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ABSTRACT

Large-scale three-dimensional fluorescence imaging is essential for comprehensive and
quantitative understanding of neuronal circuitry. We describe a water-based optical clear-
ing agent, SeeDB, which clears fixed brain samples in a few days leaving many types
of fluorescent dyes unquenched, including fluorescent proteins and lipophilic neuronal
tracers. This method maintains a constant sample volume during the clearing proce-
dure, an important factor to keep cellular morphology intact. After optical clearing with
SeeDB, we can reach a depth of >1000 μm with confocal microscopy. When com-
bined with two-photon microscopy, SeeDB allows us to image fixed mouse brains at
millimeter-scale level. Curr. Protoc. Neurosci. 66:2.22.1-2.22.19. C© 2014 by John Wiley
& Sons, Inc.
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INTRODUCTION

Since the molecular cloning of GFP, fluorescent proteins have become more and more
common tools in neuroscience. Fluorescent proteins can be used to genetically label cel-
lular and subcellular architecture, as well as to report intracellular signaling activity and
synaptic connection specificity in vivo. Although confocal and two-photon microscopy
are powerful in recording the precise three-dimensional location of fluorescence in many
tissues, sample opacity often limits imaging deep inside the tissue. This is particularly
problematic when biological samples are fixed with paraformaldehyde (PFA). Even with
two-photon microscopy, fixed brain samples can be imaged only up to a depth of approx-
imately 300 μm (Tsai et al., 2009). Sample opacity is caused by both light absorption
and scattering, but the latter is the larger problem when imaging mammalian tissues
(Helmchen and Denk, 2005). Scattering occurs when the refractive index of scatter
differs from that of the medium. The refractive indices of scatter in fixed tissues are
much higher (�1.5) than the refractive index of water (1.33). Previously, optical clear-
ing agents based on high-index organic solvents were commonly used, such as BABB
(Dodt et al., 2007), 3DISCO (Erturk et al., 2012), and 2,2′-thiodiethanol (Staudt et al.,
2007; Gonzalez-Bellido and Wardill, 2012). However, the use of these clearing agents
has limitations in modern neuroscience because they quench fluorescent proteins. More
recently, two new methods have been reported (Scale and CLARITY) that reduce light
scatter by using urea or detergent but retain fluorescent proteins within samples (Hama
et al., 2011; Chung et al., 2013). However, these methods are time consuming (2 to
3 weeks) and also potentially damaging to the samples, because the samples swell during
the clearing process. A new optical clearing agent, SeeDB (See Deep Brain), is based on
high-refractive-index fructose solutions and has overcome limitations seen in previous
clearing methods. SeeDB can clear fixed tissue samples in a few days without chang-
ing sample volume, and can also preserve various types of fluorescent dyes, including
fluorescent proteins and lipophilic dyes (Ke et al., 2013). Fructose is highly soluble in
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Table 2.22.1 Approximate Accessible Depth under Confocal and Two-Photon Microscopya

Confocal Two-photon

Objective lens 10× air 10× water 25× water 25× water 25× Scale 25× customized

N.A. 0.4 0.3 1.05 1.05 1.0 0.9

W.D. (mm) 3.1 3.5 2 2 4 8

Spine resolution — — 0.5 mm 0.8 mm 0.8 mm 1 mm

Fiber resolution 0.6 mm 1 mm 1 mm 2 mm 3 mm 4 mm

Cellular resolution 2 mm 2.2 mm 2 mm 2 mm 4 mm 6 mm

aData are based on our imaging experiments using an Olympus microscope and Olympus objective lenses.

water, and the refractive index of a saturated fructose solution reaches 1.49 at 25°C
(80.2% w/w; �115% w/v) and 1.50 at 37°C (84.4% w/w; �130% w/v). Although
longer incubation periods in the fructose solution (>7 days), especially at higher tem-
peratures (e.g., 37°C), cause browning and autofluorescence accumulation due to the
Maillard reaction, these effects can be avoided by adding α-thioglycerol to the so-
lution. Together, these findings led to the formulation of the clearing agent, SeeDB,
which is a saturated solution of fructose (80.2% w/w) in water with 0.5% (v/v) α-
thioglycerol. In the standard SeeDB optical clearing protocol (Basic Protocol 1), PFA-
fixed embryos and brain samples can be cleared by placing the sample in gradually
increasing concentrations of aqueous fructose solutions, and then finally equilibrating
them in SeeDB. The entire procedure takes approximately 3 days. Protocols using a
SeeDB variant (SeeDB37; Basic Protocol 2) and optimized procedures (SeeDB37ht
and SeeDBp; Alternate Protocols 1 and 2, respectively) are also supplied for specific
requirements.

STRATEGIC PLANNING

Scope and Applicability

SeeDB is particularly advantageous for quantitative analyses of fine neuronal morphol-
ogy and microcircuits because minimal deformation artifacts occur during the clearing
process. Many types of fluorescent probes are stably preserved in SeeDB, including
fluorescent proteins, dextrans or antibody-conjugated chemical dyes (e.g., Alexa dyes),
and lipophilic tracers (e.g., DiI). The expression levels of fluorescent proteins are also
crucial for high-resolution imaging and reliable neuronal tracing. For the expression of
fluorescent proteins, in utero electroporation and virus infection can be used to express
sufficient amounts of fluorescent protein. For transgenic expression, a strong promoter
is preferable for labeling, e.g., Thy1 or CAG.

Imaging Methods and Pre-Processing

Table 2.22.1 summarizes the resolution and accessible depth in confocal and two-photon
microscopy. Practically, the working distance of the objective lens would limit the max-
imum depth possible for imaging. Therefore, it is recommended that the sample be
trimmed to fit the working distance of the objective lens. Trimming or slicing the sam-
ple can help reduce the incubation time and also improve the penetration of clearing
agents. For confocal microscopy, a water-immersion objective lens (refractive index
1.33) has a better resolution than an air objective lens (refractive index 1.0) because
the spherical aberration is smaller in the former. Generally, intact brain samples can
be imaged down to a depth of 1 to 2 mm with confocal microscopy. For larger tis-
sues or organisms, samples can be sliced into 1- to 2-mm sections prior to optical
clearing. For two-photon microscopy, a customized objective lens with a long working
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SeeDB37ht
(50°C incubation) 4% PFA 20%–80% 100% See DB See DB37 imaging at 37°C

at 50°C

SeeDBp
(neonatal) 4% PFA 20% 40% 60% 80% 100% See DB imaging at 25°C

imaging at 37°CSeeDB37 4% PFA See DB See DB37

at 37°C

SeeDB
(standard) 4% PFA

embed samples
in 1% agarose in PBS (optional)

See DB imaging at 25°C

0 days 1 day 2 days 3 days 4 days

20% 40% 60% 80% 100%

20% 40% 60% 80% 100%

with 0.1x PBS

Figure 2.22.1 Schedule of SeeDB protocols. We recommend incubation at room temperature (25°C) for stan-
dard SeeDB/SeeDBp protocols. SeeDB37 and SeeDB37ht should be performed at 37° and 50°C, respectively.

distance and index matching is ideal to obtain high-resolution images up to millimeter
scale, e.g, a 6-mm depth in the intact adult mouse brain. Alternatively, a commer-
cial water or Scale immersion objective lens can be used for imaging down to a 2-
to 4-mm depth. Light sheet fluorescent microscopy is not recommended for imaging
with SeeDB-cleared samples, as the resolution is not sufficiently high for neuronal
tracing.

Choice of Protocols

The standard SeeDB protocol is recommended for the first trial of the optical clearing
procedure. For mouse brain samples, we provide the following protocols:

1. Standard SeeDB (Basic Protocol 1) and SeeDB37 (Basic Protocol 2): for brain slice,
mouse whole-embryo, young mouse whole-brain, and adult mouse hemi-brain.

2. SeeDB37ht (Alternate Protocol 1): for large samples, such as adult mouse whole-
brain.

3. SeeDBp (Alternate Protocol 2): for embryonic and neonatal mouse brain.

See Reagents and Solutions for preparation of SeeDB solutions. Cleared samples should
be mounted with SeeDB or SeeDB37 into an appropriate imaging chamber (Support
Protocol 1) before confocal or two-photon imaging. Schedules of the clearing protocols
are summarized in Fig. 2.22.1.

SeeDB can also be combined with immunostaining:

1. Whole-mount immunostaining (Support Protocol 2).
2. Restoration of SeeDB-cleared samples for subsequent immunostaining in sections

(Support Protocol 3).

Another unique feature of SeeDB is its compatibility with lipophilic neuronal tracers,
e.g., DiI (Support Protocol 4). DiI is especially powerful for neuronal tracing in post-fixed
brain samples. Imaging
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Figure 2.22.2 Equipment used for optical clearing. (A) An overhead rotator. 4 rpm is recommended for clearing
with conical tubes. The rotator is placed in an air incubator when samples are incubated at 37° or 50°C. (B) A
seesaw shaker, used for fragile samples. 17 rpm is recommended.

NOTE: For better optical clearing efficiency, we suggest trimming or slicing the tissue to
the minimum size required. Whole brain can be cleared for mice up to P21. For the adult
mouse, a half brain is the maximum size that can be cleared with SeeDB or SeeDB37.
The whole brain of an adult mouse can only be cleared by the SeeDB37ht protocol.

BASIC
PROTOCOL 1

STANDARD SeeDB

Standard SeeDB is a general protocol for clearing the mouse brain. Following the se-
rial incubation in fructose solutions for 2 to 4 days, the brain samples can be imaged
down to �2 mm depth with confocal microscopy or 6 mm (the thickness of adult
mouse brain) under two-photon microscopy. For other SeeDB variants, optimized pro-
tocols (refer to Alternate Protocols 1 and 2) are also supplied for specific types of brain
samples.

Materials

Mice
4% (w/v) paraformaldehyde (PFA) in PBS
Phosphate-buffered saline (PBS; APPENDIX 2A)
1% (w/v) low-melting-point agarose (e.g., Life Technologies) in PBS
20%, 40%, 60%, 80%, and 100% (w/v) D(−)-fructose solutions (see recipes)
SeeDB (80.2% w/w fructose solution; see recipe)

50-ml conical centrifuge tube (for whole- and hemi-brain samples; e.g., BD Falcon)
Culture dish (35 mm or 60 mm diameter; e.g., BD Falcon; for slice preparation and

extremely fragile samples)
Tube rotator (recommended for clearing large samples; Fig. 2.22.2A)
Seesaw shaker (for fragile samples; Fig. 2.22.2B)
Air incubator (optional)
Moria perforated spoon (15-mm head, e.g., Fine Science Tools, cat. no. 10370-18,

Fig. 2.22.3A)
Ring forceps (3 mm head, e.g., Fine Science Tools, cat. no. 11103-09, Fig. 2.22.3A)

Additional reagents and equipment for mouse anesthesia (APPENDIX 4B) and
transcardial perfusion (UNIT 1.1; optional)
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Figure 2.22.3 Preparation of samples for optical clearing using SeeDB. (A) Perforated spoon and
ring forceps for handling whole-mount brain samples. (B) Brain samples embedded in agarose.
For efficient penetration of SeeDB, it is important to trim away the excess to minimize sample size
before clearing (C, D).

1. Optional: Transcardially perfuse (UNIT 1.1) the anesthetized mice with 4% PFA in
PBS.

Transcardiac perfusion is recommended for efficient fixation. However, this step can be
omitted when it is difficult (e.g., newborn and embryonic samples).

Protocols for mouse anesthesia are included in APPENDIX 4B.

2. Fix the dissected sample in 4% PFA at 4°C with gentle shaking overnight.

3. Wash the sample in PBS three times.

Samples can be stored in PBS at 4°C for up to several weeks.

4. Optional: Embed the sample in 1% agarose gel in PBS in the desired orientation
and then trim away the excess to minimize the sample size (Fig. 2.22.3C,D).

The surface of the sample should be close to the surface of agarose gel, because the
working distance of commercially available objective lenses is limited.

To embed samples, first microwave 1% (w/v) agarose in PBS, and then cool it down to
�40°C before setting the sample into the gel.

Trimming the embedded sample is recommended before starting optical clearing, because
the agarose gel will be more rigid and difficult to handle after it is treated with SeeDB. It is
recommended that fragile samples, such as thin slices and embryonic brains, be embedded
in agarose. Embedding is also recommended when you want to fix the orientation of the
sample. However, agarose embedding is not recommended for large samples, as it hinders
efficient penetration of fructose solutions. It is also important to trim away unnecessary
portions to ensure efficient penetration of fructose. Imaging
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SeeDB
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Figure 2.22.4 (A) Transmission images of mouse embryo and hemi-brains after 3-day treatment with SeeDB.
(B) Transmission image of mouse liver and small intestine after 3-day treatment with SeeDB.

5. Transfer the sample to a 50-ml conical tube containing �20 ml of 20% (w/v) fructose
solution and place the conical tube on a tube rotator (recommended) or a seesaw
shaker (for small and fragile samples) for 4 to 8 hr at room temperature (25°C).

Shaking at 4 rpm is recommended for clearing whole-mount samples on rotator; 17 rpm
is recommended for clearing slices or fragile samples on a seesaw shaker (Fig. 2.22.2).
For a small sample, such as a 1- to 2-mm brain slice, a 4-hr incubation is enough for
steps 5 to 7. Constant mixing and shaking is crucial in optical clearing with SeeDB.

Do not leave the sample in steps 5 to 7 for over 24 hr. The incubation time for steps 5
to 7 (20% to 60% w/v fructose solution) can be extended up to 12 hr in order to fit your
working schedule. Because clearing efficiency will decrease at lower temperature, we
recommend using a 25°C air incubator in the winter.

6. Transfer the sample directly to a new conical tube containing 40% (w/v) fructose
solution and incubate it at room temperature with rotation or shaking for 4 to 8 hr,
as above.

Use a perforated spoon or a ring forceps (Fig. 2.22.3) to transfer the sample to a new
tube.

7. Transfer the sample directly to a new conical tube containing 60% (w/v) fructose
solution and incubate it at room temperature with rotation or shaking for 4 to 8 hr.

Samples may no longer sink in 80% or higher concentrations of fructose.

8. Transfer the sample directly to a new conical tube containing 80% (w/v) fructose
solution and incubate it at room temperature with rotation or shaking for 12 hr.

9. Transfer the sample directly to a new conical tube containing 100% w/v fructose
solution and incubate it at room temperature with rotation or shaking for 12 hr.

Be sure that the fructose solution is homogeneously dissolved with no precipitation in
conical tube.

10. Transfer the sample directly to a new 50-ml conical tube containing �20 ml SeeDB
and incubate it at room temperature with rotation or shaking for 24 hr.

The incubation time can be extended up to 48 hr. The transparency can be evaluated by
eyes at this stage. If the sample is successfully cleared, the sample should appear amber
under a light source (Fig. 2.22.4).
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The samples can be preserved in SeeDB for 1 to 2 weeks by adding 0.5% (v/v) α-
thioglycerol. It should be noted that the preservation time cannot be extended further
even with α-thioglycerol. Because SeeDB is a saturated fructose solution at 25°C, place
the tube rotator in an air incubator if the room temperature is below 25°C.

BASIC
PROTOCOL 2

SeeDB37

The SeeDB37 protocol is an extension of the standard SeeDB protocol. In SeeDB37, the
refractive index of the medium is raised to match the sample. This is useful for more
aged or myelinated samples. For adult mouse brains, it is recommended to go through
the SeeDB37 protocol to improve the transparency and resolution under microscopy.

Additional Materials (also see Basic Protocol 1)

SeeDB37 (84.4% w/w fructose solution; see recipe)

1. Perform perfusion (optional), fixation, washing, and agarose embedding (optional)
as described in Basic Protocol 1. Follow the standard SeeDB protocol (see Basic
Protocol 1) for the serial incubation with 20%, 40%, 60%, 80%, 100% (w/v) fructose
solutions, and with SeeDB at room temperature (25°C).

2. Transfer the sample directly to a 50-ml conical tube containing SeeDB37 and incu-
bate it on a rotator in a 37oC air incubator for 24 to 48 hr.

Samples will become more transparent but also more brown-colored than SeeDB-cleared
ones.

Be sure to always store the SeeDB37 solution and SeeDB37-cleared samples in a 37oC
incubator in order to prevent precipitation of fructose crystals. 0.5% α-thioglycerol is
essential for SeeDB37 protocol, because the higher temperature tends to accumulate
more aldehyde-amine compounds, which result in increased autofluorescence.

3. Stand the conical tube for 30 min in 37°C incubator prior to imaging.

Constant mixing of SeeDB37 will produce small air bubbles in the solution, which will
interfere with imaging chamber preparation.

ALTERNATE
PROTOCOL 1

SeeDB37ht

The SeeDB37ht protocol is designed for large and/or lipid-rich samples. The most
important procedure in SeeDB optical clearing is to equilibrate the sample gradually with
the concentrated fructose solutions. However, high-concentration solutions of fructose
are extremely viscous. In order to improve the penetration of fructose into the sample, we
elevated the incubation temperature to increase the fluidity of solutions in the SeeDB37ht
protocol. Procedures in SeeDB37ht are the same as in standard SeeDB, except that the
entire procedure is performed at 50°C. Although penetration efficiency is improved,
some fluorescent proteins are partially quenched and the sample volume is somewhat
expanded.

Additional Materials (also see Basic Protocol 1)

SeeDB37 (84.4% w/w fructose solution)

1. Optional: Transcardially perfuse (UNIT 1.1) the anesthetized mice with 4% PFA in
PBS.

Protocols for mouse anesthesia are included in APPENDIX 4B.

2. Fix the sample in 4% PFA at 4°C with gentle shaking overnight.

3. Wash the sample in PBS three times.
Imaging
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4. Optional: Embed the sample in 1% agarose gel in PBS in the desired orientation
and then trim away the excess to minimize the sample size (Fig. 2.22.3C,D).

The surface of the sample should be close to the surface of agarose gel, because the
working distance of a commercially available objective lens is limited.

To embed samples, first microwave 1% (w/v) agarose in PBS, and then cool it down to
�40°C before setting the sample into the gel.

Trimming sample or agarose gel is recommended before starting optical clearing.

5. Transfer the sample to a 50-ml conical tube containing �20 ml of 20% w/v fructose
solution and place the conical tube on a tube rotator in a 50°C air incubator for 2 to
4 hr.

Constant mixing and shaking are crucial in optical clearing with SeeDB. A shaking speed
of 4 rpm is recommended for clearing whole-mount samples on an overhead rotator.

All steps in the SeeDB37ht protocol should be conducted in a 50°C air incubator. In steps
5 to 8, incubation for 2 to 4 hr is recommended to maintain tissue morphology. Leaving
the sample for over 4 hr will result in slight sample expansion. 0.5% α-thioglycerol is
essential in SeeDB37ht protocol, because incubation at higher temperature tends to result
in accumulation of more aldehyde-amine compounds that result in autofluorescence. Use
a perforated spoon or a ring forceps (Fig. 2.22.3) to transfer the sample to a new tube.

6. Transfer the sample directly to a new conical tube containing 40% (w/v) fructose
solution and incubate it with rotation or shaking in a 50°C air incubator for 2 to 4 hr.

7. Transfer the sample directly to a new conical tube containing 60% (w/v) fructose
solution and incubate it with rotation or shaking in a 50°C air incubator for 2 to 4 hr.

8. Transfer the sample directly to a new conical tube containing 80% (w/v) fructose
solution and incubate it with rotation or shaking in a 50°C air incubator for 2 to 4 hr.

9. Transfer the sample directly to a new conical tube containing 100% w/v fructose
solution and incubate it with rotation or shaking in a 50oC air incubator for 12 hr.

Be sure that the fructose solution is homogeneously dissolved with no precipitation in
conical tube.

10. Transfer the sample directly to a new conical tube containing �20 ml SeeDB and
incubate it with rotation or shaking in 50°C air incubator for 24 hr.

11. Transfer the sample directly to a new conical tube containing SeeDB37 and incubate
it with rotation or shaking in 50°C air incubator for 24 to 48 hr.

After optical clearing, always store the SeeDB37 solution and SeeDB37-cleared sample
in 37°C incubator, rather than at room temperature or in the 50oC incubator.

12. Stand the conical tube for 30 min in 37°C incubator prior to imaging.

Constant mixing of SeeDB37 will produce small air bubbles in the solution, which
interfere with imaging chamber installation. This step is important to remove air bubbles.

ALTERNATE
PROTOCOL 2

SeeDBp

SeeDBp is a modified protocol for fragile samples that show sample swelling under
standard SeeDB protocol (e.g., neonatal brains). In SeeDBp, the addition of salts (0.1×
PBS) minimizes sample volume expansion during the clearing. When handling fragile
samples, we recommend embedding the samples in 1% agarose gel prior to optical
clearing.Morphological
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Additional Materials (also see Basic Protocol 1)

20%, 40%, 60%, and 80% (w/v) D(–)-fructose solutions (see recipes, but prepare in
in 0.1× PBS instead of water; see APPENDIX 2A for PBS)

1. Optional: Transcardially perfuse (UNIT 1.1) the anesthetized mice with 4% PFA in
PBS.

Protocols for mouse anesthesia are included in APPENDIX 4B.

2. Fix the sample in 4% PFA at 4oC with gentle shaking overnight.

3. Wash the sample with PBS three times.

4. Optional: Embed the sample in 1% agarose gel in PBS in the desired orientation
and then trim away the excess to minimize the sample size.

To embed samples in agarose, first microwave 1% (w/v) agarose in PBS, and then cool it
down to �40oC before use.

The surface of the sample should be close to the surface of the agarose gel, because of
the limited working distance of commercially available objective lenses.

5. Transfer the sample to a 50-ml conical tube containing �20 ml of 20% (w/v) fructose
solution (dissolved in 0.1× PBS ) and place the tube on a tube rotator (recommended)
or a seesaw shaker for 4 to 8 hr at room temperature.

Shaking at 4 rpm is recommended for overhead rotator; 17 rpm is recommended for
seesaw shaker.

The 20% to 80% (w/v) fructose solutions in this protocol are dissolved in 0.1× PBS (thee
100% solution is dissolved in distilled water).

Do not leave the sample in steps 5 to 7 for over 24 hr. The incubation time for steps 5 to
7 (20% to 60% w/w fructose solution) can be extended up to 12 hr to fit your working
schedule.

6. Transfer the sample directly to a new conical tube containing 40% (w/v) fructose
solution (dissolved in 0.1× PBS) and incubate it at room temperature with rotation
or shaking for 4 to 8 hr.

7. Transfer the sample directly to a new conical tube containing 60% (w/v) fructose
solution (dissolved in 0.1× PBS) and incubate it at room temperature with rotation
or shaking for 4 to 8 hr.

8. Transfer the sample directly to a new conical tube containing 80% (w/v) fructose
solution (dissolved in 0.1× PBS) and incubate it at room temperature with rotation
or shaking for 12 hr.

9. Transfer the sample directly to a new conical tube containing 100% (w/v) fructose
solution (dissolved in distilled water) and incubate it at room temperature with
rotation or shaking for 12 hr.

Be sure the fructose solution is homogeneously dissolved with no precipitation in the
conical tube. 100% w/v fructose solution is dissolved in distilled water as used for
standard SeeDB protocol.

10. Transfer the sample directly to a new conical tube containing 20 ml SeeDB and
incubate it at room temperature with rotation or shaking for 24 hr.

The incubation time can be extended up to 48 hr. The transparency can be evaluated by
eye at this stage.

Imaging
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The samples can be preserved in SeeDB at room temperature for 1 to 2 weeks by adding
0.5% (v/v) α-thioglycerol during the optical clearing process, but the preservation time
cannot be further extended even with additional α-thioglycerol. Because SeeDB is a
saturated fructose solution at 25oC, place the tube rotator into an air incubator if the
room temperature would be below 25oC in winter.

SUPPORT
PROTOCOL 1

IMAGING CHAMBER PREPARATION

Samples should be mounted in SeeDB or SeeDB37 that has been used for the clearing
process and equilibrated with the sample. However, direct immersion of the objective
lens in SeeDB or SeeDB37 is NOT recommended; the viscosity of these media causes
an uneven refraction index distribution after evaporation of water from the surface of
SeeDB during imaging, and can impair image quality. For acquiring images by upright
microscopy, we use a custom-made glass-bottomed Petri dish to separate the SeeDB-
cleared sample (immersed in SeeDB) and immersion solution suggested by the lens
manufacturers (Fig. 2.22.5).

Materials

Sample
SeeDB or SeeDB37 (see recipes) that was equilibrated with the sample (i.e., used

in one of the preceding protocols)
Superglue
Appropriate immersion solution

Silicone rubber sheet (1-6 mm in thick, e.g., Togawa Rubber, cat. no. K-125)
Utility knife
Coverslips (24 mm × 60 mm for small preparation and slices; 50 mm × 70 mm for

whole-mount samples; e.g., Matsunami, cat. no. C050701)
Plastic bacterial Petri dish (100-mm diameter; used to make a home-made

glass-bottom dish); 100-mm diameter glass-bottom dish is also available from
MatTek (glass diameter 30 mm, cat. no. P100G-1.5-30-F).

Thermo Plate (e.g., Tokai Hit, http://www.tokaihit.com/; optional, only for samples
cleared with SeeDB37 or SeeDB37ht)

For inverted microscopy

1a. Cut a piece of silicone rubber from a sheet to the same size as the coverslip with a
utility knife.

The thickness of the rubber sheet should be sufficient to enable dipping your sample into
the chamber.

2a. Hollow the small piece of silicone rubber to generate a space to accommodate the
sample.

3a. Place the silicone rubber on the coverslip and gently push down in order to create a
tight seal (adhesives are not necessary to create the seal).

Silicone rubber can tightly stick to glass coverslips without adhesives. A handmade
chamber can be reused by replacing coverslips.

4a. Place the sample in the handmade silicone chamber and fill in the chamber with
SeeDB or SeeDB37 (Fig. 2.22.5).

For upright microscopy

1b. Cut a 4-mm × 6-mm piece of silicone rubber from a sheet with a utility knife.

Optimal thickness should be chosen. A 6-mm-thick silicone sheet is recommended for
adult mouse brain. Because the working distances of commercially available objective
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(immersed in SeeDB)
sample

silicone rubber sheet

coverslip

A

standard
(for all lenses)

B

optional
(for short WD lenses)

C

glass-bottomed
Petri-dish

Petri-dish

Petri-dish

silicone chamber

Immersion

sample

sample
(agarose embedded)
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silicone rubber sheet

silicone rubber sheet
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Petri-dish cover

sample

sample
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Figure 2.22.5 Imaging chambers for fluorescence microscopy. (A) An imaging chamber for an inverted
microscope. A silicone rubber sheet is used to make a glass-bottomed imaging chamber. (B) An imag-
ing chamber for an upright microscope. For the adult mouse brain, a 6-mm-thick silicone rubber sheet
is used to make a chamber. A custom-made glass-bottomed Petri dish is placed on top of the chamber,
and immersion solution is added to the dish. (C) If the sample is embedded in agarose and the work-
ing distance of the objective lens is small (� 2 mm), a coverslip can be directly placed on the agarose
block.

lenses are limited, the use of a fitted silicone rubber sheet helps reduce the space between
the sample and the coverslip.

2b. Hollow out the piece of silicone rubber to generate a space to accommodate the
sample.

3b. Take a 100-mm diameter plastic Petri dish and adhere the silicone rubber onto the
flipped cover to set up the base of imaging chamber (Fig. 2.22.5B).

Silicone rubber can tightly stick to plastics without adhesives.

4b. Optional: To make a 100-mm-diameter glass-bottom Petri dish, cut a 20-mm square
at the center of the Petri dish with a utility knife, and then attach a coverslip (50 ×
70 mm) from the margin with superglue. Imaging
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5b. Fill the silicone chamber with SeeDB or SeeDB37.

To prevent subtle index mismatch between medium and sample, we recommend using
SeeDB or SeeDB37 that was equilibrated with the sample, rather than a freshly prepared
solution. When imaging the SeeDB37-cleared samples, the chamber should be placed on
a Thermo Plate (e.g., Tokai Hit) to keep the temperature at 37oC.

Air bubbles may occur when the SeeDB or SeeDB37 solution is mixed on a rotator. Allow
the sample to stand for an hour prior to the imaging reduce the number of bubbles.

6b. Place a 100-mm-diameter glass-bottomed Petri dish (from step 4b) or a coverslip
carefully above the chamber (Fig. 2.22.5).

Air bubbles should not remain in the chamber.

7b. Add immersion solution into the glass-bottomed Petri dish or the space between
lens and coverslip.

Use immersion solution suggested by the lens manufacturer (e.g., water). SeeDB should
not be used for immersion; its viscosity causes an uneven refraction index distribution
due to evaporation of water from the surface of SeeDB during imaging, and can impair
image quality.

SUPPORT
PROTOCOL 2

WHOLE-MOUNT IMMUNOSTAINING

SeeDB can also be used to clear samples stained with antibodies, although penetration of
antibodies is typically limited to 100 to 250 μm. The antibody staining should be carried
out prior to the optical clearing. Because antibodies will not penetrate into bulky samples
completely, it is better to dissect the sample to the appropriate thickness.

Materials

4% (w/v) paraformaldehyde (PFA) in PBS (see APPENDIX 2A for PBS)
1% (v/v) Triton X-100 in PBS (see APPENDIX 2A for PBS)
Blocking solution (see recipe)
Primary and secondary antibodies
20%, 40%, 60%, 80%, and 100% (w/v) D(−)-fructose solutions (see recipes)

Seesaw shaker
Multi-well culture dishes (12 or 24 wells)
Additional reagents and equipment for serial incubation of samples with fructose

solutions (see Basic Protocol 1)

1. Fix the sample in 4% PFA at 4°C with gentle shaking overnight.

2. Wash the sample in 1% Triton X-100 in PBS for three times (30 min each).

3. Permeabilize the sample in blocking solution at 4°C overnight with gentle shaking.

For small samples, each step of antibody staining can be performed in a well of 12- or
24-well culture dishes. For large whole-mount samples, each step requires incubation in
a 15-ml or 50-ml conical centrifuge tube.

4. Dilute the primary antibody in 500 μl blocking solution and incubate the sample for
1 to 4 days on a shaker at 4°C.

The optimal dilution (e.g., 1:200) and incubation time must be determined empirically.

5. Wash the sample in 1% Triton X-100 in PBS three times.

6. Dilute the secondary antibody in 500 μl blocking solution and incubate the sample
for 1 to 2 days on a shaker in 4°C.
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The optimal dilution and incubation time must be determined empirically. For secondary
antibodies, 1:250 or 1:500 is a typical dilution.

7. Wash the sample in 1% Triton X-100 in PBS three times.

8. Optional: Post-fix the sample in 4% PFA at 4°C for 30 min.

9. Follow the standard SeeDB protocol (Basic Protocol 1) for serial incubation in 20%,
40%, 60%, 80%, 100% (w/v) fructose solution, and SeeDB at room temperature
(25oC).

SUPPORT
PROTOCOL 3

RESTORATION FOR LONG-TERM STORAGE AND HISTOCHEMISTRY

Cleared samples can be stored for up to 7 days at 25°C (in SeeDB) or 37°C (in SeeDB37).
However, prolonged storage of SeeDB or SeeDB37-cleared samples is not recommended.
For, long-term storage, they should be transferred to PBS and kept in 4oC. Recovered
samples are turbid. After restoration, samples can be subjected to cryosectioning for
histochemistry. Because plasma membrane, epitopes, and ultrastructure remain intact
during the SeeDB clearing, the restored samples are compatible with various histochem-
ical procedures.

Materials

20%, 40%, 60%, 80%, and 100% (w/v) D(−)-fructose solutions (see recipes)
Phosphate-buffered saline (PBS; APPENDIX 2A)

Additional reagents and equipment for serial incubation of samples with fructose
solutions (see Basic Protocol 1)

1. Serially incubate the SeeDB or SeeDB37-cleared sample in 100%, 80%, 60%, 40%,
and 20% fructose (w/v), each time for 2 to 8 hr.

This is exactly the reverse of the clearing process.

For bulky samples, it will take longer to remove excess fructose. Direct recovery in PBS
often results in mild sample shrinkage; serial incubation is recommended to maintain
overall structure.

2. Incubate the sample in PBS overnight with gentle rotation.

Restored samples have similar appearance and properties as newly fixed samples.

SUPPORT
PROTOCOL 4

NEURONAL TRACING BY LIPOPHILIC DYES

Because the plasma membrane remains intact, SeeDB can be used to clear brain samples
labeled with lipophilic dyes, e.g., DiI. DiI labeling should be performed before clearing,
because diffusion of DiI is limited in SeeDB. Typically, aged animals require longer
incubation time for tracing.

Materials

2% and 4% paraformaldehyde (PFA) in PBS (see APPENDIX 2A for PBS)
DiIC18(3) crystals (Invitrogen, cat. no. D282)

Scalpel
Aluminum foil

Additional reagents and equipment for serial incubation of samples with fructose
solutions (see Basic Protocol 1)

1. Fix the brain samples in 4% PFA in PBS at 4°C with gentle shaking overnight.
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2. Make a small incision to the injection site using a scalpel, and place a small DiI
crystal into the incision using a fine forceps.

3. Transfer the samples to a multi-well (e.g., 12 well) culture dish with 2% PFA in PBS
and incubate them at 37°C for �5 days.

The dish should be protected from light using aluminum foil. Incubation time should be
determined empirically.

4. Follow the standard SeeDB protocol for serial incubation in 20%, 40%, 60%, 80%,
and 100% w/v fructose solution, and SeeDB in room temperature (25°C).

REAGENTS AND SOLUTIONS

Use deionized, distilled water in all recipes and protocol steps. For common stock
solutions, see APPENDIX 2A; for suppliers, see SUPPLIERS.

Blocking solution

Phosphate-buffered saline (PBS; APPENDIX 2A)
1% (v/v) Triton X-100
10% (w/v) bovine serum albumin (BSA)
0.2% sodium azide
Store up to 1 month at 4ºC

Fructose solutions

Do not store any fructose solutions for >7 days; all solutions should be freshly
prepared. Prepare fructose solutions directly in 50-ml graduated conical centrifuge
tubes and use them for the clearing procedure. Use the graduations on the tubes
to determine the volume of 20% to 100% fructose solutions. SeeDB and SeeDB37
should be prepared based on weight/weight (w/w) percentage.

20% (w/v) fructose solution

For 20 ml (in a 50-ml conical tube):
4 g D(−)-fructose (� 99%; e.g., Sigma-Aldrich, cat. no. F0127-500G)
100 μl α-thioglycerol (� 95%; e.g., Sigma-Aldrich, cat. no. M1753-100ML; add

just prior to use)
Add distilled water to make a total volume of 20 ml (add 0.1× PBS instead of

distilled water when using SeeDBp protocol; see APPENDIX 2A for PBS)

40% (w/v) fructose solution

For 20 ml (in a 50-ml conical tube):
8 g D(−)-fructose
100 μl α-thioglycerol (add just prior to use)
Add distilled water to make a total volume of 20 ml (add 0.1× PBS instead of

distilled water when using SeeDBp protocol; see APPENDIX 2A for PBS)

60% (w/v) fructose solution

For 20 ml (in a 50-ml conical tube):
12 g D(−)-fructose
100 μl α-thioglycerol (add just prior to use)
Add distilled water to make a total volume of 20 ml (add 0.1× PBS instead of

distilled water when using SeeDBp protocol; see APPENDIX 2A for PBS)

80% (w/v) fructose solution

For 20 ml (in a 50-ml conical tube):
16 g D(−)-fructose

continued
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100 μl α-thioglycerol (add just prior to use)
Add distilled water to make a total volume of 20 ml (add 0.1× PBS instead of

distilled water when using SeeDBp protocol; see APPENDIX 2A for PBS)

100% (w/v) fructose solution

For 20 ml (in a 50-ml conical tube):
20 g D(−)-fructose
100 μl α-thioglycerol (add just prior to use)
Add distilled water to make a total volume of 20 ml

SeeDB (80.2% w/w fructose solution)

For �18 ml (in a 50-ml conical tube):
20.25 g D(−)-fructose
90 μl α-thioglycerol (add just prior to use)
5 ml distilled water

To completely dissolve fructose, incubate the solution at 65°C, vortexing every 15 min, and
then cool down to room temperature. It typically takes 2 to 3 hr to fully dissolve all fructose.
α-Thioglycerol should be added after cooling down to room temperature (25°C). Excessive
incubation (e.g., overnight) at 65°C should be avoided because this will caramelize the sugar,
and the resulting agent will no longer be suitable for clearing.

SeeDB37 (84.4% w/w fructose solution)

For �20 ml (in a 50-ml conical tube):
27 g D(−)-fructose
100 μl α-thioglycerol (add just prior to use)
5 ml distilled water

To completely dissolve fructose, incubate the solution at 65°C, vortexing every 15 min,
and then cool it down to 37°C. It typically takes 4 to 5 hr to fully dissolve all fructose.
α-Thioglycerol should be added after cooling down to 37°C. Do not leave SeeDB37 solution
at room temperature, because fructose is saturated at 37°C. Excessive incubation (e.g.,
overnight) at 65°C should be avoided because this will caramelize the sugar, and the resulting
agent will no longer be suitable for clearing.

COMMENTARY

Background Information
In past decades, various genetic fluorescent

tools have been developed not only to label
specific cells and organelles, but also to re-
port intracellular signaling and synaptic con-
nectivity. Fluorescent proteins and tools are
particularly powerful for labeling the specific
neuronal circuits and connectivity in the brain.
However, even with two-photon microscopy,
only depths of around 300 μm have been
reached. This is not enough to visualize and
trace the neuronal circuits, even for just a part
of the brain (Helmchen and Denk, 2005). One
possible solution to overcome this limit is to
make serial mechanical sections or block faces
to cover the entirety of the brain (Ragan et al.,
2012). Another approach is optical clearing to
render the entire brain transparent (Hama et al.,
2011; Chung et al., 2013; Ke et al., 2013)—
by optical sectioning with conventional con-
focal or two-photon microscopy, we can eas-

ily obtain large-scale three-dimensional flu-
orescence images. Among these latest tech-
niques, SeeDB is particularly easy, cheap,
quick, and safe, and does not require special
equipment. The SeeDB method enables the
analysis of fine-scale neuronal circuits in the
brain; for example, SeeDB has been used to re-
veal olfactory bulb circuits and callosal axon
fibers at a single-fiber resolution (Ke et al.,
2013).

Therefore, SeeDB is ideal for investigating
neuronal circuitry in routine experiments, al-
though it may not be the best method for com-
prehensive whole-brain imaging. A unique ad-
vantage of SeeDB is its compatibility with
lipophilic dyes, such as DiI. Because SeeDB
does not use organic solvents or detergents,
plasma membrane that is labeled by lipophilic
dyes remains intact. Thus, SeeDB may be po-
tentially useful for studying neuronal wiring
in post-mortem brain samples.
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A drawback of SeeDB is the limited pene-
tration of antibodies. In the adult mouse brain,
antibodies can only penetrate a depth of 100
to 250 μm. If antibodies need to reach deeper
regions of the brain, CLARITY may be a
more powerful tool, as the plasma membrane
is removed in the clearing process, allowing
the antibody to penetrate into thick samples
(Chung et al., 2013). Similarly, the penetra-
tion of chemical dyes for counterstaining (e.g.,
DAPI) is also limited with SeeDB. However,
we can identify brain morphology and even
nuclei based on autofluorescence signals (nu-
clei should appear as dark signals).

To obtain high-resolution three-dimen-
sional fluorescence images, achieving trans-
parency of the sample is not enough. An-
other important factor for deep imaging is
the type of objective lens used. There are
two main factors to consider. Firstly, objective
lenses used in two-photon microscopy typi-
cally have a working distance of around 2 mm,
which may still not be enough to image some
brain areas. Longer-working-distance objec-
tive lenses have been released by some manu-
facturers (e.g., Olympus and Zeiss) to counter
this. Another factor is spherical aberration.
Existing optical clearing agents have higher
refractive indices in order to minimize scat-
tering in the tissue. Therefore, common com-
mercial objective lenses do not perform op-
timally with the cleared samples. Because the
refractive index of SeeDB is 1.49 (and 1.50 for
SeeDB37), water-immersion lenses (refractive
index 1.33) work better than air-immersion
lenses (1.0). Glycerol (1.47) or oil (1.52) im-
mersion lenses are of better quality in terms
of resolution; however, the working distance
is typically limited. To achieve the maximum
depth and resolution using two-photon mi-
croscopy, we use a customized objective lens,
which has an 8-mm working distance and is
optimized for the refractive index of SeeDB
(now available from Olympus). In this case,
the immersion solution should also have the
same refractive index, and we use 80% 2,2′-
thiodiethanol/20% H2O (v/v; refractive index
1.49) for imaging SeeDB samples and 90%
2,2′-thiodiethanol/10% H2O (v/v; refractive
index 1.50) for imaging SeeDB37 samples. It
is also important to use a correction collar to
minimize the spherical aberrations.

Critical Parameters and
Troubleshooting

See Table 2.22.2 for common problems and
possible solutions.

Autofluorescence
Table 2.22.2 summarizes several sources

for autofluorescence. Aldehyde-amine com-
pounds (the main source of autofluorescence)
are generated by incubating the biological
samples (rich in amines and amino acids)
with fructose (reducing sugar). Prolonged in-
cubation in SeeDB accumulates autofluores-
cence even with 0.5% α-thioglycerol; hence,
we recommend imaging the sample immedi-
ately after the optical clearing (ideally within a
few days). For long-term storage, it is recom-
mended to restore the sample back into PBS
after the imaging. FastGreen, a commonly
used dye for in utero electroporation, may
produce strong autofluorescence after SeeDB
treatment. If FastGreen is problematic, you
can use 0.05% AlexaFluor 647–dextran (Life
Technologies) to visualize DNA solution.

Temperature
When preparing SeeDB and SeeDB37, ex-

cessive incubation at 65°C should be avoided.
Prolonged incubation (e.g., overnight) will
caramelize the sugar, and the resulting agent
will be no longer suitable for clearing.

The SeeDB37ht protocol is carried out at
50oC. Incubation of samples at a higher tem-
perature may result in mild sample expansion.
To minimize the sample expansion, the in-
cubation time for the 20% to 80% fructose
steps should be 2 to 4 hr per step. Under high-
temperature conditions, some fluorescent pro-
teins may be partially quenched.

Antibody staining
Optical clearing with SeeDB is reversible.

Therefore, samples cleared with SeeDB can be
restored to PBS and subsequently analyzed by
immunohistochemistry in sections. For whole-
mount immunostaining, the maximum depth
is limited by the penetration efficiency of the
antibody. We could hardly stain for structures
deeper than 250 μm from the surface in the
adult mouse brain.

Depth calibrations
When a commercial objective lens is used

for imaging SeeDB- or SeeDB37-cleared sam-
ples, there will be a refractive index mismatch
between the immersion medium recom-
mended by the manufacturer (air, water, glyc-
erol, or oil) and that in the samples (SeeDB;
refractive index 1.49). Hence, the depth in the
cleared specimen will be mis-estimated. In or-
der to obtain the correct z position in the spec-
imen, the real depth is calculated by multiply-
ing the depth by nSeeDB and then dividing by
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Table 2.22.2 Common Problems and Possible Solutions

Problem Possible cause Solution

High background
fluorescence on the surface

Glutaraldehyde accumulation Use freshly prepared 4% PFA for fixation.

Aldehyde-amine compounds
accumulation

Add 0.5% α-thioglycerol to each clearing solution
just prior to use. Image the sample soon after the
clearing. Do not store the sample in SeeDB too
long (>7 days).

High background in
samples labeled by in utero
electroporation method

Reactants of FastGreen dye and
fructose

Do not use FastGreen dye for labeling DNA
solution. Instead, use 0.05% AlexaFluor
647–dextran to visualize the solution.

Insufficient transparency Low penetration efficiency Constantly shake samples during the clearing
process using an overhead rotator. Ensure the
incubation temperatures (25° or 37°C) especially
in the winter. Trim the samples within 4-mm
thickness or apply SeeDB37ht protocol.

Sample expansion Young mouse sample Apply SeeDBp protocol.

Over-incubation in 20% to 80%
fructose solution

Shorten the incubation time (never leave the
sample in these steps over 24 hr)

Sample tears during
incubation

Vigorous shaking or rotation Protect the sample by embedding in 1% agarose/
PBS.

Tissue slice is too thin Increase the thickness (at least 1 mm). Incubate
the slice in culture dishes using a seesaw shaker.

Dark spots on images Air bubble occurs between the
coverslip and sample

Stand the cleared sample and SeeDB solution for
1 hr before setting up the imaging chamber and
carefully remove the air bubbles from the
chamber

Fructose crystals accumulate on
the surface

Warm up the sample in 50°C incubator with
shacking or rotation to resolve the fructose (might
quench some fluorescent proteins)

Blurred images Spherical aberration Adjust the correction collar or use
immersion-type objective lens instead of air
objective lens to decrease the refractive index
differences

nobjective, where n represents refractive index.
For example, when using a water-immersion
lens (refractive index 1.33), the acquired
apparent depth of 500 μm should be calibrated
by multiplying by 1.49 and then dividing by
1.33 to obtain the real depth of 560 μm.

Anticipated Results
The transparency may be evaluated

visually. After optical clearing of SeeDB or
SeeDB37, the sample looks like amber under
a light source. Fig. 2.22.4A provides a trans-
mission image of cleared mouse hemi-brain.
One 2-mm-thick brain slice can be easily
cleared by SeeDB; hence, it is not necessary to
slice the brain into very thin sections. Typical
brain samples can be imaged up to 1 to 2 mm
depth under confocal microscopy or 3 to

4 mm depth under two-photon microscopy
with long-working-distance objective lenses.
Moreover, with a customized objective lens,
imaging depth can be extended to 6 to 7 mm
under two-photon microscopy (Fig. 2.22.6).
Table 2.22.1 summarizes approximate max-
imum imaging depth at the spine, fiber, and
cellular resolution for confocal and two-
photon microscopy. We routinely use
Neurolucida software (MBF Bioscience) to re-
construct and quantify neuronal morphology.

SeeDB takes advantage of the high solu-
bility and refractive-index characteristics of
fructose to match the refractive index of the
tissue. By reducing light scattering, SeeDB im-
proves the accessible depth of imaging under
light microscopy. As SeeDB is a water-based
optical clearing solution, most fluorescent
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Figure 2.22.6 Fluorescence images of adult Thy1-YFP-H mouse, taken using two-photon microscopy. A
hemi-brain sample is cleared using SeeDB37 protocol, and then imaged by two-photon microscopy with (A)
a 25× water immersion objective lens (working distance = 2.0 mm) and (B) a 25× SeeDB-customized lens
(working distance = 8.0 mm; Ke et al., 2013). Scale bars, 100 μm.

proteins are preserved; this feature is espe-
cially beneficial for applying sophisticated ge-
netic labeling techniques. Fig. 2.22.6B shows
reconstruction images from intact mouse
hemi-brain of Thy1-YFP-H line transgenic
mice. We have been able to visualize YFP-

expressing neurons in adult mouse (6 mm in
thickness) from unsectioned sample. Another
advantage of the SeeDB method over other
optical clearing strategies is that it only takes
�3 days for clearing, providing a convenient
way to screen for expression patterns within
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viral tracing or in transgenic animals. SeeDB
is also effective for other vertebrate species and
organs; Figure 2.22.4B shows a transmission
view of mouse liver and small intestine.

Time Considerations
Post-perfusion fixation of the mouse brain

usually takes 16 hr. Optical clearing with all
SeeDB variants requires 2 to 5 days, depend-
ing on sample types and working schedules.
For neural tracing, imaging a volume of 1 ×
1 × 1 mm under confocal microscopy with
a 10× objective lens takes at least 0.5 hr
(comprising 1 image block, 800 × 800 pixels,
10 μm pitch), while imaging a volume of 2 ×
2 × 2 mm under two-photon microscopy with
a 25× objective lens takes at least 8 hr (com-
prising 16 image blocks, 800 × 800 pixels,
10 μm pitch).
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This is the first report of the SeeDB protocol. Us-
ing optical clearing with SeeDB, this study also
describes three-dimensional layouts of callosal
axons and mitral cell dendrites at single-fiber
resolution.
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SeeDB Resources provides updated information
from the authors.
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