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RESEARCH METHODS

FDISCO: Advanced solvent-based clearing method for

imaging whole organs

Yisong Qi"**, Tingting Yu?*, Jianyi Xu'?, Peng Wan'?, Yilin Ma'?, Jingtan Zhu'?, Yusha Li'?,

Hui Gong™?, Qingming Luo'?, Dan Zhu'**

Various optical clearing methods have emerged as powerful tools for deep biological imaging. Organic solvent-
based clearing methods, such as three-dimensional imaging of solvent-cleared organs (3DISCO), present the advan-
tages of high clearing efficiency and size reduction for panoptic imaging of large samples such as whole organs and
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even whole bodies. However, 3DISCO results in a rapid quenching of endogenous fluorescence, which has impeded
its application. Here, we propose an advanced method named FDISCO to overcome this limitation. FDISCO can
effectively preserve the fluorescence of various fluorescent probes and can achieve a long storage time of months
while retaining potent clearing capability. We used FDISCO for high-resolution imaging and reconstruction of neu-
ronal and vascular networks. Moreover, FDISCO is compatible with labeling by multiple viruses and enables fine
visualization of neurons with weak fluorescence labeling in the whole brain. FDISCO represents an effective
alternative to the three-dimensional mapping of whole organs and can be extensively used in biomedical studies.

INTRODUCTION

High-resolution mapping of three-dimensional (3D) structures in intact
tissues is indispensable in many biological studies. The conventional
method of histological sectioning followed by the imaging of individual
sections is commonly used and rather valuable (1, 2), but this process is
often labor intensive and is prone to errors due to the loss or deforma-
tion of slices. Although recently developed automated serial sectioning
and imaging techniques enable high-throughput data acquisition (3-6),
these methods inevitably lead to sample destruction, which is the major
limitation of mechanical sectioning.

In contrast to mechanical sectioning, multiple optical imaging
techniques provide fast and simple choices for the 3D reconstruction
of tissue structures by optical sectioning (7). However, for most of
these techniques, including single-photon, two-photon, and light sheet
fluorescence microscopy (LSEM), imaging depth is limited by the
strong light scattering of biological tissues (8). Recently, tissue optical
clearing techniques have emerged to reduce the scattering and improve
the light penetration depth by introducing various chemical agents
and tools (8-12). A number of clearing methods have been developed
(8, 9, 13, 14), including aqueous-based clearing methods, such as
CLARITY (I5), PACT-PARS (16), CUBIC (17, 18), ScaleS (19),
OPTIClear (20), and C.3D (21), and organic solvent-based clearing
methods, such as BABB (22), 3DISCO (23, 24),iDISCO (25), uDISCO
(26), FluoClearBABB (27), Ethanol-ECi (28), and PEGASOS (29).
Each kind of method has its own advantages: The former can preserve
protein-based fluorescence, while the latter can provide a favorable
speed of clearing (30). These methods provide essential tools for ob-
taining high-resolution 3D images of intact tissues and for elucidating
many biological events (14).

Organic solvent-based clearing protocols, such as 3DISCO, can
achieve the highest level of tissue transparency and shrinkage (8, 13),
thereby facilitating the imaging of large samples, such as the brain,
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the spinal cord, lung tumors, mammary glands, immune organs, and
embryos (23, 25). However, 3DISCO results in a rapid decline in en-
dogenous fluorescence signals during the tissue clearing and storage
procedure (with a half-life of approximately 1 to 2 days), which has
impeded the application of 3DISCO, especially for large samples
such as the whole brain (23, 26). To address this issue, Becker et al.
have tried embedding specimens in a transparent solid resin (31). This
method enabled long-term archiving but required a complex embed-
ding procedure and incurred a risk of low imaging quality associated
with reduced transparency. Renier et al. described iDISCO to visualize
fluorescent reporters by immunolabeling (25). In practice, it has re-
mained very challenging to achieve whole-mount and homogeneous
staining of large volumes because of enormous molecular barriers. The
recently developed uDISCO was able to maintain endogenous fluo-
rescence signals for several months longer than 3DISCO by introduc-
ing new dehydrating and refractive index matching agents combined
with antioxidants (26). However, uDISCO requires more processing
steps with more chemicals and a longer incubation time, especially for
myelin-rich tissues such as the spinal cord (26), and is not compatible
with tdTomato experimentally.

In this work, we developed an advanced optical clearing method
based on 3DISCO, named FDISCO (DISCO with superior fluorescence-
preserving capability), by temperature and pH condition adjustments.
FDISCO can achieve a high level of fluorescence preservation of various
probes, such as fluorescent proteins (FPs) and chemical fluorescent tracers,
with a short processing time while maintaining potent tissue-clearing ca-
pability. FDISCO allows 3D imaging of neuronal and vascular structures in
various large samples, including the intact brain, kidney, and muscle, in
combination with LSFM. Using FDISCO, we detected weakly labeled neu-
rons with virus in the whole brain and analyzed the spatial distributions of
cells projecting to the virus-injected region. FDISCO provides a novel and
efficient method for morphological analysis of anatomical structures.

RESULTS

Development of FDISCO by temperature

and pH adjustments

As mentioned above, 3DISCO is a powerful clearing protocol for imag-
ing large volumes using tetrahydrofuran (THF) for tissue dehydration
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and dibenzyl ether (DBE) for refractive index matching, but 3DISCO
rapidly quenches endogenously expressed FPs during the clearing
procedure and has a very short storage time (23). To overcome this pro-
blem, we searched for an optimized protocol that can better preserve
fluorescence. Inspired by the effect of temperature and pH on green flu-
orescent protein (GFP) stability reported in previous studies (32-36),
we started by investigating the effects of the temperature and pH of
the clearing agents (i.e., THF or DBE) on the fluorescence of enhanced
GFP (EGFP).

First, we investigated the influence of the temperature and pH
conditions of THF on fluorescence preservation by an in vitro assay
of recombinant EGFP expressed in Escherichia coli. We dissolved
EGFP in pH-adjusted (pH 9.0) or pH-unadjusted THF solutions under
different temperature conditions. The experimental groups included
4°C/pH 9.0, 4°C, 25°C (used in the original 3DISCO), and 37°C. For
each group, we recorded the fluorescence intensity of the EGFP/THF
solutions over time (0, 6, 18, and 24 hours) and measured the emission
and absorption spectra of the EGFP/THEF solutions at 24 hours. The
4°C/pH 9.0 group demonstrated the best EGFP fluorescence preser-
vation, which indicated that the EGFP fluorescence was quenched more
slowly at lower temperatures and that the alkaline pH also contributed
to fluorescence preservation (Fig. 1, A to C). The emission spectra of
the different groups had the same characteristic peak at 509 nm [the
original emission peak (32)], which indicated that the fluorescence
characteristics of the retained EGFP were not disturbed by THF under
the various temperature and pH conditions (Fig. 1C). The absorption
spectra of EGFP incubated in THF solutions showed a fluorescence
absorption band at 488 nm and a nonfluorescence absorption band
at 383 nm, indicating a natural and denatured EGFP (Fig. 1, D and E)
(36-38). As the temperature decreased, the fluorescence absorption band
increased, and the nonfluorescence band decreased. In addition, the
pH-adjusted group (4°C/pH 9.0) showed a higher peak value at 488 nm
than the pH-unadjusted group (4°C) (Fig. 1D). These results indicated
that less EGFP was denatured by THF under the lower temperature
and alkaline pH condition.

Second, we corroborated the effect of the temperature and pH of
THF on EGFP-labeled mouse brain sections (Thyl-GFP-M). We
imaged neurons in the brain cortex before and after clearing and
found that the lower temperature and alkaline clearing condition also
led to greater EGFP fluorescence in brain tissues (Fig. 1, F and G).
Furthermore, we stored the cleared samples (4°C/pH 9.0 group) in pure
DBE at 4° and 25°C and found that in the 4°C condition, the EGFP
fluorescence signals were maintained for weeks and that the storage
time was notable longer than that at 25°C (Fig. 1, H and I). These results
indicate that the lower temperature was beneficial for EGFP stability
during long-term storage in DBE.

Hence, we selected 4°C/pH 9.0 and 4°C as suitable conditions for
THEF and DBE, respectively, during the clearing procedure, and these
conditions resulted in a modified tissue-clearing protocol with im-
proved fluorescence preservation termed FDISCO.

FDISCO preserves the fluorescence signals

of multiple probes

FDISCO was investigated for the imaging of other FPs besides EGFP
and for imaging multiple chemical fluorescent tracers. For enhanced
yellow fluorescent protein (EYFP) and tdTomato, FDISCO demon-
strated better fluorescence preservation than 3DISCO and uDISCO,
similar to the results for EGFP (Fig. 2, A to C, and fig. S1, A and B).
In particular, FDISCO was suitable for tdTomato fluorescence, which
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is incompatible with uDISCO clearing. Moreover, the endogenous
fluorescence signals could still be detected after 28 days of storage
(Fig. 2, D and E).

In addition to FPs, many valuable chemical fluorescent tracers have
been used to label tissues (39). Here, we tested FDISCO with several
types of tracers, including the DyLight 649 Lycopersicon esculentum
lectin (LEL-Dylight649) and Alexa Fluor 647 anti-mouse CD31 anti-
body (CD31-A647) for blood vessel labeling, fluorescent dyes for nuclear
staining [propidium iodide (PI)], and antibodies conjugated to differ-
ent fluorophores for neuron immunostaining. For immunostaining,
1-mm-thick Thyl-GFP-M brain sections were stained with primary
antibodies against GFP, followed by secondary antibodies conjugated
to Cy3, Cy5, or Alexa Fluor 594 (A594).

By recording fluorescence images of cleared brain sections over time,
we found that FDISCO allowed fine signal preservation of multiple
chemical tracers during clearing and long-term storage (Fig. 2, F to J,
and fig. S1, C and D). Compared with 3DISCO, FDISCO significantly
improved the maintenance of all tested tracers, except CD31-A647
and A594, for which the differences were not significant. For LEL-
Dylight649 and Cy5 in particular, which decay rapidly during the
3DISCO clearing or storage procedure, FDISCO improved the fluo-
rescence preservation by more than 50%.

Overall, these results indicate that FDISCO not only preserves the
fluorescence of various FPs well but also is compatible with multiple
chemical fluorescent tracers. This method should be applicable to
samples labeled with multiple probes and should be particularly ben-
eficial in studies requiring long-term storage after clearing.

Moreover, the strategy of low temperature adjustment proved to be
effective for fluorescence preservation with other clearing protocols.
The results showed that the EGFP and EYFP fluorescence intensities
were higher for tissue clearing with ethanol and BABB at 4°C than for
clearing at 25°C (fig. S2, A and B), and the lower temperature of the
storage procedure also contributed to better fluorescence maintenance
of cleared tissues for uDISCO clearing (fig. S2, C and D).

FDISCO performs good clearing capability

To test whether FDISCO retained the fine clearing capability of the orig-
inal protocol, we used FDISCO to clear whole brains and compared the
results with other existing whole-brain clearing methods, including
3DISCO, uDISCO, FluoClearBABB, Ethanol-ECi, CUBIC, and PACT
(Fig. 3). We recorded bright-field images of the brains before and after
clearing and measured the transmittance spectra of the brains cleared
with the different protocols. We found that the lower temperature ad-
justment in FDISCO had no influence on the clearing time (Fig. 3B).
FDISCO achieved high transparency similar to that of 3DISCO and
uDISCO within days, while FluoClearBABB and Ethanol-ECi demon-
strated lower transparency (Fig. 3, A and C). The CUBIC-cleared brains
were blurry in some areas after a 2-week treatment, and PACT demon-
strated high transparency but required more than 2 weeks (Fig. 3, A to
Q). In addition, we calculated the size reductions and found that there
was no significant difference between FDISCO and 3DISCO (Fig. 3D).
Tissue structure and fine neuronal morphology were largely preserved
after FDISCO clearing (fig. S3E). We further compared the fluorescence
preservation of these methods when applied to whole-brain imaging
with LSFM. We quantified the level of fluorescence signals from the
cortical neurons of the cleared brains (FDISCO, 24.41 + 1.13; 3DISCO,
2.18 + 0.50; uDISCO, 12.26 + 0.82; FluoClearBABB, 11.88 + 1.71;
Ethanol-ECij, 2.29 + 0.68; CUBIC, 6.14 + 1.06; PACT, 8.99 + 1.78),
which showed that FDISCO could preserve the fluorescence signal
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Fig. 1. Development of FDISCO by temperature and pH adjustments. (A) Fluorescence images of recombinant EGFP dissolved in 30% THF during 24 hours of
incubation under the indicated conditions. (B) Quantification of the normalized mean fluorescence intensity in (A) (n = 3). (C and D) Emission (C) and absorption (D)
spectra of EGFP/THF solutions at 24 hours (n = 3). (E) Absorption spectra of recombinant EGFP treated by various solutions. GH, guanidine hydrochloride; HAc, acetic
acid. (F and G) Confocal fluorescence images (F) and normalized mean fluorescence intensity quantification (G) of EGFP before and after clearing under the indicated
conditions (n = 6). (H and 1) The brain slices cleared under the “4°C/pH 9.0” condition were stored in DBE at 4° and 25°C. The images (H) and quantified normalized mean
fluorescence (1) over time are shown (n = 6). All confocal images are maximum intensity projections (MIPs) of z stacks (40 to 60 um thick) from the surface of brain slices.
All values are means =+ SD; statistical significance in (B), (G), and (I) (**P < 0.01 and ***P < 0.001) was assessed by an independent-sample t test and one-way analysis of
variance (ANOVA), followed by Bonferroni or Dunnett’s T3 post hoc test.

significantly better than the other methods could (Fig. 3E). This
fluorescence-preserving capability, together with the high tissue
transparency and size reduction, allowed full-depth imaging through
the entire central nervous system (CNS; whole brain and spinal cord)
with LSFM (Fig. 3F and fig. S4, A and B).

In addition to its application for the entire CNS, FDISCO achieved
effective clearing of various specimens, including internal organs

Qi et al.,, Sci. Adv. 2019;5:eaau8355 11 January 2019

(stomach, liver, lung, and kidney), soft tissues (muscle), hard tissues
(calcified bone), and mouse embryos and was also applicable to rat
organs (fig. S3, A and B). For bone clearing by FDISCO, decalcification
with EDTA-2Na (ethylenediaminetetraacetic acid disodium salt) was
conducted prior to THF dehydration to improve the final transparency.
EDISCO also enabled simple, effective whole-body clearing of an adult
mouse without the organic solvent perfusion adopted by uDISCO. After
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Fig. 2. Compatibility of FDISCO with multiple FPs and chemical fluorescent tracers. (A and B) Fluorescence images of EYFP (Thy7-YFP-H mouse) (A) and tdTomato
(Sst-IRES-Cre::Ai14 mouse) (B) in 1-mm-thick brain slices before and after FDISCO clearing compared with 3DISCO clearing. (C) Fluorescence preservation quantification
of EYFP and tdTomato after the clearing shown in (A) and (B). (D and E) EYFP and tdTomato images of FDISCO-cleared brain slices over time (D) and quantification data
(E). (F to H) Fluorescence images of the following chemical fluorescent tracers after the clearing and storage procedures for FDISCO and 3DISCO: LEL-Dylight649 (F),
antibody conjugated to Cy5 (G), and PI (H). (1 and J) Quantification of the fluorescence preservation after clearing (I) and 14-day storage (G). All confocal images are MIPs
of z stacks (40 to 60 um thick) from the surface of slices. All values are means + SD (n = 6); statistical significance in (C), (I), and (J) (*P < 0.05, **P < 0.01, and ***P < 0.001)
was assessed by an independent-sample t test.
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Fig. 3. Comparison of the whole-brain clearing performance of FDISCO and other clearing methods. (A) Bright-field images of adult whole brains cleared with
FDISCO, 3DISCO, uDISCO, FluoClearBABB, Ethanol-ECi, CUBIC, and PACT. (B) Whole-brain clearing protocol timeline. RIMS, refractive index matching solution. (C) Trans-
mittance curves of the brain samples cleared with different clearing methods. (D) Linear expansion and shrinkage of whole brains during optical clearing. (E and F) Quan-
tification of the fluorescence level in the cortex (E) and imaging depth of whole brains (F) cleared with different clearing methods, as assessed by LSFM imaging. All values are
means + SD (n = 5); the statistical significance in (D) to (F) (n.s., not significant, P > 0.05; **P < 0.01; and ***P < 0.001) was assessed by one-way ANOVA followed by Bonferroni

or Dunnett’s T3 post hoc test. a.u,, arbitrary units.

whole-body clearing by FDISCO, we imaged the head of a Thy1-YFP-H
mouse with LSFM and detected the neurons in the brain through the
intact skull (fig. $3, C and D).

FDISCO allows 3D visualization of the nervous and

vascular systems

As described in the literature, 3DISCO resulted in more quenching of
fluorescence signals when longer incubation times in clearing solution
were required for large samples, e.g., the entire CNS (26). This serious
fluorescence decline impeded the visualization of neurons throughout
the whole brain and spinal cord.

Qi et al,, Sci. Adv. 2019;5:eaau8355 11 January 2019

FDISCO allowed clearing of the entire CNS of an adult ThyI1-GFP-M
mouse and fine 3D visualization of the nervous system with LSFM im-
aging (fig. S4, A and B). We observed the neuronal structures in different
regions of both the brain and the spinal cord, including the cortex,
caudate putamen (CPu), hippocampus, cerebellum, and midbrain of
the brain (Fig. 4, A and B, and movie S1), and the neurons in the gray
matter and the axons in the white matter of the spinal cord (fig. S4, C to
E). Compared with 3DISCO or uDISCO, FDISCO-treated samples re-
vealed more neuronal details and higher levels of fluorescence imaging.
We recorded the EGFP fluorescence of cleared brains at different time
points after clearing and found that FDISCO could maintain the EGFP
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Fig. 4. LSFM imaging of neural structures in the mouse brain and gastrocnemius muscle after FDISCO clearing. (A) Image of the whole brain (Thy7-GFP-M)
cleared by FDISCO. (B) Comparison of the high-magnification images of the cleared brains assessed immediately after FDISCO, 3DISCO, and uDISCO clearing. The white
arrowheads mark the tiny nerve fibers detected. For different clearing methods, the same imaging parameters and image processing methods were used for the same
regions. (C) Images of cortical neurons in the FDISCO-cleared brain taken at 0 and 150 days after clearing, respectively. The neurons (e.g., white arrowheads) could still
be viewed well after 150 days. (D) Fluorescence level quantification of cleared brains over time after FDISCO, 3DISCO, and uDISCO clearing (n = 4, 3, and 3, respectively).
(E) 3D reconstruction and segmentation of nerve branches (green) and motor endplates (red) of the gastrocnemius muscle (Thy1-YFP-16) cleared by FDISCO. (F) High-
magnification images of the dashed boxed region in (E). The images in (A) to (C) are the MIPs of 100-um-thick z stacks. Values are means + SD; the statistical significance

in (D) (***P < 0.001) was assessed by one-way ANOVA, followed by the Bonferroni post hoc test.

fluorescence at a fairly high level over 7 months, which allowed repeated
imaging of the cleared samples (Fig. 4, C and D). The fluorescence level
of FDISCO samples at each time point was significantly higher than
those of 3DISCO and uDISCO samples (Fig. 4D). For mouse brains
expressing EYFP (ThyI-YFP-H), FDISCO also demonstrated obviously
better imaging quality (fig. S5). Moreover, we applied FDISCO to the
Sst-IRES-Cre::Ail4 transgenic mouse brain, which selectively expressed
tdTomato in dendritic inhibitory interneurons (40), and imaged the brain
with LSFM. With the good fluorescence preservation of tdTomato, which
is incompatible with uDISCO, FDISCO achieved fine reconstruction of
neurons in different brain regions at single-cell resolution (fig. S6).

Qi et al.,, Sci. Adv. 2019;5:eaau8355 11 January 2019

In addition, we reconstructed the nerve branches and the motor
endplates in muscle tissue by FDISCO (Fig. 4, E and F, and movie
S2). The nerve branches and motor endplates in the gastrocnemius
muscle were lighted by YFP (Thyl-YFP-16) and Alexa Fluor 647-
conjugated a-BTX (bungarotoxin), respectively. The 3D visualization
by FDISCO allowed the tracing of nerve branches and the locating of
motor endplates readily, while 3DISCO could not. The morphologies of
the individual motor endplates and the contact to the axon were iden-
tified (Fig. 4F).

3D visualization of the intact vascular system plays a valuable role
in functional and pathological studies (41). We immunolabeled
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blood vessels with an anti-CD31 antibody by tail vein injection and
obtained LSFM images of the FDISCO-cleared mouse brain and kid-
ney (Fig. 5). The cerebral vasculature in the whole brain is shown in
Fig. 5 (A to E), and blood vessels with various diameters in the cortex
and hippocampus could be identified from reconstruction of the vas-
cular system (movie S3). For kidney imaging, we obtained the 3D
distribution of blood vessels and glomeruli in the kidney (Fig. 5, F
to I, and movie S4). The glomeruli were mainly distributed in the
renal cortex, and the number of glomeruli could be counted. Hence,
FDISCO addresses the limitations of 3DISCO and uDISCO in imag-
ing of various samples and allows successful visualization of detailed
neuronal and vascular structures throughout intact organs.

FDISCO allows the detection of weakly labeled neurons
with virus

Given its high level of fluorescence preservation, FDISCO has the
potential to detect labeled structures with weak fluorescence signals.
Here, we applied FDISCO to visualize the neuronal connectivity of

G

z=09~1.1mm

Renal cdftéx

z=14~1.6mm

whole brains labeled with multiple viruses, including rabies virus
(RV), pseudorabies virus (PRV), and adeno-associated virus (AAV).

First, we injected RV-DsRed into the ventral tegmental area (VT A)
region of the right hemisphere for retrograde tracing of the projections
onto the VTA, which receives connections from a wide range of brain
regions (42). The distribution of DsRed-positive cells was found in
various brain regions, including nearby regions such as the dorsal
raphe nucleus (DR) and long-range neuronal connections such as
those from the prefrontal cortex (PFC) (Fig. 6 and movie S5). Hence,
FDISCO successfully visualized weakly labeled neuronal connectivity
using RV-DsRed labeling throughout the whole brain, which is diffi-
cult to achieve by 3DISCO and uDISCO (fig. S7).

In addition, FDISCO was used to image functionally connected
neurons in the brain, which regulate the motor function of the skeletal
muscle. PRV152-EGFP was injected into the flexor digitorum super-
ficialis muscle and then underwent retrograde propagation through
multisynaptic circuits in the CNS. The EGFP-positive cells were mainly
found in the brainstem, hypothalamus, and primary motor cortex

z=19~21mm

- Renal medulla

e Eloodvvjessel-

Renal pelvis

g

Fig. 5. 3D visualization of the vasculature in the mouse brain and kidney after FDISCO clearing. The vasculature was labeled by injection of CD31-A647 antibody.
(A) 3D reconstruction of the vasculature in the whole brain after FDISCO clearing and LSFM imaging. (B to E) The details of blood vessels in the hippocampus (B) and
cortex (C) are shown. High-magnification views of the dashed boxed regions in (B) and (C) are shown in (D) and (E), respectively. (F) 3D reconstruction of blood vessels
and glomeruli in the kidney. The number of glomeruli was counted as 15,470 by Imaris software. (G) Images at gradient depth. The glomeruli were mainly distributed in
the renal cortex. (H and I) High-magnification views of the dashed boxed regions in (G).
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.

VTA (injected site)

Midbrain

Fig. 6. 3D visualization of the RV-labeled neurons projecting to the VTA through the whole brain by FDISCO clearing. (A to C) Distribution of DsRed-positive cells in
the whole brain [horizontal (A), sagittal (B), and coronal (C)]. The injection site in the VTA in the right hemisphere is marked in (A). Most regions projected to the VTA are marked
in (B). (D to H) Several regions of RV-DsRed-positive cells are shown. Acb, accumbens nucleus; VP, ventral pallidum; SC, superior colliculus; BNST, bed nucleus of the stria
terminalis; LDTg, laterodorsal tegmental nucleus; LH, lateral hypothalamic area; LHb/MHDb, lateral/medial habenular nucleus; PPTg, pedunculopontine tegmental nucleus.

(fig. S8). The number and distribution of these cells in the indicated
regions could be identified even with the weak fluorescence expres-
sion of PRV-delivered proteins.

We also applied FDISCO to clear a brain labeled with AAV. We
injected the left and right primary motor cortices of mice with AAV-
EYFP and AAV-mCherry, respectively. We observed that the motor
neurons sent long axon bundles to the contralateral primary motor
cortex and spinal cord throughout the brain (fig. S9 and movie S6). In
the medulla oblongata, the descending motor axons from the bilateral
cortex performed pyramidal decussation to cross from the ipsilateral
side to the contralateral side and from the ventral side to the dorsal
side and extended along the corticospinal tract in the spinal cord.

DISCUSSION

Here, we report FDISCO, an advanced solvent-based clearing method
for imaging whole organs. FDISCO achieved excellent fluorescence
preservation of various fluorescent probes by temperature and pH
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adjustments while providing a high level of tissue transparency and
size reduction for large-volume imaging. When combined with LSFM,
FDISCO performed well in the 3D imaging and visualization of neu-
ronal and vascular structures in various whole organs, including the
brain, spinal cord, kidney, and muscle. Because of its high level of
fluorescence preservation, FDISCO allowed the detection of weakly
labeled neuronal structures in the whole brain (e.g., RV/PRV labeling)
and repeated revisiting of the cleared tissues over months.

Current tissue clearing protocols are divided into two groups based
on the chemistry used for clearing: organic solvent-based clearing
methods and aqueous-based clearing methods (8-10, 13, 14). Com-
pared with aqueous-based clearing methods, such as CUBIC and
PACT, FDISCO enables higher clearing efficiency and fluorescence
levels and induces a substantial size reduction, which is advantageous
for the imaging of very large samples. In addition, the low viscosity of
the clearing agents and the hardness of the cleared tissue make FDISCO
more convenient for LSFM imaging than most aqueous-based clearing
methods (26). Compared with available organic solvent-based clearing
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methods, such as FluoClearBABB, uDISCO, and Ethanol-ECi, FDISCO
can achieve a higher level of fluorescence preservation with less clearing
time. These features make FDISCO applicable for samples with a low
expression of endogenous fluorescence protein and for the repeated
imaging of cleared samples during long-term storage. In particular,
uDISCO is not applicable to tdTomato, which is a valuable FP for spe-
cific labeling, while FDISCO can preserve the tdTomato fluorescence
well. Overall, given these advantages, FDISCO should be a better
alternative for whole-organ imaging as a state-of-the-art method.

Usually, the optimal conditions of clearing methods include the
maintenance of sample size to image the initial morphology of the
tissue, but most clearing methods induce size changes (shrinkage or
expansion) during or at the end of the clearing procedure (8, 9). It is
difficult to define whether sample shrinkage or expansion after clearing
is bad or good for imaging. For example, tissue expansion can be used
to improve the imaging resolution by overcoming the limit of optic
resolution (43, 44). Tissue shrinkage may be more suitable for large
samples because the imaging volume suffers from the limit of the work-
ing distance of high-numerical aperture objectives (8, 26). Moreover,
the tissue structures and cell morphology were largely preserved on
tissue shrinkage in FDISCO clearing (fig. S3E). Thus, we reasoned that
FDISCO-induced size reduction facilitates the imaging of large tissues.

As described in the literature (13), the organic solvents used in the
clearing protocols suppress GFP fluorescence signals by two potential
deactivation mechanisms: protonation of the chromophore and dena-
turation of the protein structure. Here, we explored this suppression.
As shown in Fig. 1E, the absorption spectrum at acidic pH (pH 5.0)
displayed a nonfluorescence absorption band at 395 nm, which was
attributed to the protonated chromophore (32, 36), while the absorp-
tion spectrum of the EGFP/THEF solution displayed a nonfluorescence
peak at approximately 383 nm. The absorption spectrum change in
response to THF was similar to the changes in response to urea and
guanidine hydrochloride, which are well-known denaturants that un-
fold native proteins by interrupting the hydrogen bonding of protein
molecules (Fig. 1E) (37, 38, 45). Hence, it is tempting to hypothesize
that the EGFP fluorescence quenching by THF was due to irreversible
protein denaturation. In addition, Becker et al. have indicated that the
continuously generated peroxides in DBE could bind covalently to
GFP and quench fluorescence permanently.

Furthermore, we demonstrated that the EGFP fluorescence in THF
was more stable under alkaline conditions. The stability of GFP and
the denaturation of GFP by various denaturants are highly dependent
on the pH of the solution, and GFP becomes very sensitive to dena-
turation at lower pH (33, 34). An alkaline pH (such as pH 9.0) might
reduce the sensitivity of GFP to denaturation by THF. As demon-
strated above, a low temperature during the clearing procedure facili-
tated the preservation of EGFP fluorescence. Previous studies have
indicated that the fluorescence intensity of EGFP is also thermally
sensitive (46, 47). A higher temperature can increase the probability
of GFP unfolding; moreover, the thermally induced enhancement of
collisions between molecules would probably increase fluorescence
quenching. The improved fluorescence preservation in this work may
be attributed to the enhanced resistance of the protein to denaturation
by the use of appropriate temperature and pH condition. The im-
proved preservation of other FPs in our method may be due to a sim-
ilar mechanism.

In addition, FDISCO could achieve high transparency of the whole
brain similar to that of 3DISCO in the same time frame, indicating
that the lower temperature in FDISCO had no influence on the clear-
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ing time needed, which might be due to the strong permeability of
the clearing reagents. It is worth noting that the optimization strategy
of temperature and pH adjustments for better fluorescence preserva-
tion should be applicable to other clearing methods. As mentioned
before, the strategy of lowering temperature was also effective for
other solvent-based clearing protocols, such as BABB and uDISCO,
and previous studies have indicated that the lower temperatures
could benefit fluorescence preservation for aqueous-based clearing
protocols (13, 35). However, the application of a temperature of 4°C
might be limited by the melting point of solvents (e.g., tert-butanol,
23° to 26°C), the solubility of reagents, and the penetration of high-
viscosity clearing agents. Moreover, the strategy of pH adjustment
for GFP fluorescence preservation has also been reported in various
clearing protocols, such as a-uDISCO, FluoClearBABB, and CUBIC
(18, 27, 48).

Although FDISCO could significantly reduce the fluorescence
quenching of FPs and most tested tracers, it did not change the in-
compatibility with some specific tracers (such as Dil and SYTO 16).
This incompatibility may be due to the interference of the interactions
between the probes and desired binding targets by the organic solvent
reagents used for clearing (39). The FDISCO-cleared samples could
not be further studied by electron microscopy because the lipid
structures were dissolved by the clearing agents (23). In addition, after
FDISCO clearing, redness appeared in heme-rich tissues (such as rat
liver) due to the residual blood in tissues, which decreased the tissue
transparency and thereby blocked the penetration of light into deeper
tissues. To address this problem, some decolorizing reagents, such as
Quadrol solution (18, 29), can be used before clearing.

As an advanced solvent-based clearing method, FDISCO over-
comes the limitation of fluorescence quenching, achieves a high level
of fluorescence preservation, and has a potential for use in the imaging
of FPs with low expression. We believe that this method provides a
valuable alternative for the high-resolution imaging of large-volume
tissues. FDISCO is expected to be used for the 3D visualization and
quantitative analysis of various organs in multiple biological applica-
tions and to facilitate the study of clinical diagnoses and interventions
for pathological diseases.

MATERIALS AND METHODS

Animals

We used the following animals in the study: wild-type mice (C57BL/
6N, 10 to 14 weeks old, male), Thy1-GFP-M mice (8 to 12 weeks old,
female), Thy1-YFP-H mice (7 to 12 weeks old, female), Thyl-YFP-
16 mice (9 weeks old, male), Sst-IRES-Cre::Ail4 mice (6 months old,
female), and Sprague-Dawley rats (8 weeks old, female). The animals
used in this study were selected for each experiment based on their
genetic background (wild-type or fluorescence transgenes). Ani-
mals were housed in a specific pathogen—free animal house under
a 12/12-hour light/dark cycle and were provided food and water ad
libitum. All animal care and experimental protocols were in accord-
ance with the Experimental Animal Management Ordinance of Hubei
Province, P. R. China, and the guidelines of Huazhong University of
Science and Technology and were approved by the Institutional Animal
Ethics Committee of Huazhong University of Science and Technology.

Perfusion and tissue preparation
Adult mice and rats were anesthetized with a mixture of 10% ure-

thane and 2% chloral hydrate (0.8 m1/100 g) along with 0.3% xylazine
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(0.5 ml/100 g) via intraperitoneal injection. Thereafter, the animals
were transcardially perfused with 0.01 M phosphate-buffered saline
(PBS) (P3813, Sigma-Aldrich), followed by 4% paraformaldehyde
(PFA; 158127, Sigma-Aldrich) in PBS. The tissue samples (such as
the CNS, internal organs, muscles, and bones) were dissected. For
mouse embryo collection, the day of the vaginal plug was defined as
embryonic day 0.5 (E0.5), and embryos (E16.5) were removed from
anesthetized mothers. All harvested samples were postfixed overnight
at 4°C in 4% PFA and then rinsed several times with PBS before
clearing. For tissue section collection, brains and kidneys were sliced
into 1-mm-thick coronal blocks with a vibratome (Leica VT1000 S,
Germany).

In vitro assay of FPs

To screen the temperature and pH conditions of THF (186562, Sigma-
Aldrich) for dehydration, we first mixed recombinant EGFP (0.05 mg/ml,
final concentration) with 30 volume % THF/dH,O solution and incu-
bated the mixture for 24 hours under different conditions. The recom-
binant EGFP was a histidine-tagged fusion protein of EGFP that was
expressed in E. coli and purified by Ni-affinity chromatography. The
THEF solution was adjusted to pH 9.0 with triethylamine (80134318,
Sinopharm Chemical Reagent Co. Ltd., China). The pH was measured
by a pH meter (Ohaus). The resulting fluorescence signals were measured
with a custom-made wide-field optical imaging system over time. The
absorption spectra were measured by a LAMBDA 950 UV/Vis/NIR
spectrophotometer (PerkinElmer, USA). All absorption spectra were
normalized to the absorbance measured at 430 nm in each sample for
further analysis. The fluorescence spectrum excited by a 488-nm laser
was measured on an inverted confocal fluorescence microscope (LSM
710, Zeiss, Germany) in lambda mode.

We also mixed the recombinant EGFP with PBS (pH 7.4, room
temperature), acetic acid (dissolved in H,O with pH 5.0, room tem-
perature), 8 M urea (60°C; 10023218, Sinopharm Chemical Reagent
Co., Ltd., China), and 6 M guanidine hydrochloride (GH; room tem-
perature; 30095516, Sinopharm Chemical Reagent Co., Ltd., China).
The absorption spectra were measured after incubation for 2 hours,
when the fluorescence of EGFP treated by HAc, urea, and GH almost
disappeared.

FDISCO clearing procedure

FDISCO clearing consisted of two steps: dehydration and refractive
index matching. Tissues were dehydrated with THF solutions (mixed
with dH,O, pH adjusted to 9.0 with triethylamine) at a series of con-
centrations 50, 70, 80, and 100 volume % (twice or thrice). Pure DBE
(108014, Sigma-Aldrich) was used as a refractive index matching
solution to clear tissue after dehydration. All steps were performed
at 4°C with slight shaking. During clearing, the tissues were placed in
glass chambers covered with aluminum foil in the dark. The incuba-
tion time of each step depended on the tissue type and size (table S1).

For bone clearing, mouse tibias were decalcified with 0.1 M EDTA-
2Na (dissolved in 0.01 M PBS) for 2 to 3 days at 37°C with slight shak-
ing and then washed with PBS several times prior to THF treatment.
For whole-body clearing, mouse hair was removed before perfusion,
and the whole body was washed with PBS several times at 37°C to re-
move residual blood after PFA fixation.

After FDISCO clearing, the tissues were stored in DBE in airtight
glass chambers at 4°C in the dark. As tissue transparency might de-
crease during long-term storage after clearing, prior to repeated imag-
ing, the tissues should be transferred to 100 volume % THF for several
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hours and then incubated again in DBE until the tissues were transpar-
ent. The peroxides in THF and DBE were removed by column absorp-
tion chromatography with basic activated aluminum oxide (20001861,
Sinopharm Chemical Reagent Co. Ltd., China) (24). The clearing agents
were freshly prepared. All other clearing protocols, including BABB,
3DISCO, uDISCO, FluoClearBABB, Ethanol-ECi, CUBIC, and PACT,
were performed following the original papers (16, 17, 22, 23, 26-28).

Vasculature labeling

We labeled the vasculature in C57BL/6N mouse brain and kidney
with DyLight 649 L. esculentum (Tomato) lectin (LEL-Dylight649,
DL-1178, Vector Laboratories) or Alexa Fluor 647 anti-mouse CD31
antibody (CD31-A647, 102416, BioLegend) by caudal vein injection.
LEL-Dylight649 was diluted in sterile saline to a concentration of
0.5 mg/ml (0.1 ml per mouse) and used to label the blood capillaries
in the brain. The Alexa Fluor 647 anti-mouse CD31 antibody (10 to
15 pg) was diluted in sterile saline (total volume of 200 ul) to trace
blood vessels in various diameters. After injection, the animals were
placed in a warm cage for 30 min prior to perfusion. The mouse brains
and kidneys were collected after perfusion.

Motor endplate labeling

To label motor endplates in muscle, Alexa Fluor 647-conjugated a-BTX
(Invitrogen, USA) was injected via the tail vein at a dose of 0.3 pg/gand a
conjugation time of 1 hour prior to perfusion. The gastrocnemius
muscle was cleared by FDISCO and then imaged with LSFM.

Immunostaining

The following antibodies were used in this study: primary antibody—
GFP (1:500 dilution; AB3080, Millipore); secondary antibodies—Cy3
AffiniPure goat anti-rabbit immunoglobulin G (IgG) (H+L) (1:500
dilution; 111-165-003, Jackson ImmunoResearch), Cy5 AffiniPure
goat anti-rabbit IgG (H+L) (1:500 dilution; 111-175-144, Jackson
ImmunoResearch), and Alexa Fluor 594 goat anti-rabbit IgG (H+L)
(1:500 dilution; A-11037, Life Technologies).

For immunostaining, 1-mm-thick Thyl-GFP-M brain slices were
immunostained for GFP using the iDISCO protocol (25). For pre-
treatment with methanol, brain slices were washed twice with PBS
for 1 hour and then placed in 50 and 80% methanol (in PBS) for
1 hour at each step and twice in 100% methanol for 1 hour. The
sections were bleached with 5% H,O, in 20% dimethyl sulfoxide
(DMSO) (472301, Sigma-Aldrich)/methanol at 4°C overnight. After
bleaching, the slices were washed with methanol for 1 hour twice,
followed by 20% DMSO/methanol for 1 hour twice, 80 and 50%
methanol for 1 hour at each step, PBS for 1 hour twice, and finally
PBS/0.2% Triton X-100 (T8787, Sigma-Aldrich) (PBST) for 1 hour
twice. For the immunostaining step, the slices were incubated in PBS/
0.2% Triton X-100/20% DMSO/0.3 M glycine (50046, Sigma-Aldrich)
at 37°C overnight, blocked in PBS/0.2% Triton X-100/10% DMSO/6%
goat serum at 37°C for 1 day, washed in PBS/0.2% Tween 20 (P2287,
Sigma-Aldrich) with heparin (10 mg/ml; PTwH) overnight, and finally
incubated with primary antibody dilutions in PTwH/5% DMSO/3%
goat serum at 37°C with slight shaking on an oscillator for 2 days.
The slices were then washed for 1 day and incubated with secondary
antibodies diluted in PTwH/3% goat serum at 37°C with slight shaking
on an oscillator for 2 days. The slices were finally washed in PTwH for
2 days prior to imaging.

For nuclei staining, 1-mm-thick ThyI-GFP-M brain slices were in-
cubated with PI (2 pg/ml; P1304MP, Life Technologies) in PBS/0.2%
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Triton X-100 for 1 day at room temperature with gentle oscillation
and then washed with PBS.

Neuronal tracing by virus

We used RV-N2C (G)-AG-DsRed (RV-DsRed, BrainVTA, R03002),
rAAV-hSyn-EYFP-WPRE-pA (AAV-EYFP, BrainVTA, PT-0102),
rAAV-hSyn-mCherry-WPRE-pA (AAV-mCherry, BrainVTA, PT-
0100), and PRV152-EGFP (a gift from the Department of Trauma
and Orthopedics, Peking University People’s Hospital) for neuro-
nal tracing in the present study. For virus injection, C57BL/6N mice
(10 weeks old, male) were anesthetized and placed in a stereotaxic
frame (RWD Life Science, China). To expose the brain area targeted
for tracing neurons, a cranial window on the skull was created. Viruses
were injected into the brain regions using a custom-established injec-
tor fixed with a pulled glass pipette. The injection site of RV-DsRed
(300 nl) was targeted to the VT A with the following coordinates:
bregma, —3.52 mm; lateral, 0.5 mm; ventral, 4.23 mm. AAV-EYFP
and AAV-mCherry (200 nl) were injected into the primary motor cor-
tex in the left and right brain hemispheres, respectively, with the fol-
lowing coordinates: bregma, 1.0 mm; lateral, 1.0 mm; ventral, 1.5 mm.
The glass pipette was kept in situ for 10 min before being moved
outside. After finishing the injection, the cranial window was covered,
and the incision was closed. For PRV labeling, PRV152-EGFP (1.5 pl)
was injected into the flexor digitorum superficialis muscle in the right
forelimb. Then, the animals were placed in a warm cage to wake up
and then transferred into a regular keeping room. The animals were
kept for 10 days after RV, 28 days after AAV, and 4 days after PRV
injection before performing perfusion.

Measurement of light transmittance

The light transmittance of the cleared whole brain (Fig. 3C) was
measured with a visible near-infrared optical fiber spectrometer
(USB4000, Ocean Optics, USA). A circular spot of light (diameter,
5 mm) was irradiated on the central part of cleared brain samples
from the dorsal side and was measured from the ventral side. The
blank value was measured as the transmittance of the clearing re-
agents without a sample. The light transmittance of the sample nor-
malized to the blank value, which was 100%, was defined as the
relative transmittance. Each value was determined as an average of
three measurements.

Fluorescence microscopy

Confocal microscopy

The brain and kidney slices were mounted on glass coverslips and
incubated in final clearing solution (such as DBE). Then, the cortex
regions of the brain slices were imaged with an inverted confocal flu-
orescence microscope (LSM 710, Zeiss, Germany) equipped with a
Fluar 10x/0.5 objective (dry; working distance, 2.0 mm) and Plan-
Apochromat 20x/0.8 objective (dry; working distance, 0.55 mm).
The z-step interval was 5 pm.

Light sheet fluorescence microscopy

Large samples (such as brain, spinal cord, CNS, kidney, and muscle) were
imaged using a light sheet fluorescence microscope (Ultramicroscope,
LaVision BioTec, Germany) equipped with an sCMOS camera (Andor
Neo), a 2x/0.5 objective lens equipped with a dipping cap, and an
Olympus MVX10 zoom microscope body (magnification range of
x0.63 to x6.3). The cleared tissues were mounted on the sample
holder and incubated with the final clearing solution (such as DBE)
in the sample reservoir. For entire scanning of whole organs, the z-step
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interval was 5 or 10 um, and for image acquisition in the regions of
interest, an interval in the range of 2 to 5 um was used.

Imaging data processing

The obtained images were analyzed with Image] and Imaris software.
All raw image data were collected in a lossless TIFF (Tag Image File
Format) format (8-bit images for confocal microscopy and 16-bit
images for LSFM data). The MIP of the z stack was performed with
sequential images in Image] software. The MIP of the z stack was per-
formed from 0 um to a certain depth (40 to 60 um) for each brain slice.
The z stack ranges used for MIP were kept consistent for each slice
before and after clearing. The LSFM images were transformed to
8-bit images with Image] and then imported into Imaris. 3D-rendered
images and movies were visualized and captured with Imaris. The
locations and counts of cells in the brain (fig. S8, G to I), the motor
endplates in the muscle (Fig. 4E), and the glomeruli in the kidney (Fig.
5F) in the images were determined by the “Spots” function of Imaris. In
addition, the tracing of nerve fibers for the muscle was performed by the
“FilamentTracer” function of Imaris (Fig. 4E).

Quantifications

Measurement of tissue size change

The measurements of sample linear expansion or shrinkage were
based on the bright-field images. The brain was outlined to measure
the area using the “polygon-selections” function of Image] software.
The linear size change value was quantified by the square root of area
size change (Fig. 3D).

Imaging depth quantification

The z depth of LSEM images supposed to be “d” was measured from
the surface to the inner part of the brain until the last identifiable cell
over the background. The length of the cleared brain (dorsal to ventral)
was supposed to be “D”. The imaging depth was quantified as “d/D”
(Fig. 3F).

Normalized mean fluorescence quantification

To assess the fluorescence preservation of the clearing methods, we
quantitatively calculated the normalized mean fluorescence intensity
of fluorescence images at the indicated time points during clearing.
For each brain sample at each time point, the MIP of the image stack
(40 to 60 um thick) was acquired from the surface of the brain slice in
the cortex. Next, the signal and background area were separated from
each z projection image by a threshold function. As the intensity of
the signal area includes the signal intensity and the background inten-
sity (26), the mean fluorescence intensity M of an image was calculated
as follows

M=1I signal/ N signal — I background / N background (1)

I'and N are the sum of the pixel intensity and pixel number, respec-
tively, of the signal or background. The mean fluorescence intensity
of an image is supposed to be “M,,” before clearing, “M,” at 0 day after
clearing, and “M;” at i day during long-term storage. The fluorescence
intensity preservation during clearing (0 day) was normalized to the
intensity before clearing as “My/M;” [Figs. 1G and 2 (C and I) and
figs. S1 (B and D), S2B, and S7B], and the fluorescence preservation
at each time point (i day) during long-term storage was normalized to
the intensity at 0 day after clearing as “M,/M,” [Figs. 11and 2 (Eand])
and figs. S1D and S2D]. The fluorescence preservation of recombi-
nant EGFP in the brain samples was quantitatively calculated during
long-term storage (Fig. 1B).
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Fluorescence level quantification

The fluorescence level (Figs. 3E and 4D) was expressed as the signal-
to-background ratio and quantified as described in the uDISCO paper
(26). From each brain scan, a 100-um MIP of image stacks was acquired
at the same cortex region. To calculate the mean intensity of the signal
for each z projection, we used the threshold function of Image]J software
to separate the signal from the background and then measured the
mean intensity of the signal by the “analyze particles” function. The
mean intensity of the background was obtained by averaging the values
of five regions without a signal in the z projection. The fluorescence level
value was calculated by dividing the mean signal intensity above the
background.

Normalized signal profile

In the Image] software, a straight line (length, 200 um) was drawn
across the specific signal, and the fluorescence signal was measured
by the “plot profile” function. The intensity of the background was
measured as the value of the baseline. Next, the fluorescence signal
profile was normalized by the background intensity (fig. S5C).

Statistical analysis

Data analyses and graph construction were performed using the SPSS
software. The sample sizes for technical replicates are presented in the
figure legends, and samples were randomly assigned to groups for
experiments. Data are presented as means + SD. For analysis of the
statistical significance, the data distribution in each experiment was
checked for normality using the Shapiro-Wilk test. The homogeneity
of variance for each group was evaluated by the Levene test. P values
were calculated using an independent-sample ¢ test (two-sided) to
compare data between two groups [Figs. 11 and 2 (C, I, and J) and figs.
S1 (B and D) and S2 (B and D)]. One-way ANOV A was used to com-
pare more than two groups of data. If the variance was homogeneous,
we used the Bonferroni post hoc test for multiple comparisons (Figs. 1B,
3E, and 4D and figs. S4E and S7B); otherwise, Dunnett’s T3 post hoc
test was used (Figs. 1G and 3, D and F). In this study, P < 0.05 was
considered significant (*P < 0.05, **P < 0.01, and ***P < 0.001).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaau8355/DC1

Fig. S1. Comparison of fluorescence preservation of FPs and chemical fluorescent tracers
between FDISCO and other clearing methods.

Fig. S2. Applicability of low temperature for increasing the endogenous fluorescence
preservation of the BABB and uDISCO methods.

Fig. S3. Clearing performance of FDISCO for whole organs and whole body.

Fig. S4. Fluorescence imaging of the spinal cord after FDISCO, 3DISCO, and uDISCO clearing in
Thy1-GFP-M mice.

Fig. S5. Comparison of whole-brain imaging for Thy1-YFP-H mouse brains after FDISCO,
3DISCO, and uDISCO clearing.

Fig. S6. LSFM imaging of the tdTomato-labeled whole brain after FDISCO clearing.

Fig. S7. Fluorescence of RV-DsRed-labeled mouse brains cleared by FDISCO, 3DISCO, and uDISCO.
Fig. S8. 3D visualization of the PRV-labeled neuronal projections in the brain by FDISCO
clearing and LSFM imaging.

Fig. S9. 3D visualization of AAV-labeled descending motor axons from the primary motor
cortex by FDISCO clearing.

Table S1. FDISCO protocols for various tissues.

Movie S1. Imaging of FDISCO-cleared mouse brain (Thy1-GFP-M).

Movie S2. 3D reconstruction and rendering of nerve branches and motor endplates in the
gastrocnemius muscle.

Movie S3. 3D visualization of the vasculature in the whole brain.

Movie S4. Reconstruction of the glomeruli in the intact kidney.

Movie S5. 3D visualization of the neurons projecting to VTA by RV injection.

Movie S6. Tracing of descending motor axons from both the left and right primary motor
cortices by AAV labeling.
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