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An overview of state-of-the-art methods
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Mechanisms and Principles of tissue clearing
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Biological tissues are opaque because of:

» Light scattering (heterogenous components with different refractive
index) which cause decay of light intensity

« Light absorption (by endogenous molecules) which further attenuates
light transmission
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Main common steps in clearing protocols

Fixation
1 - PerfUSIOn Optional * Decolourization, pigment bleaching and autofluorescence quenching
pre-treatments * Dehydration (if using solvents for delipidation or Rl matching)

» Decalcification (if whole animals or bone)
+ Decolourization (if whole animals/highly pigmented tissue)

2. Fixation * Hydrogel embedding for enhanced tissue stablty biomolecule retertion o
Delipidation Passive Active
3. Delipidation | '
« Passive (simple immersion) —l
» Active (electrophoresis) R A
Detergent Salvent Detergent + solvent ETC
4. RI matching: tissues are Labeling
immersed in high-RI agents; "“’
thus, the inner RI of tissues Antibody  (sngle-domamantibody)  Dye mlecule
tends to be homogeneous, and Rl matching
the scattering of light can be
minimized

Al

Expanded samples: Hydrated samples: Dehydrated samples:
aqueous, Rl = 1,33-1.47 aqueous, Rl ~1,52 solvent, Rl = 1.55
Imaging and data analysis
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Three major tissue clearing approaches

a Hydrophobic method

(Optional)
Harsh permeabilization
and antibody staining
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b Hydrophilic method

RI matching

2. Aqueous- Optiona D
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Original size

Expansion and
RI matching

Hyper-
hydration
reagents

Mild expansion of size

3 . H yd rog el ¢ Hydrogel-based method |
em bedd i ng Synthetic gel g

L}
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Initiator Delipidation Staining
_< Original size
—Polyepoxide ® (@] NK"{ 2 (Optional)
o ,\ |.\ Synthetic gel
& X
Reinforced Active or passive >—_—
tissue gel harsh detergents

Expansion

Crosslinked
hydrogel

https://doi.org/10.1038/s41583-019-0250-1

Expansion of size



A Organic solvent—based tissue clearing

mdisco  upisco  udisco recnos  wisco  wisco  * Dehydration with lipid solvation
- i ‘\ (methanol, tetrahydrofurane; etc)
Additional lipid solvation +
clearing (methylsalicilate,
dibenzyl ether, etc.)

|
11

17 [ ) 4 e

==

|
|

S}
https://doi.org/10.1111/joa.13309



https://doi.org/10.1111/joa.13309

A Organic solvent—based tissue clearing

Dehydration with lipid solvation
(methanol, tetrahydrofurane; etc)
Additional lipid solvation +
clearing (methylsalicilate,
dibenzyl ether, etc.)
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B Aqueous-based tissue clearing

SeeDB FRUIT Clear™ FACT CUBIC (updated) Ce3D

¢ 1. Simple immersion in high refractive

index solutions (sucrose, fructose,
formamide, etc.)

2. Delipidation (detergents)/Hydration
(urea)

6
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A Organic solvent—based tissue clearing

3DISCO uDlSCO uDISCO PEGAOS PEGAOS . vDISC(? _ vDISC? i Dehyd ration With |ipid SOIVation

. . (methanol, tetrahydrofurane; etc)
} i « Additional lipid solvation +
=w 1

clearing (methylsalicilate,

dibenzyl ether, etc.)
B Aqueous-based tissue clearing
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SeeDB FRUIT Clear™ FACT CUBIC (updated) Ce3D

Simple immersion in high refractive
index solutions (sucrose, fructose,

formamide, etc.)

Delipidation (detergents)/Hydration
(urea)

C Hydrogel embedding tissue clearing

Stochastic
electrotransport

E

CLARITY PACT-PARS

« Hydrogel embedding
« Delipidation
« passively by incubation in
detergent (e.g. SDS)
« rapidly via electrophoresis
* Immersion in clearing solution (RIMs

glycerol, etc.) https://doi.org/10.111 1/|oa.1 3309
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Organic solvent-based Aqueous-based Hydrogel embedding

v Excellent tissue v Simple v Uniform transparent
transparency v Safe tissues

v Sub-cellular resolution v Fluorescence preservation

v Fluorescence-friendly
v"Whole-body clearing v"Minimal structural

disturbance
v Antigenicity and transcripts

preservation
X Shrinkage of samples X Possible loss of native X Slow clearing rate
X Toxicity of solvents biomolecule due to X Electrophoretic
X Quenching of fluorescent detergents equipment

protein due to dehydration X Possible damage of
tissue architecture

Best clearing approach?

Depends on question and research
objective



Currently available fast clearing protocols
FACT - Fast Free-of-Acrylamide Clearing Tissue (2017)

o 1mm thick brain slice

FASTClear (2017)

o Human tissue

RTF - Rapid clearing method based on Triethanolamine and
Formamide (2018)

o small adult brain blocks

Ce3D - Clearing-Enhanced 3D (2019)

o Not efficient on brain

FOCM - ultraFast Optical Clearing Method (2019)

o 300-um-thick brain slices

PRE-CLARITY - Passive pRe-Electrophroresis CLARITY (2019)
FAST 3D Clear (2022)
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NOVELTIES

1. NCES (Non-circulation electrophoresis system)
2. PRE-CLARITY (Passive pRe-Electrophroresis CLARITY)
3. CEx staining method



Non-circulation electrophoresis system (NCES)

a Power supply
o o glo o . : P

Seolleoh /Samplechamber SDS clearing buffer and electrophoresis in
O o|ole. P . a beaker

o o O]O Electric wire ) . .

el * Mobile electrophoresis device
» Cheap plastic-made electrophoresis device
and sample chamber

» Possibility to design different size/structure
« Several samples simultaneously

Electrophoresis
device
Sample chamber




Modified CLARITY promotes brain clearing speed and
improves transparency

CONTROL
GROUP

BI6 mice transcardially perfused with
A4P4B0.05 solution (4% acrylamide,
0.05% bis-acrylamide, 4% PFA and 0.25%
VA-044 initiator in PBS)

Incubated in A4P4B0.05 solution for 24
hours

The brain was polymerized and extracted
from solidified hydrogel.

Passive/NCES clearing

EXPERIMENTAL
GROUP

BI6 mice transcardially perfused with PBS
followed by 4% PFA.

Brains were excised and then post-fixed in
4% PFA at 4 °C.

Fixed brains were incubated in A4P0BO0
hydrogel monomer solution (4%
acrylamide in PBS) supplemented with
0.25% VA-044 initiator for 24 hours at
4°C.

A4P0BO0-infused samples were
polymerized for 6 hours at 37 °C
Passive/NCES clearing



Modified CLARITY promotes brain clearing speed and
improves transparency

CONTROL GROUP EXPERIMENTAL GROUP

A4P4B0.05-processed brain A4P0B0-processed brain
Before clearing After clearing Before clearing After clearing

b | HTL
- Lallns

NCES

d —
Passive L
clearing 1—

B 5 days electrophoresis C 60 hours electrophoresis
clearing at 25 V/37 °C clearing at 25 V/37 °C, with

adding 1% o-thioglycerol in
clearing buffer
D 1 month passive clearing at E 14 days passive clearing at
50 °C 37 °C, with adding 5% a-
thioglycerol in clearing buffer

A4P0B0 EMBEDDING METHOD + THIOGLYCEROL + NCES
Faster clearing, higher transparency, mild temperature, prevent brain coloratiéon




PRE-CLARITY achieves higher transparency

Before clearing After electrophoresis After clearing

CONTROL GROUP

“S00drdrv

EXPERIMENTAL GROUP
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To try to achieve better clarification in the central area of the brain
PRE-CLARITY (Passive pRe-Electrophroresis CLARITY)

« 1-day NCES electrophoresis clearing
* “n days” passive clearing

- Control group: 15 days (1+15)

- Experimental group: 5 days (1+5)

PRE-CLARITY
Faster clearing, higher transparency, higher transmittance compared to individual
NCES or passive clearing




PASSIVE —_ PRE-CLARITY S0um,

Figure 4. Images of passive and PRE-CLARITY cleared A4P4B0.05-processed brain. (a) The image was
acquired by confocal microscopy (20x/0.75 dry objective). It is a projection of image stacks and shows stained

dopaminergic neurons in the passive cleared A4P4B0.05-processed brain (Red: anti-TH; blue: DAPI; Scale bar:
50 pm; z stack: 516.62 pm). (b) The image was acquired by confocal microscopy (20x/0.75 dry objective). It is a
projection of image stacks and shows stained dopaminergic neurons in the PRE-CLARITY cleared A4P4B0.05-
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Figure 6. Images of PRE-CLARITY cleared A4POBO-processed brain. (a) The image was acquired by confocal
microscopy (20x/0.75 dry objective). It shows dopaminergic neurons stained with Anti-Tyrosine Hydroxylase

antibody. (Red: anti-TH; blue: DAPI; Scale bar: 50 pm; square width: 50 pm). (b) The amplificatory 3D view
of neurons in the white boxed region of figure a. (Scale bar: 20 pm; square width: 20 pm). (¢) The image shows
neuronal dendrites in figure b. It is reconstructed with the filament auto-path toolkit in Imaris 9.0.1 software
(Bitplane) (Scale bar: 20 pm; square width: 20 pm).




Faster labeling with CEXx staining

Boric acid solution expanded the cleared brain = it might increase the hydrogel network pore size potentially,
and then antibodies penetrate into deep tissue easier.

PBST in the washing procedure and PBS in the staining procedure were
substituted with 0.2 M boric acid buffer (pH 7.2)
24h antibody incubation, DAPI added in the last 12 hours

Figure 3. Images of electrophoresis cleared A4POBO0-processed brain. (a) The image was acquired by confocal
microscopy ( ).75 dry objective). It shows dopaminergic neurons (stained with Anti-Tyrosine Hydroxylase
antibody) at a part of the midbrain. (Red: anti-TH; blue: DAPI; Scale bar: 50 pm; square width: 50 pm). (b)
The image shows neurons in the white boxed region of figure a. (Scale bar: 20 pm; square width: 20 pm). (c)
The image shows dendrites in figure b. It was reconstructed with the filament auto-path toolkit in Imaris 9.0.1
software (Bitplane) (Scale bar: 20 pm; square width: 20 um).




Brain before
clearing

Rl matching solution

88% histodenz Brain before 63% TDE
processed brain clearing processed brain

TDE has anti-swelling properties

Supplementary figure S7. Comparison of brain after 88% histodenz
or 63% TDE processing. The left pair of pictures shows the brain before
clearing and after 88% histodenz processing. The middle pair of pictures
shows the brain before clearing and after 63% TDE processing. The right
picture shows the outline of brain after histodenz (red line) or TDE (green

line) processing.

Outline
comparison

21
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Figure 7. 3D rendering of PRE-CLARITY cleared A4P0BO-processed brain. The image was acquired by
lightsheet microscopy (5x/0.16 dry objective). The brain was stained with anti-TH antibody by CEx method. It

shows the basal ganglia area has been labeled almost entirely. For some reasons the sample is not at the central
position and the white line shows the midline of brain (Scale bar: 200 pm; square width: 200 pm).




Conclusions

ADVANTAGES

« Easy

 Cheap

* Quick

* No electrophoretic equipment needed (peristaltic pump, filter, refrigerated
circulator)

LIMITATIONS
 NCES not compatible with A4P4B0.05 solution
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Fast 3D Clear

Perfusion with PBS

Post-fixation in 4% PFA o/n
Washes in PBS, 4-5x 10 minutes
Washes in dH,0O at RT, 2-3 times

PBS (Reverses Transparency)

$ I
]

Fixed | 50% | 70% 90% 70% | 50% | ‘vater 3D -
Brain | THF | THF THF THF | THF | 4° Clearing maging
washes
1h 1h O/N~16h 1h 1h 1h or O/N O/N~16h Confocal/Light sheet
Delipidation/Dehydration:  increasing  concentration of THF

(tetrahydrofuran) pH 9.0

Rehydration: decreasing concentration of THF to reverse shrinkage
and preserve fluorescence

Washes in dH,0 at RT, 4-5 times

Clearing: transfer into aqueous clearing solution (Histodenz, Diatrizoic
Acid, N-Methyl-D-Glucamine, Ultrapure Urea. Rl 1.512-1.5195)

Reverse clearing. PBS washes for 16 hours at 4°C (4-5 washes) 29



Fast 3D Clear achieves high tissue transparency in brains,
whole adult mice and embryos

Fast 3D Clear

THF 90%
s THF 70%
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|

= - l
-~ Liver-

IE‘f’" 3-,_1,‘ [ | [
T" e g— " Intestine ‘
i . ] ! - 8
=511 I
(W ¢ Lungs
) o : : = I
E18.5 = = ). (4 ANEEN

ey | ¢ Y 26
) /3 months | i




Comparison of Fast 3D Clear with other clearing methods
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Fast 3D Clear preserves endogenous fluorescence in adult
mouse brains, whole adult mice, and embryos (confocal)

GCaMP3- tdTomato- cFos CreERT2
Thy-GFP-M CaMK2-Cre VGAT-Cre tdTomato

A

Hippocampus

Adult mice 3 months Hippocampus/DG

H
‘/
(1) Thy1-GFP-M, characterized by high levels of GFP expression in sparse neuronal populations
(2) GCaMP3-CaMK2-Cre in which GCaMP3 calcium-sensitive fluorescent protein is expressed in CaMK2+ neurons
(3) tdTomato-VGAT-Cre, in which tdTomato is expressed in inhibitory neurons

(4) cFos-CreERT2-tdTomato, in which tamoxifen administration results in tdTomato labeling of neurons active during asg
behavioral task.



Fast 3D Clear preserves the fluorescence of synthetic and
genetically encoded labels at multiple emission
wavelengths (confocal)

retroAAV?2 retroAAV?2
FastBlue DG-retro Arch-tdTom IRF-670

Hippocampus

Intracranial administration of:

- retrograde neuronal tracer FastBlue (DG injection)

- AAV1 CaMK2-GCaMP6 (DG injection)

- Retro-AAV2 Arch-tdTomato (DG injection) 29
- Retro-AAV2 IRF670



Fast 3D Clear preserves the fluorescence of synthetic and
genetically encoded labels at multiple emission
wavelengths (confocal)

AAV9 Cre-tdTomato

Injection of a Cre-dependent AAV1-GCaMP6 virus into the dorsal hippocampus and a tdTomato-Cre-virus into the ventral
Ent/perirhinal (Prh) cortex to assess whether an anterograde transfer of AAV will activate the Cre-dependent expression of
GCaMP®6 in the dorsal hippocampus.

30



Fast 3D Clear is compatible with light-sheet (and confocal)
microscopy

Insular-cortex




Fast 3D Clear is compatible with light-sheet (and confocal)
microscopy

v

(F-H) 3D visualization of cleared (F) cFos-Cret "2-tdTomato brain, (G) VGAT-Cre-tdTomato, and (H) spinal cord from Msx1-Cretf2-Tdtomato E18.5 mouse
embryos.

32



Fast 3D Clear is compatible with light-sheet (and confocal)
microscopy




| GFAPTH

GFAPTH

Fast 3D Clear is compatible with fluorescent antibody
staining

Thy1-GFP-M mice

1. Reverse transparency (PBS washes 16 hours at 4°C )
2. iDISCO staining protocol
3. Clearing

Confocal

Light sheet

Top view -

Confocal — 3D visualization cerebellum

34




Fast 3D Clear is compatible with fluorescent antibody
staining




Fast 3D Clear is compatible with fluorescent antibody
staining

GCaMP3-CaMK2 hippocampi

1. Reverse transparency (PBS washes 16 hours at 4°C )
2. iDISCO staining protocol

3. Clearing

GCaMP3 GCaMP3 GCaMP3

Dorsal hlppocampl& Dorsal hlppocampus_ Ventral hlppocampus_

(M—0O) Whole adult mouse hippocampus from GCaMP3-CaMK2-Cre animals cleared with Fast 3D Clear. (M) GCaMP3 fluorescence before staining, (N)
fluorescence at 500/30 and 650LP nm for GCaMP3 and DCX in dorsal hippocampus, and (O) ventral hippocampus merged channels. Scale bars, (| 3Ié) 500 pm,
(J and L) 200 um, (E, F, G, H, M, N, O) 80 um, (A, B, D) 20 um, (C) 5 pm.



Conclusions

ADVANTAGES

» Speed

» Cost-effective

« Simple

* No tissue shrinkage

» Fluorescence preservation (endogenous and not)

LIMITATIONS

Not been tested in other organisms other than mice
Modest clearing of hard tissue (e.g bones)

Antibody fluorescence stability not validated
Compatibility with cell registration software not yet known
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