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Abstract
Novel tissue clearing techniques developed in recent years have enabled labelling and visualisation of
neural structures in three-dimensions \(3D). However, there have been varying degrees of success in
applying these techniques to the human brain tissues. Hence, we have developed a range of techniques
for tissue clearing of post-mortem brain tissues. These methods were designed to be easily applied in any
standard histology or basic science laboratories. Techniques covered in this protocol include standard
immunohistochemistry to enable detailed 3D mapping of neural structures. We have also developed
several non-immunohistochemical means of labelling, such as cresyl violet for neuronal quanti�cation,
lectin for labelling of blood vessels and DiI retrograde labelling for visualisation of neuronal projections
and dendritic spines. The overall processing time for �xed tissue to imaging ranges from 6 hours to
approximately 6 months depending on the size of the tissue block and the protocol being followed.

Introduction
The availability of laser microscopy with optical sectioning abilities and the development of endogenous
�uorescence labelling techniques have led to a surge in development of various tissue clearing strategies,
enabling the detailed study of neural structures and micro-circuitry in three-dimensions \(3D). Current
tissue clearing techniques can be broadly classi�ed into three main categories: i. Solvent-based clearing
techniques including Benzyl-alcohol benzyl-benzoate \(BABB/ Murray’s clear) \[1,2], 3DISCO \[3,4] and
iDISCO; ii. Aqueous-based clearing techniques including Scale \[5], See Deep Brain \(SeeDB) \[6], ClearT \
[7] and CUBIC \[8]; and iii. Delipidation-facilitated clearing techniques such as CLARITY \[9] and PACT \
[10]. Solvent-based clearing techniques have the advantages of being the most time-e�cient clearing
method and their protocols are relatively simple to follow. However, �uorescent labels may be rapidly
quenched and tissue samples are often signi�cantly shrunken during the dehydration process. On the
other hand, aqueous-based clearing strategies have better �uorescent signal preservation, but tissue
transparency may be inferior to tissue cleared using solvent-based clearing techniques. CLARITY \(Clear
Lipid-exchanged Acrylamide-hybridized Rigid Imaging/Immunostaining/In situ hybridization-compatible
Tissue-hYdrogel) works by �xation/hybridisation of brain tissue to a hydrogel scaffold and subsequent
detergent-based delipidation to turn the tissue transparent \[9]. Since CLARITY enables molecular probing
using immuno�uorescence, this technique was deemed suitable for the use on post-mortem human brain
tissues. This is the technique favoured by most neuropathology/ neuroscience laboratories working on
human brain tissues to visualise pathology in Alzheimer’s \[11], Parkinson’s \[12] and
neurodevelopmental disorders \[9,13] in 3D. Using human post-mortem tissue as a starting point, a
simpli�ed and low-cost protocol of CLARITY have been developed to enable wider application of the
technique among the pathology community \[12]. By combining CLARITY with a solvent-based clearing
technique, iDISCO, we have developed FASTClear to further reduce processing time for human post-
mortem tissues. However, like many other investigators, we found the limitation of the technique lies in
the depth of immunostaining in brain tissues \[14]. Furthermore, there are inherent di�culties in working
with human brain tissues due to its more complex physiochemical properties and uncontrollable
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variables pre- and post-mortem. As a result, here we introduce a �exible protocol for tissue clearing of
human brain tissues. This protocol is suitable for any formalin-�xed brain material, including archival
para�n-embedded blocks. A novel tissue clearing solution, OPTIClear, which is optimised for brain
tissues was also developed to enable other non-immunohistochemical means of labelling of brain
structures: Cresyl violet staining in tissue clearing will enable neuronal quanti�cation without the need of
stereology; Lectin can be used as a counterstain along with other immunohistochemical stains for
visualisation of brain vasculature; DiI retrograde labelling will enable detailed visualisation of neuronal
projection, general cellular morphology and dendritic spines. The protocol outlined here is summarised in
Figure 1 \(adapted from Lai et al \[15]). It is important to note that this is by no means a one-size-�t-all
protocol. The total processing time will depend on the size of the tissue and its exact application. Users
will have to perform appropriate optimisation during delipidation and various staining steps.

Reagents
**Solution for tissue �xation** 10% Neutral Buffered Formalin \(Sigma-Aldrich; Catalogue number:
F5554-19L] **Solution for FFPE-retrieval** Tetrahydrofuran \(Sigma-Aldrich; Catalogue number: 401757,
or from other vendors >99% 1L) Xylene \(Honeywell; Catalogue number: S34056-4L) **Sodium borate
clearing \(SBC) Solution for SDS-delipidation** Sodium dodecyl sulphate \(SDS) \(Sigma-Aldrich;
Catalogue number: L4509) Boric acid \(Sigma-Aldrich; Catalogue number: 39067 or from other vendors,
>98% 500g) Sodium hydroxide pellet \(BDH; Catalogue number: 301677P) Dissolve 12.366g of boric acid
and 40g of SDS in approximately 500-700ml of distilled water. Keep stirring, heating may be required.
Add distilled water and make the solute up to 1L. Adjust the pH to 8.5 using concentrated sodium
hydroxide solution/ pallet. The �nal concentration should be 4% \(w/v) of SDS in 0.2M of boric acid
buffer. **PBST washing solution and antibody diluents** Sodium dihydrogen orthophosphate dihydrate \
(Fisher scienti�c; Catalogue number: S/3720/53) Di-Sodium hydrogen phosphate dodecahydrate \(VWR;
Catalogue number: 28028.298) Potassium chloride \(BDM; Catalogue number: 101985M) Sodium
chloride \(Sigma-Aldrich; Catalogue number: 53014-5KG) Triton-X 100 \(Sigma-Aldrich; Catalogue
number: 114K0182) Sodium azide \(BDH; Catalogue number: 103692) _Stock solution for PBS:_ 2.7g
Sodium dihydrogen orthophosphate dihydrate 19.3g Di-Sodium hydrogen phosphate dodecahydrate 2g
Potassium chloride 80g Sodium chloride Dissolve in 1L distilled water and pH to 7.4 using sodium
hydroxide or hydrochloric acid solution Dilute stock solution 1:10 for use and pH to 7.4 _0.1% PBST
solution_ Dissolve 0.1% v/v Triton X-100 and 0.01% w/v sodium azide in 1x PBS. Stir and mix well. One
can conveniently prepare a 1,000x stock of 10% w/v sodium azide solution in the hood and add 1 ml of
the stock to 1 L of 1x PBS with 0.1% Triton X-100. **OPTIClear refractive-index homogenisation
solution** N-methylglucamine \(Sigma-Alrdrich; Catalogue number: 66930 500g) 2,2’-Thiodiethanol \
(Sigma-Aldrich; Catalogue number: 166782 500g) Iohexol \(ProGen Nycodenz; Catalogue number:
1002424 500g, or Sigma-Aldrich Histodenz; Catalogue number: D2158 100g) Concentrated hydrochloric
acid \(12M/ 36-38.5%) \(VWR; Catalogue no.: 20252.335) Dissolve 20 g N-methylglucamine, 32 g iohexol,
and 20.48 ml 2,2’-thiodiethanol in approximately 50-70ml of distilled water. Concentrated \(12M)
hydrochloric acid is then added dropwise until the pH falls between 7 to 8, and more distilled water is
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added to make up the �nal volume to 100 ml. The �nal composition of OPTIClear solution should be 20%
w/v N-methylglucamine, 25% w/v 2,2’-Thiodiethanol, 32% w/v Iohexol, pH 7-8. The resulting solution
should be clear and colourless, with a refractive index of 1.47-1.48. The preparation can be proportionally
scaled up or down as required, but one should notice that in small scale preparations weighing can
become relatively inaccurate, leading to undesirable �uctuations in refractive index of the �nal OPTIClear
solution. **Nissl staining solution** Cresyl violet acetate \(Sigma-Aldrich; Catalogue number: C5042)
Methanol \(Merck; Catalogue number: 106009, or from other vendors >98%, 2.5L) Acetic acid \(Sigma-
Aldrich; Catalogue number: 8.18755, or from other vendors >98% 1L) Boric acid \(Sigma-Aldrich;
Catalogue number: 339067 or from other vendors, >98% 500g) SDS \(Sigma-Aldrich; Catalogue number:
L4509) _1% Cresyl violet staining solution \(stock)_ Dissolve 1 g of cresyl violet acetate completely in 100
ml of distilled water. Filter out any undissolved precipitate. _Cresyl violet working solution_ 1:10 dilution
with SBC solution used for SDS-delipidation \(see above) Final solution is 0.1% cresyl violet and 3.6%
SDS in 0.2M boric acid buffer _Regression solution_ 100% methanol or industrial methylated spirits with
0.25% acetic acid **Thio�avin S staining solution** Thio�avin S \(Sigma-Aldrich; Catalogue number:
T1892) Dissolve 1 g of thio�avin S in 100 ml of distilled water. Filter out any undissolved precipitate.
Store the solution at 4ºC **Other chemical stain/ nuclear counterstain** 4’,6-diamidino-2-phenylindole \
(DAPI) \(Sigma; Catalogue number: D9542) – to use at 1 μg/ml Fluorophore-conjugated lectin stain \(e.g.
DyLight 649 labeled Lycopersicon esculentum lectin; Vector Labs; Catalogue Number: DL-1178) – use at
1:100 dilution DiI stain \(Thermo�sher; Catalogue number: D3911) Lipophilic sampler kit, containing DiI,
DiA, DiD, DiR, and CM-DiI stains \(Invitrogen; Catalogue number L7781)

Equipment
Screw-capped glass bottles \(100ml; 200ml; 500ml; 1000ml) Glass vials of various sizes \(60ml, 7ml),
eppendorfs \(2ml, 1.5ml) Falcon tubes \(50ml, 15ml) Imaging dishes: Ibidi µ-Dish 50mm, low \(Ibidi;
Catalogue number: 81136) Incubation oven pH indicator strips \(Merck; Catalogue number: 109535)
Plastic pipettes Stainless steel or plastic forceps Razor blade, microtome blade or disposable scalpel
Aluminium foil Kimwipe paper

Procedure
**Protocol for Human brain tissue 3D immunohistochemistry** _Starting with fresh brain tissue_
1.Immerse whole/hemi-sected human brain tissue in 10% neutral buffered formalin solution for 3-4
weeks. To minimize �xation artefact, the brain is suspended in the solution using an inverted porous
disposable hairnet. Alternatively, cut brain tissue into 1cm3 and immerse into 10% neutral buffered
formalin solution for 7 days. _Starting with formalin-�xed para�n-embedded \(FFPE) tissue_ 1.Melt away
excess para�n wax at 60ºC in an incubation oven. 2.Retrieve tissue from molten para�n wax and put
into a screw-capped glass bottle with xylene, incubate at 55 – 60ºC for at least 6 hours or overnight.
_Caution: General safety issues with xylene must be observed \(e.g. use of fume hood, gloves and lab
coat). Waste must be appropriately disposed of._ 3.Immerse the tissue into 100% tetrahydrofuran \(THF)
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in a screw-capped glass bottle to elute all the xylene out and ensure complete depara�nisation, incubate
for at least 1 hour at room temperature. 4.Immerse the tissue into 80% THF in water in a screw-capped
glass bottle for at least 1 hour at room temperature. 5.Immerse the tissue into 50% THF in water in a
screw-capped glass bottle for at least 1 hour at room temperature. 6.Immerse the tissue into 20% THF in
water in a screw-capped glass bottle for at least 1 hour at room temperature. 7.Immerse the tissue into
SBC solution and incubate at 55oC. Proceed to the usual 3D histology protocol starting from the SDS
treatment step. 8.If the tissue is deemed not well-�xed, immerse in neutral buffered formalin for an
additional 3 days at room temperature or overnight at 37ºC. _Starting with formalin-�xed tissue_ 1.Cut the
tissue to the desired size using a razor blade, microtome blade or disposable scalpel. Alternatively, use a
vibrotome or circular saw for more accurate sampling. Try to ensure a �at surface is cut as this will
enable better quality images at the later stage. We recommend cutting the tissue to no larger than 3mm
thick due to limitation in antibody penetration and imaging objectives working distance. 2.Immerse tissue
into SBC and incubate at 37-55ºC. \(Optional) •The timing depends on the duration of �xation, the
antigens to be stained, as well as the nature or brain region of the tissue to be imaged. In general: oThe
longer the tissue �xed in formalin, the longer the SDS treatment recommended. oWhite matter regions
require longer SDS treatment \(at least 10 days is recommended) than grey matter, where 0-5 days may
be su�cient for a 1 mm-thick slice. oSDS or incubation at high temperatures \(50-55ºC) for a long
duration has an antigen retrieval effect, therefore the harsher the antigen retrieval method required in
tissue sections, the longer the SDS treatment recommended for intact tissue blocks. oThe longer the SDS-
treatment, the less brownish discoloration, auto�uorescence, and nonspeci�c binding of antibodies to
lipofuscin. Therefore, whenever time allows, longer SDS treatment is recommended. •Do not over-
incubate; in general, around three months of incubation is the maximum. •If the tissue is �xed for less
than a week, immerse in formalin for a further 3 days at room temperature or overnight at 37ºC. 3.Wash
the tissue in PBST at 37ºC for 3 x 2 hours \[Tissue can be left in solution for up to 24 hours]. •To
minimize tissue damage, tissue should be handed with care and should remain in the same container
unless otherwise stated. •To wash the tissue, use a plastic pipette to carefully extract all the solution
around the tissue and apply new solution using a clean pipette. 4. Incubate the tissue with primary
antibody diluted in PBST at 37ºC. Start with a low concentration \(e.g. 1:500 to 1:100 dilution) and
supplement antibody over the next 1 – 2 days to the desired �nal dilution \(e.g. 1:20 – 1:50 dilution) •The
denser the antigens within the tissue, the larger the amount of antibody required. Using a lower
concentration to begin with can facilitate antibody diffusion deeper within the tissue. •Penetration of
antibodies is mostly governed by the density of the antigens within the tissue, and antibodies can diffuse
through roughly 1 – 2 mm upon overnight incubation. Therefore, prolonged incubation is not necessary
and futile in most cases in enhancing antibody penetration. •A 3-day incubation period after the �nal
targeted dilution has been achieved is more than su�cient for practical imaging purposes. 5.Wash the
tissue in PBST at 37ºC for 3x 2 hours and leave overnight. 6. Incubate the tissue with secondary antibody
diluted in PBST at 37ºC. Protect from light using aluminium foil. •The strategy for antibody addition and
incubation period should be the same as that for the primary antibody used. •Due to the brownish
discoloration of human brain tissue, �uorophores with absorbance-emission spectra as
bathochromatically-shifted as possible are recommended. •A nuclear stain \(such as DAPI, TO-PRO3,
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Propidium iodide) and/or �uorophore-conjugated lectin can be added during the secondary antibody
incubation. 7. Wash the tissue in PBST at 37ºC for 3 x 2 hours and leave overnight. 8. Remove the tissue
from the washing solution. Blot off excess washing solution from the tissue gently using Kimwipe paper,
and place the tissue into the OPTIClear solution, incubate at 37ºC for about 6 hours to clear the tissue. •A
volume of OPTIClear 3-times that of the tissue volume is usually su�cient. •Complete tissue
transparency is normally reached within 3 hours of incubation, and will not improve further after 15 hours
of incubation. If necessary, swirl the contents gently and occasionally to facilitate penetration of the
reagents into the tissue. •The tissue should be stored in OPTIClear at room temperature protected from
light before imaging \(up to 1 week). •For prolonged storage, tissue should be placed in PBS at 4ºC. The
addition of 0.01% sodium azide is recommended to avoid microbial growth 9. Carefully place the tissue
into a glass-bottomed imaging dish for confocal imaging. •Close apposition of sample with the glass is
required for an inverted confocal microscope. To ensure this, tip the cleared tissue from its container into
the imaging dish. Then use a clean pipette to carefully extract excess OPTIClear solution around the
tissue. The tissue will adhere to the bottom of the imaging dish once all surrounding solution has been
extracted. Any excess solution can also be carefully blotted off around the tissue using Kimwipe paper.
10. Apply a few drops of OPTIClear on the tissue just before imaging to prevent tissue being dried up
during prolonged imaging and cover the imaging dish with a lid. 11. Proceed to confocal imaging.
**Protocol for 3D Nissl staining** Both SDS-treated tissue and long-�xed tissue retrieved from formalin
�xation solutions can be used directly. 3D Nissl staining should be performed prior to all other chemical
stains and 3D immunohistochemistry. 1.Incubate the tissue in Nissl staining solution for 1 – 3 hours at
room temperature. •After staining the tissue should look like Figure 2a \(adapted from Lai et al \[15]),
where grey matter is stained intensely purple while white matter is minimally stained. 2. Regress the
staining by placing the tissue into regression solution at room temperature. Swirl and refresh the
regression solution until no observable violet tint is coming out of the tissue. •The regression process
should not be prolonged for more than 30 minutes, as it may cause precipitation of tissue proteins and
subsequent di�culties in immunohistochemistry. Over-regression leading to poor staining may also occur
and requires additional Nissl staining. •If the tissue is thick and large \(> 5 mm-thick, or > 2 cm x 2 cm in
height and width), then serial dehydration through dilutions of regression solution in water is
recommended to avoid warping of tissue, which can be di�cult to revert. •After regression the tissue
should look like Figure 2b \(adapted from Lai et al \[15]), where grey matter is virtually non-stained or a
slight tint of violet remains. 3. Proceed to 3D immunohistochemistry starting with washing in PBST for 6
hours at 37ºC, or to other chemical stains after appropriate washing in 1x PBS. If direct imaging is
desired, place the tissue into OPTIClear and incubate for 3 hours to overnight at 60ºC. •If the tissue has
not been completely regressed, some violet dyes may come out of the tissue and turn the OPTIClear
solution violet. This would not cause problem in imaging and no further washings or refresh of the
OPTIClear solution is needed as the �uorescent spectrum of cresyl violet changes when it binds to Nissl
substances and lipofuchsins. •After clearing, the tissue should look paradoxically darker, as the
transparency reveals the darkly-stained underlying tissue substances, which is shown in Figure 2c \
(adapted from Lai et al \[15]). •The tissue should be stored in OPTIClear at room temperature protected
from light before imaging \(up to 1 week). •For prolonged storage, tissue should be placed in PBS at 4ºC.
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The addition of 0.01% sodium azide is recommended to avoid microbial growth 4. Image the tissue with
488 nm Argon laser excitation. Adjust the detection spectra range accordingly to obtain good contrast
and avoid any auto�uorescence. 570 – 700 nm is a good empirical start range. **Protocol for lipophilic
dye \(e.g. DiI) retrograde labelling** Tissue without prior contact with detergents should be used for
lipophilic dye tracing. In principle, other lipophilic tracer dyes can be used, but may have different
diffusion speeds or abilities. DiI, DiA, DiD, DiR, and CM-DiI has been proven to diffuse well in formalin-
�xed tissue. 1. Gently place a crystal or powder of a lipophilic dye on to the piece of brain tissue. 2. Use a
needle to poke the crystal deep below the tissue surface to secure the position of the DiI crystal. 3.
Carefully soak the tissue in 1x PBS to keep the tissue moist. 4. Cover the plate or lid and seal it carefully
without disturbing the system inside. Incubate the setup at 37ºC free from any disturbances for a variable
period of time. •In our hands, a 3 – 4 mm diffusion distance was achieved with 10 days of tracing in a 5
year-�xed brain. Tissue �xed for a shorter duration may have faster diffusion rates. 5. After the tracing is
deemed to be su�cient, blot of excess liquid on the tissue and place the tissue in OPTIClear for clearing
for 6 – 15 hours at 37ºC. •The tissue should be stored in OPTIClear at room temperature protected from
light before imaging \(up to 1 week). •For prolonged storage, tissue should be placed in PBS at 4ºC. The
addition of 0.01% sodium azide is recommended to avoid microbial growth 6. Proceed to confocal
imaging.

Timing
For general time taken, see �ow diagram \(Figure 1) above. **Time taken for 3D immunostaining** 1.
SDS treatment at 55ºC \[1 day to 3.5 months] 2. PBST wash at 37ºC \[6 hours to 1 day] 3. Primary
antibody incubation at 37ºC \[1 to 6 days] 4. PBST wash at 37ºC \[6 hours to 1 day] 5. Secondary
antibody incubation \[1 to 6 days] 6. PBST wash at 37ºC \[6 hours to 1 day] 7. Refractive index
homogenisation in OPTIClear at ºC \[6 to 15 hours]

Troubleshooting
1. Tissue disintegrates during/after SDS delipidation – this is often the case when tissue is not
adequately formalin �xed. We recommend a tissue �xation time of more than 7 days for a small piece of
tissue not exceeding 5cm3 in size. 2. Poor/inadequate staining with certain antibodies – Staining quality
will be affected by a number ofseveral factors, and the strategy to optimise staining varies for individual
antibodies. For some antigens. In particular with human tissues, prolonged �xation may results in heavy
antigen masking by formaldehyde crosslinks. We recommend a longer SDS delipidation time with a
higher temperature of incubation \(e.g. 60ºC) as SDS may facilitate antigen retrieval. For others, omitting
the step of SDS delipidation \(i.e. using only PBST for permeabilisation) may avoid the destruction of
antigens by harsh SDS treatment. Increasing antibody dilutions \(to 1:20 or even 1:10) may also help as
the signal may be too weak to visualise. It is helpful to check the dilutions recommended by the
companies, usually the those requiring low dilutions works best. 3. Strong auto-�uorescencet in human
brain tissue – As human brain tissues often contain lipofuscin, blood products \(as tissue was not
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perfused prior death), and other pigments, they will lead to auto-�uorescent signals upon imaging.
Prolonged SDS treatment can reduce pigmentation to a certain extent, and the use of �uorophores in the
far-red spectrum \(e.g. Alexa Fluor 647) is recommended.
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Figures

Figure 1

Flowchart summarising the next-generation histology protocol Figure adapted from Lai et al [15]



Page 10/11

Figure 2

Gross appearances of human tissue samples during the 3D Nissl staining procedure In *a.* and *b.*, a
piece of thalamus coronal section and hippocampus was shown on the left and right, respectively; while
a piece of basal forebrain coronal section featuring the nucleus basalis of Meynert was shown in *c.*
After initial staining in 0.1% cresyl violet/3.6% SDS (a.), the grey matter is stained intensely purple while
the white matter is virtually unstained. Following regression in 0.25% acetic acid in methanol (b.), the
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grey-white matter differentiation is almost lost. (c.) After OPTIClearing, the tissue looks paradoxically
darker as the stained-tissue can now be visualised even though they were physically buried under the
surface of the tissue, which is an indication of successful tissue clearing. Figure adapted from Lai et al
[15]


