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[Abstract] Recently developed CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging/Immunostaining/In  situ-hybridization-compatible Tis-sue-hYdrogel) technique renders the
tissue transparent by removing lipids in the tissue, while preserving and stabilizing the cellular and
subcellular structures. This provides effective penetration of diverse labeling probes, from primary and
secondary antibodies to complementary DNA and RNA strands. Followed by high-resolution 3D
imaging of neuronal cells and their projections in thick sections, tissue blocks, whole brains, or whole
animals, CLARITY allows for superior quantitative analysis of neuronal tissue. Here, we provide our
detailed protocol for PACT (Passive Clarity Technique) in brain tissue of diverse species, including
human, non-human primate, rodents, and zebrafish. We describe the six principal steps: (1) Tissue
fixation and preparation, (2) Passive lipid removal, (3) Immuno-labeling, (4) Optical clearing, (5)
Imaging, (6) 3D visualization and quantification.
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[Background] Optimization of tissue imaging techniques had to overcome several inherent problems,
including lack of optical tissue transparency and spatial limits on antibody penetration. The solutions to
these problems have evolved over time. Major advances in microscopy provided for superior 2D and
3D image resolution (Richardson and Lichtman, 2015; Whitehead et al., 2017). Thin sections, less than
40 microns in thickness, allowed most of the antibodies to reach their target proteins. Combined with
diverse fluorescent tags, these antibodies revealed tissue complexities beyond those known before.
However, evaluation of a tissue block or whole organ divided into many thin sections remained far from
trivial. Following the time-consuming process of cutting and staining individual sections, an inherent
discontinuity of specimens required the development of sophisticated imaging reconstruction
techniques for accurate quantification of cells and ability to follow their individual projections, e.g.,
micro-optical sectioning tomography (MOST) (Li et al., 2010). Finally, to increase tissue transparency, a
number of strategies to “clear” the tissue has been proposed, first by Werner Spalteholz as early as
1914 (Spalteholz, 1914) and by many other researchers thereafter (Efimova and Anokhin, 2009; Hama
et al., 2011; Erturk et al., 2012; Ke et al., 2013; Susaki et al., 2014; Fumoto et al., 2016). Despite the

effectiveness of these strategies, there were limitations in tissue types and species in which they
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performed best, with some causing tissue shrinking (for review, Mano et al., 2018). Other technical
difficulties include the rate and volume at which antibodies penetrated into a thick cleared tissue block
or section, or whole organ specimen for labeling of proteins, and adverse effects of time and/or
exposure to light on fluorescence emission.

In 2013, Stanford researchers Kwanghun Chung and Karl Deisseroth developed a novel approach
called CLARITY (Clear Lipid-exchanged Acrylamide-hybridised Rigid Imaging/Immunostaining/In
situ-hybridization-compatible Tis-sue-hYdrogel) (Chung et al., 2013; Chung and Deisseroth, 2013). By
simultaneously removing lipids and infusing the entire protein structure with a hydrogel, CLARITY
preserved the tissue architecture, proteins and nucleic acid molecules, while making a large tissue
block or an entire organ optically transparent. Importantly, the removal of lipids using this method
enhanced antibody penetration into the preserved tissue, facilitating immunohistochemical staining,
allowing for more efficient and accurate quantitative analysis. The success of CLARITY is highlighted
by its increasing popularity among neuroscientists and biologists studying diverse tissues and organs
(Azaripour et al., 2016; Mortazavi et al., 2016; Jensen and Berg, 2017; Vigouroux et al., 2017; Du et al.,
2018; Yu et al., 2018).

Active use of CLARITY technique resulted its further optimization, including PACT (passive CLARITY
technique) and PARS (perfusion assisted agent released in situ), or ACT-PRESTO (active cleaning
technique pressure related efficient and stable transfer of macromolecules into organs) (Yang et al.,
2014; Tomer et al., 2014; Lee et al., 2016). These methods proved to be applicable to a diverse array of
tissues, including the peripheral organs such as the liver, kidney, intestine and lung (Lee et al., 2014;
Font-Burgada et al., 2015; Neckel et al., 2016; Saboor et al., 2016). While there are common features
in CLARITY methodology, the processing and imaging of diverse tissues, organs or whole animals may
differ between model organisms. Human tissues also require special considerations due to the high
lipid content of human brain tissue, and often the prolonged post-mortem interval (PMI) that can affect
the quality of tissue, and its fixation.

Here we share our protocols for using CLARITY to visualize a number of proteins of interest in brain
tissue of several species, including zebrafish, rat, mouse, rhesus monkey, and human. We find the
technique to be relatively simple to execute, highly efficient in clarifying whole zebrafish, individual
brains, large brain tissue blocks or thick sections. We also find that our CLARITY protocol allows for
using lower than earlier reported antibody concentrations to effectively reveal target proteins, enabling
high-quality 3D visualization. In addition to earlier proposed semi-quantitative analysis of
CLARITY-processed whole-brain zebrafish samples, based on fluorescence Intensity (Lindsey and
Kaslin, 2017), we show that 3D analytical tools (e.g., Fiji or Imaris) can provide accurate counts and
morphological parameters of labeled cells, axons, dendrites, or any other quantitative
immunohistochemical labeling. Together, we find CLARITY to be an exceptional tool for 3D
visualization and quantification of brain tissue constituents, which can further be used in studies of

neurogenesis, connectivity, and pathological brain conditions.
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Materials and Reagents

A. Tissue Specimens tested in this Protocol

1.
2.
3.
4.

Zebrafish (Danio rerio): whole animal, brain (compatible with any age)
Rat (Rattus or Mus musculus): brain (compatible with any age)
Non-Human Primate (e.g., Macaca mulatta): brain (compatible with any age)

Human: brain (anatomical donation, compatible with any age)

Note: For optimal results, use PFA perfused rat (mouse) or non-human primate brains.

B. CLARITY Supplies and Reagents

1.
2.
3.

10.

11.

12.

13.

14.

1.5 ml Eppendorfs (USA Scientific, catalog number: 1615-5500)

50 ml Falcon™ Tubes (Fisher Scientific, catalog number: 14-432-22)

DWK Life Sciences Kimble™ 7 ml Solvent-Saver™ Scintillation Vials (Fisher Scientific, catalog
number: 03-340-128)

Thermo Scientific™ Nalgene™ Rapid-Flow™ Sterile Disposable Bottle Top Filters with PES
Membrane, 0.45 pym (Fisher Scientific, catalog number: 09-740-64A)

Razorblades (Fisher Scientific, catalog number: 12-640)

Phosphate Buffered Saline (PBS) 10x, Fisher BioReagents, pH 7.4 (Fisher Scientific, catalog
number: BP3994) (store at room temperature)

Sodium hydroxide solution (1 N) (NaOH) (Fisher Scientific, catalog number: SS2661) (store at
room temperature)

Formalin solution, neutral buffered 10% (Sigma-Aldrich, catalog number: HT501128-4L) (store
at room temperature)

200 mg/L MS222 (see Recipes)

Tricaine (MS222) (Sigma-Aldrich, catalog number: E10521-10G) (store at room temperature)
0.1 M PBS with 0.02% sodium azide (pH 7.4) (see Recipes)

Sodium Azide (Sigma-Aldrich, catalog number: S2002) (store at room temperature)
Paraformaldehyde (PFA) Fixing solution (4% PFA, 1x PBS,) pH 7.4 (see Recipes)
Paraformaldehyde (PFA) (Sigma-Aldrich, catalog number: 252549) (store at room temperature)
CLARITY Solution (pH 8.5) (see Recipes)

a. Boric Acid (Sigma-Aldrich, catalog number: B7901)

b. Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, catalog number: L3771-500G)

c. Lithium hydroxide monohydrate (Sigma-Aldrich, catalog number: 254274)

Note: Acrylamide free solution reduces clearing time (Xu et al., 2017). With optimal
transcardiac perfusion, we find that acrylamide is not a necessary component to maintain
tissue structure.

0.05 M TBS (pH 8.0) (see Recipes)

Tris Buffer Saline (TBS) (Sigma-Aldrich, catalog number: T6664) (store at room temperature)
2 M Hydrochloric acid (HCI) (see Recipes)
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Hydrochloric acid, 37% for analysis (HCI) (Acros Organics, catalog number: 450550025) (store

at room temperature)

15. 0.1 M boric acid (pH 8.5) (see Recipes)

C. Immunohistochemistry Reagents

1.

Click-iT™ EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit (Thermo Fisher Scientific, catalog
number: C10420)

a. CuSOq (store at 4 °C)

b. Fluorescent dye azide (store at -20 °C)

c. Reaction Buffer Additive (store at -20 °C)

Note: See Lindsey et al., 2017 for alternative reagents, if the Click-iT™ kit is not available.
0.05 M TBS (pH 8.0) with 1% Triton X-100 (see Recipes)

Triton X-100 (Sigma-Aldrich, catalog number: X100) (store at room temperature)

Antibodies (Tables 1 and 2)

Table 1. Primary antibodies used in this Protocol

Primary Manufacturer; Full Antibody Name; species; catalog number Species Tested

Antibodies

MAP2 Novus Biologicals, a bio-techne brand, Anti-map2 (5H11), Mouse, Rat,
Monoclonal, Mouse IgG2b, catalog number: NBP1-92711 Monkey, Human

NF-H Novus Biologicals, a bio-techne brand, NF-H Antibody (RNF405), Mouse, Rat,
Monoclonal, Mouse IgG2a, catalog number: NBP1-97680 Monkey, Human

GFAP Novus Biologicals, a bio-techne brand, GFAP Antibody (GF5) Mouse, Rat,
Alexa Fluor 405, Monoclonal, Mouse IgG2b, catalog number: Monkey, Human
NB120-10062AF405

NeuN Millipore Sigma, Anti-NeuN Monoclonal Antibody, clone A60, Mouse, Rat,
Mouse, catalog number: MAB377 Monkey, Human

SMI-312 BioLegend (formerly Covance Antibody Products), Purified Mouse, Rat,
anti-Neurofilament Marker (pan axonal, cocktail) Antibody, Monkey, Human
SMI312R-500, Monoclonal, Mouse, catalog number: 837904

SMI-32 BioLegend (formerly Covance Antibody Products), Mouse, Rat,
anti-Neurofilament H (NF-H), Nonphoshorylated Antibody, Mouse  Monkey, Human
IgG1, k, catalog number: 801705

BrdU ThermoFisher Scientific (Invitrogen); Monoclonal (MoBU-1) Alexa Zebrafish
Fluor 647; Mouse IgG; catalog number: B35133

pH3 Millipore Sigma; Anti-phospho Histone H3 (Ser10) Antibody Zebrafish
Mitosis Marker Polyclonal; Rabbit; catalog number: 06-570

HuC/D ThermoFisher Scientific (Invitrogen) Anti-HuC/HuD monoclonal Zebrafish

antibody (16A11), Mouse IgG2B; catalog number: A-21271
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Table 2. Secondary antibodies used with this Protocol

Secondary Manufacturer; Full Antibody Name; Species Tested

Antibodies species; catalog number

Alexa Fluor 488 Life Technologies, Goat Anti-rabbit, catalog Zebrafish, Mouse, Rat,
number: A11034 Monkey, Human

Alexa Fluor 555 Life Technologies, Donkey Anti-rabbit IgG Zebrafish, Mouse, Rat,

(H+L) Highly Cross Absorbed Secondary Monkey, Human
Antibody, catalog number: A3 72
Alexa Fluor 555 Life Technologies, Goat anti-mouse IgG2B Zebrafish, Mouse, Rat,
cross-absorbed secondary antibody, catalog Monkey, Human
number: A21147

Alexa Fluor 568 Life Technologies, Goat Anti-Mouse IgG, Zebrafish, Mouse, Rat,
catalog number: A11031 Monkey, Human

4. Sodium citrate buffer (store at room temperature, see Recipes)
Tri-sodium citrate (dihydrate) (Fisher Scientific, catalog number: 78-101-KG)
5. 50% formamide/50% 2x SSC (see Recipes)
a. Formamide Certified ACS, Fisher Chemical (Fisher Scientific, catalog number: 75-12-7)
(store at 4 °C)
b. 20x SSC Buffer (Ambion, catalog number: AM9763) (store at room temperature)

6. EdU labeling solution (see Recipes)

D. Imaging Supplies and Reagents

Aluminum foil (Sigma-Aldrich, catalog number: 326852)

Paint Brush

15 ml polypropylene conical tubes (Falcon, Fisher Scientific, catalog number: 352096)
Blu Tack (pliable adhesive that can be readily formed into any shape, Amazon.com)
Pelco Black Wall Glass Bottom Dishes (Ted Pella, catalog number: 14032-120)
Camco 25573 Bullseye Level (Amazon)

S L T L -

80% glycerol solution in 0.1 M PBS (see Recipes)

Glycerol (Sigma-Aldrich, catalog number: G7893) (store at room temperature)

Equipment

1. Microscopes:
a. Upright Stereoscope Microscope (e.g., Zeiss)
b. Confocal Microscope (e.g., Leica SP8 using an HC Fluotar 25x/0.96 W VISIR objective)
2. Stirring Hot plate (e.g., Fisher Scientific, catalog number: 6796220)
3. Chemical hood
Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 5
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4. Vibratome (e.g., Pelco 102 Vibratome Sectioning System)

5. Rocker (orbital or tube rocker)

6. Incubator (37 °C)

7. Forceps (e.g., Fisher Scientific, catalog number: 12000122)
Software

1. ImageJ/Fiji (NIH, Bethesda, Maryland), Bitplane by Imaris, LasX (Leica Software)

Procedures

Tissue Processing and Immunolabeling for CLARITY

Notes: Common notes to processing tissue from all the species described here:

1. All washing, clearing, and staining procedures include placing a vial or tube containing tissue onto
a tube rocker for the entire period listed in the protocol. If using an orbital shaker, rock vigorously.
Sample should be fully submerged and freely floating in solution while on a rocker. Anytime a
fluorophore is present, cover sample in aluminum foil.

2. Some tissues are more prone to volumetric changes (expansion) following clearing and glycerol
incubation steps of the Protocol (Figure 1A). Measure volume of tissue/organ via volumetric
displacement, pre- and post-CLARITY, if the dimension variables are of importance in the final
analysis.

3. All animal procedures described here are in accordance with international ethical standards. Prior
to initiating the experiments, receive an approval from your Institutional Animal Care and Use

Committee.

Zebrafish

The optically clear zebrafish larvae have provided an outstanding vertebrate model for developmental
genetics, neuroscience, cancer research, studies of metabolic and infectious diseases (Brothers et al.,
2011; Wolman and Granato, 2012; Palha et al., 2013; Fior et al., 2017; Kamel and Ninov, 2017; Migault
et al., 2018; Vanwalleghem et al., 2018). As the larvae continue to mature, they develop pigment cells
which limit the transparency and interfere with imaging. The use of transgenic animals lacking pigment
(White et al., 2008; Antinucci et al., 2016) and the CLARITY technique allows for visualization in the
whole adult zebrafish or its individual organs (Cronan et al., 2015; Frétaud et al., 2017; Lindsey et al.,
2017; Kaufman et al., 2018).

We use adult zebrafish to study adult neurogenesis. Each day, thousands of neural stem or
progenitor cells are undergoing cell division in 16 neurogenic niches of adult zebrafish brain, as well as
in the spinal cord and gut. We found that, in the brain, the cell division cycle follows a circadian pattern
(Akle et al., 2017). The majority of newborn cells eventually differentiate into specialized neurons
(Zupanc et al., 2005; Grandel et al., 2006; Kaslin et al., 2009; Chapouton et al., 2010). CLARITY has
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proved to be an optimal strategy for quantification of stem cells, progenitor cells, and mature neurons,

in the whole brain (see Video 1).

Zebrafish represents an excellent model to study the kinetics of adult neurogenesis and its changes

in normal and pathological aging (Stankiewicz et al., 2019). To follow the kinetics of stem cells, neural

progenitors and their progeny, we use a pulse-chase technique, with BrdU pulse followed by EdU

chase. The protocol below describes a procedure for triple labeling for the S-phase markers (BrdU and

EdU) and M-phase marker (pH3). If labeling EdU-only, follow Day 1 Steps 1 and 7 and conduct a wash
in 0.05 TBS (2 x 15 min) the next day. For BrdU only, follow Day 1 Steps 1-6 in and Days 2-9 Steps 3-7.

!

Hirdbrain Oplic Tecturn Bulb

Olfackary

—
." M M 4 - 00:00:05 / 00:00:40

Video 1. The 3D confocal imaging of S-phase marker, EdU, within a cleared adult zebrafish

brain. Following a 2 h EJU (green) pulse (Dimensions: 2,000 ym x 3,600 ym x 1,100 pm).

Note: Green autofluorescence in the vasculature, especially prominent in the optic tectum and

cerebellum.

A. Preparation of zebrafish tissue for CLARITY

1.

Euthanize fish with overdose of MS222 (see Recipe 1) or place in ice-cold water until
operculum movements cease.

This protocol can be used for imaging either whole adult zebrafish without dissection or
individual organs and tissue sections. The timing of each procedure described below would
increase based on the thickness of the specimen. To process the brain tissue, cut heads
behind the gills with a new razor-blade. Avoid any compression or tearing of the CNS.

Fix heads overnight in 4% PFA in 1.5 ml Eppendorfs at 4 °C (see Recipe 2).

Dissect out brains under a stereomicroscope using forceps, as per Gupta and Mullins, 2010.
Transfer brains into a 1.5 ml Eppendorf tube containing 0.1 M PBS with 0.02% sodium azide
(see Recipe 3) and store at 4 °C, until used. Change storage solution every 2 weeks. This way,

samples can be stored for up to 6 months.

B. CLARITY processing of zebrafish brain (Figure 1A)

1.

Remove brains from the buffer (0.1 M PBS with 0.02% sodium azide) and transfer up to 6

brains into a 7 ml scintillation vial containing 5 ml of 0.05 M TBS (see Recipe 4). Wash for 1 h.

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 7
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Replace TBS with CLARITY solution (see Recipe 5), using the same scintillation vial.
Incubate brains at 37 °C for 30 min. Keep on a rocker at room temperature for 4-6 days, until
the tissue is completely transparent (Figures 1A).

A
PFA perfusion Passive Immuno-
and/ or brain CLARITY staining
fixation in PFA
Whole brain, block Expansion of Stained brain in 80%
or vibratome section post-CLARITY brain glycerol prior to imaging
B C

Figure 1. Optical tissue clearing in brains of diverse species. A. Zebrafish brain following
fixation, clearing and glycerol incubation. B. Rat brain hemisphere, sagittal cut 1 mm thick, pre-
(left) and post-clearing (right). C. Non-human primate (NHP) occipital lobe section (primary
visual area, V1), 1 mm thick, pre- (left) and post-clearing (right). A, B in millimeters and C,
inches on top. Brain orientations: A, anterior; P, posterior; D, dorsal; V, ventral. Note volumetric

changes post clearing.

C. Immunolabeling of proteins in CLARITY processed Zebrafish tissue
Day 1: BrdU/EdU Immunohistochemistry of whole zebrafish brain
Note: Brains will turn opaque again after the following steps, but will regain transparency later in the
protocol, as per below.
Wash in 0.05 M TBS (2 x 1 h) to completely remove CLARITY solution from the tissue.
Incubate in 50% formamide/50% 2x SSC (see Recipe 6) for 1h45 min at 37 °C.
Wash in 0.05 M TBS (2 x 15 min).
Incubate in 2 M HCI (see Recipe 7) at 37 °C for 30 min.
Rinse in 0.1 M boric acid (see Recipe 8) for 8 min.
Wash in 0.05 M TBS (2 x 15 min).
Incubate in EdU Click-iT® reaction cocktail covered in aluminum foil for 30 min at room

N o o b~ 0w D=

temperature and then 4 °C overnight (see Recipe 9).
Note: For those antibodies that, unlike BrdU, do not require antigen retrieval (Steps 2-5), follow only

Day 1 step 1 and immediately proceed to Days 2-9 protocol below.

Days 2-9: Antibody immunohistochemistry of whole zebrafish brain
1. Washin 0.05 M TBS (2 x 15 min).
2. Add primary antibody: Anti-BrdU Alexa Fluor 647 (Marker for S-phase proliferation; 1:200).

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 8
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3. Incubate in the solution for 4 days at 4 °C. The sample should be fully submerged and freely
floating in the solution during agitation on a rocker. Keep sample covered in aluminum foil.
Wash in 0.05 M TBS (2 x 1 h).

Incubate in secondary antibody donkey anti-rabbit Alexa Fluor 555 (1:750) in 0.05M TBS
overnight at room temperature.

6. Wash in 0.05 M TBS at room temperature for 2 days to reduce non-specific staining.

7. Forlong term storage, keep in 0.05 M TBS at 4 °C and covered in aluminum foil.

This basic protocol can be used with several antibodies in parallel. For example, we use

Anti-phospho Histone H3 (Ser10) (pH3) (marker for mitosis; 1:500) or HUC/HuD (marker for new

neurons; 1:500) antibodies simultaneously with staining for BrdU and EdU. To achieve this, we add

pH3 antibody (or HuC/D antibody) at Days 2-9 Step 5.

Mammals

While studying neurogenesis in mammalian embryo and in neurogenic niches of adult brain, lack of
tissue transparency is the major obstacle (Stankiewicz et al., 2019). CLARITY allows for deep tissue
fluorescent imaging of numerous cells in whole brain specimens (Chung et al., 2013). Importantly,
CLARITY also allows for visualization of dendrite and axonal morphology, including changes in
neuronal processes associated with neurological diseases, as well as with normal aging. For example,
in Alzheimer’s disease, large scale cell death results in shorter, less branched apical dendrites (Buell
and Coleman 1981) and the number of dendritic spines is reduced (el Hachimi and Foncin, 1990;
Ferrer and Gullotta, 1990). Similarly, in Parkinson’s disease, striatal neurons have truncated dendrites
and a reduced number of dendritic spines (McNeill et al., 1988). In contrast, moderate grades of
Huntington’s disease show an increase in both dendritic branching and the number of spines, and in
later stages of the disease truncated dendritic arbors and spine loss is observed (Ferrante et al., 1991).
In normal aging, e.g., in older rhesus monkeys, dendrites of long-projecting neurons in Brodmann Area
46 become shorter and less complex, and dendrites in prefrontal cortex lose spines and synapses
(Coskren et al., 2015). Visualizing such changes in dendrite structure provides insights into the nature
of the pathological conditions. However, quantification of dendrite structure from digital tissue images is
currently a highly labor-intensive process, requiring extensive manual marking, and is extremely
challenging to accomplish in large-scale projects (Helmstaedter et al,, 2013). CLARITY-processed
tissues allow for optimizing 3D imaging and precise quantification of dendrite structure and morphology.
As a result, large regions of interest or even whole brain structures can be analyzed in their entirety,
while avoiding issues typical of sectioned brains, e.g., interrupting axonal projections, turn or branches,
or double counting of cells. Here we describe the protocol we followed while studying axonal
morphology and connections in rodents (Figures 2 and 3) and microcolumnar structures in the brains of
non-human primates (NHPs) (Figures 4 and 5).

Rodents
A. Preparation of rodent brain for CLARITY
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4.

Conduct standard transcardiac perfusion, first with chilled 0.1 M PBS (pH 7.4), followed by 4%
PFA solution at 37 °C.

Note: Chilled PBS is used to clear the blood throughout the vascular system. Thereafter, 37 °C
PFA is used for vasodilation, allowing for more effective and even fixation of the brain tissue,
improving the overall quality of immunohistochemistry (Fix et al., 2000).

Remove brain from the skull and post-fix for 24 h in 4% PFA solution at 4 °C, as per Gage et al.,
2012.

Transfer brains into 0.1 M PBS with 0.02% sodium azide and store at 4 °C, until used (see
Recipe 3). We typically use one hemisphere blocks.

Change storage solution every 2 weeks. This way, samples can be stored for up to 6 months.

B. CLARITY processing of rodent tissue (Figure 1B)

C.

1.

Remove one brain from the buffer and transfer into a 50 ml Falcon tube with 0.05 M TBS. Keep
on a rocker for 5 h at room temperature.

Process rat brain as a whole or dissect into smaller cubes, or cut thick sections on Vibratome,
0.5 mm-5 mm.

Incubate brain tissue at 37 °C on a rocker in CLARITY solution in a 50 ml Falcon tube for 4-10
days (depending on the thickness of the tissue), until the tissue is transparent (Figures 1B). For
adult rat brain, one hemisphere clears in approximately 6 days. Doubling the thickness of

tissue typically requires doubling the time of incubation.

Immunolabeling of proteins in CLARITY processed rodent tissue (Figures 2 and 3).

Note: Antibody quality and rate of penetration into the tissue are variable. Proteins that are

expressed in relatively large quantities require less time for incubation in our experience.

1.
2.

Wash tissue in 0.01 M PBS for 24-48 h in order to completely remove CLARITY solution.
Transfer tissue into a scintillation vial or fresh falcon tube and add a primary antibody(s)
solution: anti-MAP2 (marker for dendrites; 1:500) and anti-NeuN (neuronal marker 1:500) in
0.05 M TBS with 1% Triton X-100 (see Recipe 10).

Incubate for 12 h at room temperature and then for 4 days at 4 °C.

Rinse the tissue in 0.05 M TBS for 12 h at room temperature, on a rocker.

Incubate in secondary antibody(s) solution: e.g., anti-rabbit Alexa Fluor 488 (1:500),
anti-mouse Alexa Fluor 568 (1:500) in 0.05 M TBS with 1% Triton X-100. Keep on a rocker at
room temperature overnight, then for 2 days at 4 °C.

Wash in 0.05 M TBS at room temperature for 2 days to reduce non-specific staining. For long

term storage, keep in 0.05 M TBS at 4 °C covered in aluminum foil for up to a month.
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Figure 2. CLARITY-processed mouse hippocampus. A. Mouse hippocampal dentate gyrus
(Dg) reconstruction where axons are labeled with SMI-312 (green) and neurons with NeuN
(red). The block dimensions: 1,700 um x 700 um x 500 um. Individual stacks at high resolution
were first acquired, then stitched for 3D rendering and visualization. Images were acquired on
a Leica SP8 confocal, with a 25x water immersion objective. The white box in Ais enlarged in B
(axons, green) and C (neurons, red), with their overlap shown in D. Bifurcation of axons within

the neurons of dentate gyrus is visible. (Scale bars: 60 um in B, C and D)

Figure 3. CLARITY-processed tissue from rat brain, revealing axonal morphology in
striatum and cortex. Coronal blocks of rat brain stained with NF-H, in green. A. Axonal
fascicles (SMI-312, green) in the striatum (Str) and fimbria (Fi). The septum can be observed in

the upper left corner. B. Basal surface of the cerebral cortex, where projection fibers below the
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corpus callosum can be observed descending into the striatum. C. Axonal morphology of the
folia of rat cerebellum. Arrows show axons surrounding Purkinje cells. Difference in axonal
morphology in the granular layer (Gl) and the molecular layer (Ml) can be observed, as well as
the axons in white matter (Wm). Images were acquired on a Leica SP8 confocal, with a 25x

water immersion objective. (Scale bars: 1,000 pm in A, 200 ym in B and C).

PRIMATES: Non-human Primates (NHP) and Humans
A. Preparation of primate tissue for CLARITY

1.

3.

NHP: Conduct standard transcardiac perfusion with chilled 0.1 M PBS (1 L), followed by warm
4% PFA solution (8 L) at 37 °C.

Note: Chilled PBS is used to efficiently clear the blood throughout the vascular system.
Thereafter, 37 °C PFA is used to provide vasodilation, allowing for more effective and even
fixation of the brain tissue, improving the overall quality of subsequent immunohistochemical
processing (Fix and Garman, 2000).

NHP: Remove brain from the skull and post-fix the entire brain for 24 h in 4% PFA solution at
4 °C, as per Mortazavi et al., 2018.

Human: Brain tissue maintained in 10% formalin solution.

Note: The rest of the procedures are common to all primates, NHP and Human.

4.

Dissect brain into blocks or sections based on anatomical regions of interest. We typically
prepare blocks or sections of one hemisphere, 0.5-1 mm in thickness using a Vibratome.

Transfer brain blocks or sections into 50 ml Falcon tubes containing 0.1 M PBS with 0.02%
sodium azide and store at 4 °C, until used (see Recipe 3). Change storage solution every 2

weeks. This way, samples can be stored for up to 6 months.

B. CLARITY Processing of primate brain tissue (Figure 1C)

1.

Remove the brain tissue from buffer and transfer into a 50 ml Falcon tube with 0.05 M TBS.
Keep on a rocker for 5 h at room temperature.

Incubate tissue at 37 °C on a rocker in a 50 ml Falcon tube containing CLARITY solution for
4-15 days (depending on the thickness of the tissue) until the tissue is transparent (Figures 1C).
Due to increased lipid content in the brain of non-human primates (NHP) and especially
humans (Rouser et al., 1972), when compared to zebrafish or rodent brain, a 0.5 mm section
clears in about 4 days and a 1 mm thick section in about 6-8 days. A 5 mm block/section takes

around 1 month to clear.

C. Immunolabeling of proteins in CLARITY processed primate tissue (Figures 4 and 5)

Note: High lipid content in primate brain tissue and factors such as length of fixation, the type of

fixative, the region of interest, and block size affect the rate of tissue clearing. Certain proteins may

be masked by long-term fixation in formaldehyde. To increase antigenicity, use sodium citrate
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buffer Step C2 (see Recipe 11). Antibody quality and rate of penetration into the tissue are variable.

Proteins that are expressed in relatively large quantities require less time for incubation in our

experience.

1. Wash tissue in 0.01 M PBS for 48 h in order to completely remove CLARITY solution.

2. Formalin fixed brain tissues, especially those that remain in fixative for prolonged periods of
time, require antigen retrieval to increase antigenicity. To achieve this, transfer the sample into
a scintillation vial or fresh falcon tube and add sodium citrate buffer (see Recipe 11). Incubate
for 20-24 h at room temperature, on a rocker. Wash tissue in 0.01 M TBS for 12 h, on a rocker.

3. Incubate in primary antibody(s) solution, e.g., anti-MAP2 (marker for dendrites; 1:500) and
anti-NeuN (neuronal marker 1:500) in 0.05 M TBS with 1% Triton X-100.

4. Incubate in primary antibody (or several antibodies) solution for 12 h at room temperature, and
then for 4 days at 4 °C.
Rinse the tissue in 0.05 M TBS for 12 h at room temperature.
Incubate the tissue in secondary antibody(s) solution, e.g., anti-rabbit Alexa Fluor 488 (1:500),
anti-mouse Alexa Fluor 568 (1:500) in 0.05 M TBS with 1% Triton X-100. Keep on a rocker at
room temperature overnight, then for 4 days at 4 °C covered in aluminum foil.

Wash in 0.05 M TBS at room temperature for 2 days to reduce non-specific staining.

For long term storage, keep in 0.05 M TBS at 4 °C.

Figure 4. CLARITY-processed rhesus monkey brain tissue, showing neurons, dendrites,
and axons. Thick block from the cingulate cortex triple-labeled for MAP2 (dendrites, red),
Neun (neurons, magenta) and NF-H (axons, green) (Dimensions: 1,700 ym x 3,200 yum x 500
pm). A. Cortical minicolumns in association with their local dendrites (red) and axons (axons).
B and C. B shows layers 2, 3, and dense layer 4 of the cingulate cortex, and at higher

magnification in C. where dendritic bundles can be resolved individually (white arrows). Images
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were acquired on a Leica SP8 confocal, with a 25x water immersion objective. (Scale bars: 100

pm in B, 20 ym in C).

Figure 5. CLARITY-processed human cerebellum and motor cortex, showing neurons
and axonal projections. A. Human cerebellum, thick section: NeuN (granular cell neurons,
red) with SMI-312 (pan-axonal, green) where axonal morphology can be observed in the folia;
arrows point to the Purkinje cell layer (dimensions: 600 pm x 600 pm x 200 pm). B. Human
motor cortex, thick section: image of a 3D stack from cortical layer 3 stained with MAP2 (red);

arrows point to the pyramidal neurons (350 pm x 350 ym x 150 ym).

Stripping Antibodies and Restaining tissue (common to all species)
Antibodies and EdU Click-iT® can be destained (stripped), allowing for multiple labels to be assessed in
the same tissue (Murray et al., 2015; Phillips et al., 2016).

1. Place tissue in CLARITY solution for 9-18 days at 37 °C on an orbital shaker or tube rocker.

2. Check whether the stain has been completely eliminated, starting day 10 of incubation, and
every 2 days thereafter. To do this, remove one representative sample from the rocker and
image under confocal microscope to document the progression of the destaining process.

3. Once complete destaining is achieved, wash tissue in TBS for 4 h at room temperature on an
orbital shaker or tube rocker.

4. Repeat the immunohistochemical protocol, as described above.

Image Aquisition and Quantification in CLARITY-processed Tissues (common to all species)
(Figure 2, Video 1)

Note: Cleared tissue becomes somewhat opaque following the immunohistochemistry protocol. To
improve the refractive index prior to confocal imaging, incubate tissue in 80% glycerol solution in 0.1 M
PBS (Recipe 12), until transparent (Figure 1A). A whole zebrafish brain takes about 10-15 min to clear.
For a 0.5 mm brain section, it takes 30-60 min for rodent tissue and 1-2 h for NHP or human tissue to
be ready for imaging. The time increases proportionally to section thickness, with a 1 mm thick human
brain section taking up to 4 h to clear.

A. Tissue preparation for imaging
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Invert a Pelco Black Wall Glass Bottom Dish and roll out Blu Tack in a circle to fully enclose
tissue (see Figure 6A).

Add around 500 ul of 80% glycerol solution (see Recipe 12) within the circle and use a
brush/forceps to position the tissue in the center of the well.

Secure a Pelco Black Wall Glass Bottom Dish on top. Be careful not to flatten brain tissue in
order to maintain 3D representation and ensure there are no bubbles. Seal well to prevent
tissue dehydration during imaging.

To avoid glare during image acquisition, assure a horizontal position of the Pelco dish sandwich
using a circular leveler (see Imaging Supplies; Figures 6B and 6C).

Place Pelco dish sandwich onto the microscope stage.

Add water to the top of Pelco dish for the immersion objective.

Acquire z-stack tiles that encompass the entire region of interest.

A C

Figure 6. Pelco dish for microscopy. A. Inverted Pelco dish with Blu Tack in a circle (left) and
upright Pelco dish (right). B. Pelco dish sandwich with a circular leveler in the middle, top view.

C. Pelco dish sandwich, side view.

B. Post-processing data reconstruction and quantification (Figure 7)

1.

N o o b~

Stitch z-stack tiles, e.g., using the Leica native software or FIJI-JAVA 6 with the 3D stitching
plugin (Preibisch et al., 2009).

Transfer the resulting file to a computer running the Bitplane-Imaris program.

Isolate part of the z-stack corresponding to a structure containing the region of interest, and
save as a separate file.

Open the file on Fiji counting software.

Run the Fiji 3D object counter and separate out channels.

Eliminate false positive counts based on voxel volumes (pixel®).

Confirm colocalization

Note: Co-localized pixels will have the same x, y, z coordinates.
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Figure 7. 3D cell counting and physical analysis using Imaris by Bitplane. Left panels, A
and C represent raw images of stained cells. Right panels, B and D show program-created
yellow spheres annotating each visible cell in A and C. In A CLARITY-processed human brain
tissue section (500 um thick), with neurons labeled with NeuN (red). Arrows in A correspond to
the annotation spheres pointed out in B. C. Zebrafish cerebellum in CLARITY-processed whole
brain preparation. Dividing cells are labeled with BrdU (red) and EdU (green), following a
pulse-chase protocol (Stankiewicz et al., 2019). Arrows in C and D correspond to the same
EdU-labeled cells or their annotation by the program, respectively. Apart from the cells’ position
in the stack (x, y, z coordinates), the program provides data on cell diameter, volume, intensity,

and distance between cells.

Recipes

1. MS222 (200 mg/L) (1 L)
MS222 200 mg
Tank Water 1L
Prepare fresh
2. Paraformaldehyde (PFA) Fixing solution (4% PFA, 1x PBS,) pH 7.4
Note: Prepare within 24 h of use for rodent and NHP tissues. It is typical to use stored frozen
PFA, however, long-term storage of 4% PFA increases conversion to formaldehyde. As such, it

is recommended to always use freshly prepared PFA.

PBS (10x) 100 ml
PFA 40g
dH.0 ~900 ml
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a. Prepare under the chemical hood
b. Heat 800 ml of 1x PBS to 60 °C on a stirring hot plate
c. Add PFAto the 1x PBS slowly, stir while on hot plate
d. Raise pH by adding NaOH dropwise until PFA dissolves
e. Cool solution and then filter-sterilize (0.45 ym)
f.  Bring the volume to 1 L with 1x PBS
g. Adjust pH to 7.4 with HCI

h. Aliquot in 1.5 ml eppendorfs and store at -20 °C for up to 1 year (only for use in zebrafish)
3. 0.1 M PBS with 0.02% sodium azide (pH 7.4) (Store at 4 °C for up to 4 weeks)

PBS (10x) 100 mi
Sodium azide 200 mg
dH20 900 ml

Adjust pH using NaOH or HCI
4. 0.05M TBS (pH 8.0) (Store at room temperature for up to 2 weeks)

TBS 16 g
dH20 1L
5. CLARITY Solution (pH 8.5) (Store at room temperature for up to 6 months)
0.2 M boric acid 12.37 g
4% Sodium dodecyl sulfate (SDS) 409
20 mM Lithium Hydroxide 0.84 g
dH20 upto1L

Adjust pH using NaOH or HCI
6. 50% formamide/50% 2x SSC (prepare fresh each time)

Formamide 25 ml
20x SSC 2.5 ml
dH20 22.5ml
Final Volume 50 ml

7. 2 M Hydrochloric acid (HCI) (prepare fresh each time)

HCI 10 ml
20x SSC 40 ml
dH20 50 ml

Prepare under the chemical hood, adding acid to water.
8. 0.1 M boric acid (pH 8.5) (store at room temperature for up to 6 months)
Boric Acid 25¢g
dH20 400 ml
Prepare under chemical hood, adding acid to water
Adjust pH to 8.5 using NaOH or HCI
9. EdU labeling solution (prepared fresh each time)
PBS (1x) 875 ul

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 17


http://www.bio-protocol.org/e3321

Please cite this article as: Mortazavi et. al., (2019). Looking through Brains with Fast Passive CLARITY: Zebrafish, Rodents, Non-human Primates and
Humans,Bio-protocol 9 (15): e3321. DOI: 10.21769/BioProtoc.3321.

bi,'-' t I Bio-protocol 9(15): €3321.
O-pProtoco www.bio-protocol.org/e3321 DOI:10.21769/BioProtoc. 3321

CuS0Oq4 20 ul
Fluorescent dye azide 5l
Reaction Buffer Addictive 100 pl
10. 0.05 M TBS (pH 8.0) with 1% Triton X-100 (Store at room temperature for up to 2 weeks)
TBS 16 g
Triton X-100 10 ml
dH20 1L
11. Sodium citrate buffer (10 mM Sodium citrate, 0.5% Triton X-100, pH 9) (store at 4 °C for 4
weeks)
Tri-sodium citrate (dihydrate) 294¢g
Triton X-100 5ml
dH20 1,000 ml

Adjust pH using NaOH or HCI

12. 80% glycerol solution in 0.1 M PBS (store at room temperature for up to 4 weeks)

PBS (10x) 10 ml
Glycerol 80g
dH20 90 mi
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