7D and 7E). The CUBIC
protocol is thus applicable to the 3D-IHC of various organs.

1mm

DISCUSSION
Aminoalcohols in CUBIC Enable Decolorization of Blood

Almost all animals are not transparent because their body is
composed of RI-mismatched materials as well as light-absorbing
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Figure 6. CUBIC Is Applicable to the 3D Anatomy of Various Organs

Extraction of internal structures was performed with surface analysis of Imaris software. The reconstituted 3D images of the heart (A), lung (B), kidney (C), and liver
(D) from the SYTO 16-stained B-actin-nuc-3 x mKate2 KI mouse (8-week-old) in Figure 4 were used. After surface extraction by the software, each structure was
manually curated and extra surface signals were eliminated.

(A) Structural identification of coronary vessels and ventricles in the heart. Contiguous mKate2 signals with high or low intensity within the heart were extracted as
coronary vessels (left two panels) or ventricles (right two panels). RAu, right auricle; RAt, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA,
pulmonary artery; PV, left ventricle.

(legend continued on next page)
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pigments. Although a number of tissue-clearing methods (BABB,
THF-DBE, Scale, SeeDB, Clear’) and protocols (3DISCO,
CLARITY, PACT-PARS) have been developed, the importance
of tissue decolorization may have been overlooked because
these methods were mainly optimized for pigment-less brains
and hence focused on the adjustment of mismatched Rls (Becker
et al., 2012; Chung et al., 2013; Dodt et al., 2007; Ertlrk et al.,
2012; Hama et al., 2011; Ke et al., 2013; Kuwajima et al., 2013;
Yang et al., 2014). However, when applied to whole body, thick
tissues may block photons in the visible region due to the absor-
bance by endogenous pigments. Animals genetically lacking
endogenous pigments have see-through bodies such as the
medaka, in which superficial organs can be visualized across
body surfaces (Ohshima et al., 2013; Wakamatsu et al., 2001).
Therefore, to visualize detailed structures in deeper organs by
single-photon excitation microscopy, we must overcome the
light absorbance by heme, which is one of the most abundant
chromophores in the body (Faber et al., 2003; Weissleder,
2001), in addition to light scattering by mismatched Rls. In the
previous study, we demonstrated that aminoalcohols in CUBIC
cocktails significantly enhanced whole-brain clearing via homog-
enizing mismatched Rls (Susaki et al., 2014). In this study, we
discovered another unexpected chemical nature of aminoalco-
hols: tissue decolorization. Q bands (~500-700 nm) of heme in
erythrocytes treated with aminoalcohol #10 or CUBIC-1 reagent
were considerably changed from those of hemoglobin-bound
form (Figure 1C). These results imply that the aminoalcohols
could be tightly bound to heme porphyrin instead of oxygen
and histidine in hemoglobin, which may facilitate heme release
and explain the unexpected expansion of the effective pH win-
dow for heme release. Additionally, the buffering capability of
aminoalcohol #10 in moderately basic conditions should also
contribute to the decolorizing performance (Figures 1E and 1F).
Importantly, the buffering capability of aminoalcohol #10 is
exerted in moderately basic conditions, which is the optimal pH
range for the fluorescence signal from GFP-related fluorescence
proteins (Haupts et al., 1998). In fact, treatment of individual or-
gans by CUBIC reagents led to much higher transmittance in
the visible region than that of organs treated by other reagents
(Figure S2B), whereas CUBIC reagents could preserve the fluo-
rescence signal from various kinds of GFP-related fluorescence
proteins (Figure S6).

CUBIC Enables Whole-Body Clearing and Whole-Body
Imaging with Single-Cell Resolution

In this study, we demonstrated that the CB-Perfusion protocol,
which enabled both tissue decolorization and adjustment of mis-
matched RIs, achieved the visualization of chest and abdominal
backbones through internal organs as well as bones of limbs

through soft tissues from both ventral and dorsal sides of the
adult and infant mice (Figure 2B). We also demonstrated that
the CB-Perfusion protocol achieved whole-body (Figure 3) and
whole-organ (Figure 4) imaging with single-cell resolution. We
note that CUBIC is also compatible with other protocols. For
example, we previously demonstrated that CUBIC reagents
are applicable to clear acrylamide-gel-embedded samples pre-
pared according to the CLARITY protocol (Susaki et al., 2014).
Therefore, we expect that another CLARITY-inspired protocol,
PARS, can be a useful fixation method for the endogenous mol-
ecules before CUBIC treatment. Because the PARS method is
based on the intracardiac circulation of detergents (Yang et al.,
2014), similar to the CB-Perfusion protocol, additional circulation
of decolorizing medium (CUBIC cocktails) might increase trans-
parency in the PARS method.

There are still some fundamental technical challenges remain-
ing in both whole-body clearing and whole-body imaging.
Although in this study CUBIC cocktails facilitated the transpar-
ency of internal organs and soft tissues for the infant and adult
mice body by tissue decolorization, these clearing reagents
are not effective for bones. Conventionally, decalcification is
rendered by the continuous immersion of acids (such as formic
acids) or chelating agents (such as EDTA) (Mack et al., 2014).
Therefore, the combination of effective chelating solution with
CUBIC cocktails might provide further decalcification properties
for the current chemical cocktail. Alternatively, larger chemical
screening for tissue-clearing reagents (Susaki et al., 2014) could
afford a series of alternative candidates for tissue- and/or bone-
clearing reagents that may provide more clearing potency with
fewer drawbacks. In whole-body imaging, further optimization
of LSFM setup is also required to seamlessly capture whole-
body images of adult mice. Because the movable range of the
stage was limited in the currently existing LSFM setup, the
largest field of view corresponded to a P1 mouse. An entire adult
mouse is much thicker, wider, and longer than the body of an
infant mouse. Thus, extension of focus depth in the illuminated
light-sheet, expansion of the movable range of the stage, and
seamless tiling of the reconstituted images should be improved
in future LSFM setups.

CUBIC Is Applicable to 3D Pathology, Anatomy, and
Immunohistochemistry

Whole-body and whole-organ imaging with single-cell resolution
will play a fundamental role in achieving 3D studies of pathology
and anatomy, which will aid in systems-level elucidation of
cellular mechanisms underlying abnormal and normal body
states. In this study, we applied CUBIC-based whole-body
clearing and LSFM-based whole-organ/whole-body imaging to
achieve 3D pathology, anatomy, and immunohistochemistry.

(B) Structural identification of the bronchial tree (light blue) and peripheral alveoli (green) in the lung. Contiguous mKate2 signals with moderate intensity within or
on the edge of the lung were extracted as the bronchial tree or alveoli, distinguished by their values of surface area.
(C) Structural identification of renal cortex, medulla, and pelvis in the kidney. High-intensity signals in SYTO 16 channel and high- or low-intensity signals of

mKate2 channel were extracted as the cortex, medulla, or pelvis, respectively.

(D) Structural identification of vessels in the liver. Two types of vascular structures (with or without high-concentrated nuclei signals around the vessel) were
distinguished. Contiguous SYTO 16 signals with low or moderate intensity were extracted as the portal vein (blue) or wall of the hepatic artery (red), respectively. In
mKate2 channel, similar contiguous signals with low intensity were also extracted and merged with the hepatic artery structure (red).

See also Figures S7 and S8.
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Figure 7. CUBIC Is Applicable to the 3D Immunohistochemistry of Various Organs

(A) CUBIC protocol for 3D immunohistochemistry (3D-IHC) of CB-perfused various organs. The reconstituted 3D and section images of a SYTO 16- or Pl-stained
heart (B), lung (C), stomach (D), and intestine (E) from C57BL/6N mouse (11-week-old) immunostained with Cy3-conjugated anti-a-SMA for heart, stomach, and
intestine or FITC-conjugated anti-pan cytokeratin for lung were acquired with LSFM. Magnified 3D images and raw X-Y section images are at the indicated
positions.

As a model case study, we analyzed entire pancreases in dia- and volume distribution of Lls were significantly different be-
betic and normal mice to reveal the volume distribution of LIsbe-  tween normal and diabetic mice (Figure 5). We also note that
tween diabetic and healthy mice. As expected, the total number larger LIs tend to be localized along pancreatic ducts and
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are more susceptible to B cell impairment induced by STZ
administration.

The application of whole-body and whole-organ imaging tech-
niques is not limited to the pancreas but can be extended to
other organs. In this study, we demonstrated that 3D anatomy
is feasible for other medically important structures from whole-
organ (Figure 6) or whole-body images (Figure S8) such as
coronary vessels in the heart; the bronchial tree in the lungs;
glomeruli distributed through the cortex and the medullary rays
in the kidney, artery, and vein networks of the liver; and villi in
the intestine. Although such medically important structures are
annotated manually in this study, automated or semi-automated
extraction of medically important anatomical structures will
facilitate 3D pathology and anatomy in future. As a pilot study,
we attempted and succeeded in semi-automated extraction of
medically important anatomical structures in abdominal and
chest organs such as Lls in the pancreas (Figure 5C) and the cor-
onary vessels in the heart (Figure S7B). We also note that CUBIC
application is not limited to transgenic mice with fluorescence
reporter (Figure 7). Because 3D-IHC is compatible with CUBIC,
this whole-organ and whole-body clearing technique can be
widely applied to various mice without fluorescence reporter.
When combined with informatics as well as immunohistochem-
istry, CUBIC will thus contribute to the systems-level elucidation
of cellular mechanisms underlying the generation and progres-
sion of diseases especially with stochastic and proliferative pro-
cesses such as autoimmune diseases. New research fields such
as organism-level systems biology based on whole-body imag-
ing with single-cell resolution lie ahead.

EXPERIMENTAL PROCEDURES
Additional details are available in the Extended Experimental Procedures.

Decolorization of the Blood by Aminoalcohols in CUBIC Cocktails
PFA-fixed blood was thoroughly mixed with each chemical, and resultant pel-
let and supernatant were imaged by bright-field microscopy. For taking visible
spectra data, erythrocytes were mixed with each chemical and incubated
at 37°C overnight. The mixtures and supernatant were diluted 10-fold with
each chemical. The visible spectra of samples was recorded by UV/Vis spec-
trometer (JASCO, V-550, Japan). In the decoloring capacity test, the mixtures
of erythrocytes and each chemical with different mixing ratios (erythrocyte/
chemical = 0.01 to 0.20) were incubated at 37°C overnight. Bright-field images
of these samples were captured. In the pH dependency of heme release,
erythrocytes were mixed with each chemical and incubated at 37°C for 1 hr.
The OD575 and OD600 values of the mixtures were measured with the
PowerWave XS and the attached operation software (Bio-Tek).

Mice

The B-actin-mKate2 knockin mouse (B-actin-CAG-nuc-3 x mkKate2) strain
was established in our laboratory. We also used the R26-H2B-EGFP Ki
(CDBO0238K) (Abe et al., 2011), Thy1-YFP-H Tg (Feng et al., 2000), C57BL/
6-Tg (CAG-EGFP) (Okabe et al., 1997), BALB/cAJcl-nu/nu, and wild-type
C57BL/6N mouse strains. We fed DietGel Recovery (LSG Corporation,
72-06-5022, Japan) to mice for imaging the intestine. Diabetes was induced
in male C57BL/6N mice at 8 weeks by a single intraperitoneal administration
of saline or 10 mg/ml streptozotocin (total 200 mg/kg, Wako Pure Chemical
Industries, 197-15153) at day 0. Blood glucose values were measured by a
blood glucose monitor (GLUCOCARD G Black; ARKRAY) after fasting for
6 hr at day 0 and 4. Mice with blood glucose levels over 300 mg/dl (n = 5) at
day 4 and saline-administered mice (n = 4) were used for clearing with CUBIC
perfusion and PI staining. All experimental procedures and housing conditions

were approved by the Animal Care and Use Committee of Graduate School of
Medicine, the University of Tokyo or by the Animal Care and Use Committee
of the RIKEN Kobe Institute, and all of the animals were cared for and treated
humanely in accordance with the Institutional Guidelines for Experiments
Using Animals.

The CUBIC Protocol and Other Clearing Methods

Two CUBIC reagents were prepared as previously reported (Susaki et al.,
2014). For preparation of CUBIC-treated (non-perfused) samples, the fixed
organs were immersed in CUBIC-1 reagent for 5 days and were further
immersed in CUBIC-2 reagent. To make CUBIC-1 reagent penetrate
throughout the whole body, we also performed the CB-Perfusion protocol.
The anesthetized adult mouse was perfused with 10 ml of 10 U/ml of heparin
in PBS, 150 ml of 4% (w/v) PFA in PBS, 20 ml of PBS (to wash out PFA), and
20 ml of 50% (v/v) CUBIC-1 reagent (1: 1 mixture of water: CUBIC-1) in this
order via left ventricle of the heart. (The protocol was slightly modified for
infant mice.) The resulted whole animal or excised organs were continuously
immersed in CUBIC-1 reagent for 5 days to several weeks. Organs were
further immersed in CUBIC-2 reagent. These samples were stained with nu-
cleic acid stains Pl (Life Technologies, P21493) or SYTO 16 (Life Technologies,
S7578), when indicated. We also performed SeeDB standard protocol (Ke
etal., 2013) and ScaleA2 and ScaleB4 protocol (Hama et al., 2011). Light trans-
mittance was measured with an integrating sphere (Spectral Haze Meter SH
7000, Nippon Denshoku Industries).

Microscopy and Image Analysis

Whole-body and organ fluorescence images were acquired with light-
sheet fluorescence microscopy (LSFM) (Ultramicroscope, LaVision BioTec,
Germany) as reported previously (Dodt et al., 2007; Susaki et al., 2014). All
raw image data were collected in a lossless 16-bit TIFF format. 3D-rendered
images were visualized, captured, and analyzed with Imaris software (version
7.6.4and 7.7.1, Bitplane). Blind 3D deconvolution for a set of our LSFM z stack
images was performed with software AutoQuant X3 (Media Cybernetics).
Anatomical structures and LI quantification were performed with surface
analysis of Imaris software. Automated detections of anatomical structure
were performed with Fiji (Schindelin et al., 2012) and using a filtering method
implemented in C++.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, eight
figures, one table, and six movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2014.10.034.
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