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ABSTRACT
Advances in tissue clearing have allowed biological and biomedical researchers to
image entire segments of tissue and generate three-dimensional reconstructions, allowing
for a better understanding of the structural and morphological characteristics of large
tissues. This study compared three commonly utilized clearing methods and analyzed
their effectiveness in increasing imaging depth for three-dimensional reconstruction of
large tissue segments. Mouse heart, mouse brain, mouse colon, and embryonic chick
tissues were cut into thick sections, cleared and immunolabeled with an antibody specific
to each tissue type, and imaged using a confocal microscope. The results of this study
concluded that most tissues cleared by an electrophoretic clearing method were able to be
imaged deeper than samples cleared with solvent based clearing methods.
Electrophoretic methods produced clearer samples with fewer pigments and artefacts
when compared to other clearing methods, and allowed for greater imaging depth when
compared to solvent-cleared and uncleared specimens. The results of this study support
existing literature suggesting that electrophoretic clearing provides more replicable and
accurate clearing by increasing imaging depth and could generate more precise threedimensional reconstructions through confocal imaging. Advances in imaging technology
such as light sheet fluorescence microscopy and new computational reconstruction
capabilities could also increase the impact and efficacy of electrophoretic tissue clearing
on the study of large sections of tissue at the organ, system, or organism level.
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CHAPTER 1
INTRODUCTION
A. History of Tissue Clearing
The old proverb, “Seeing is believing” is a common rule of thumb for many fields
of study from anthropology to zoology. For biological and biomedical scientists, “seeing”
on a cellular level is the most commonly utilized method for studying, proving, and
“believing” experimental results. Visualizing isolated cells was relatively easy since the
invention of the microscope in the 17th century, but viewing cells in the context of
surrounding tissue was largely impossible due to the physical constraints of the light
microscope (Quekett, 1848). Photons are unable to penetrate very far into tissue samples,
leaving microscopists unable to fully visualize segments of tissue larger than
approximately one hundred microns (Richardson and Lichtman, 2016).
Tissue clearing was first pioneered by Werner Spalteholz in the late 1800’s
(Spalteholz, 1898). Spalteholz, a German anatomist, was interested in rendering whole
organs transparent, which he accomplished by incubating them in hydrogen peroxide and
various organic solvents (Spalteholz, 1914). He discovered that lipids and protein
aggregates caused light to be scattered in a non-uniform pattern throughout a tissue,
causing opacity. If these interfering molecules could be eliminated, light would then be
able to pass through a specimen with minimal scattering, thereby producing a clearer
tissue for anatomical study. While his organic solvent methods were successful in
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partially clearing large organs, they left the outer surfaces of tissues damaged, rendering
the technique useless for small histological samples (Spalteholz, 1914).
As light microscopy prevailed for the next several decades, few advances were
made in tissue clearing, as previous work had shown the technique to be unnecessary for
standard biological imaging. However, with the advent of fluorescence microscopy,
researchers rekindled an interest into imaging segments of tissue much larger than the
thin sections required for light microscopy (Denk et al., 1990; Minsky, 1988). Basing
many techniques off the Spalteholtz method, researchers began to test novel organic
compounds to clear tissues faster and more completely.
By the early 2000’s, several new clearing methods were established and
implemented in laboratories across the world. BABB, a popular solvent based clearing
method, was pioneered by Miller et al. (2005) and Dodt et al. (2007), who sought to use
simple clearing methods to aid in the imaging of brain and embryonic tissues. Renier et
al. (2014) refined solvent based clearing by introducing DISCO, a technique that replaced
many toxic organic solvents with newer, safer ones.
Other researchers focused on developing immersion and hyperhydration methods.
Chiang et al. (2002), Kuwajima et al. (2013), Hama et al. (2011), and Susaki et al. (2014)
investigated combinations of formamide, fructose, urea, and Triton X-100 to yield
solvents with better refractive indices while requiring no dehydration or harmful
components.
Most recently, Chung et al. (2013) pioneered the revolutionary approach of
clearing with the aid of electrophoresis. This process utilizes a scaffolding approach to
bind sub-cellular components onto a hydrogel polymer, then subjecting the sample to
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electrophoresis in order to force the solvation of lipids faster than immersion, clearing
large samples rapidly and efficiently. Novel techniques are constantly evolving to
accommodate larger samples and integrate new advances in microscopy (Chen et al.,
2014; Chen et al., 2015).
B. Clearing Methods and Techniques
As previously mentioned, the fundamental aim of tissue clearing is to remove
molecules that scatter light, hindering the passage of light through a tissue. While many
molecules in the cell have the potential to scatter photons, the two most commonly
identified molecules are lipids and proteins. Removing these molecules allows for the
tissue to retain an equilibrated refractive index, meaning that light will pass
homogenously through a sample with minimal scattering (Richardson and Lichtman,
2016).
Tissue clearing techniques can be divided into four main categories: solvent
based, simple immersion, hyperhydration, and hydrogel embedding. Each of these
distinct methods has inherent advantages and disadvantages based on many independent
factors. When planning an experiment, one must take great care to assess the limitations
of each type of method and determine the most efficient and effective approach to
clearing the tissue of interest.
Solvent based clearing techniques such as BABB and DISCO stem from the
Spalteholtz method and are the most popular methods of tissue clearing. These protocols
dehydrate the tissue, solvate lipids, and match the RI across the remaining components of
the tissue. This is typically accomplished with a gradient of methanol for dehydration and
organic solvents such as DBE or DCM for lipid solvation. These methods are relatively
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inexpensive, and samples can be cleared in a matter of days (Becker et al., 2012; Erturk
et al., 2012; Renier et al., 2014; Steinke and Wolff, 2001).
While solvent based clearing methods can be cheap and effective, several
limitations are present. Since samples are subjected to dehydration, shrinkage occurs,
which can alter the size, shape, and structure of the tissue by up to 50% (Richardson and
Lichtman, 2016). This can become problematic when attempting reconstructions at high
magnifications, as artefacts are more pronounced. Additionally, dehydration quenches
most fluorescent proteins, which require water to function properly (Chalfie et. Al, 1994).
Samples expressing endogenous fluorescent proteins may maintain some residual signal
for a few days, but the majority of fluorescence will be lost immediately following the
clearing protocol. Finally, solvent based protocols require several toxic compounds such
as benzyl alcohol, benzyl ether, and tetrahydrofuran. Great care must be taken to protect
the researcher during the clearing process, and the surrounding environment during the
disposal of excess solutions.
Simple immersion techniques such as FocusClear, FRUIT, and SeeDB were
developed in order to preserve fluorescent protein within the tissue. By utilizing aqueous
solvents, fluorescent proteins may be preserved, and tissue morphology is not altered by
dehydration. These protocols require immersion in aqueous clearing solution composed
of sucrose, fructose, or formamide, followed by RI matching in the mounting medium.
Simple immersion methods are best for clearing tissues with fragile fluorescent proteins
or compromised structural integrity (Tsai et al., 2009; Costantini et al., 2015; Ke et al.,
2013; Hou et al., 2015; Staudt et al.; 2007).
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Effectiveness of simple immersion methods is limited by the diffusion of the
solvent. Due to the viscosity of the solvents, these methods can fail to completely clear
dense tissues, leaving behind patches of pigmented tissue that can cause decreased laser
penetration and imaging artefacts. Additionally, these methods tend to be much more
expensive than alternative clearing methods, making them practical only when absolutely
necessary. Finally, these methods have highly variable clearing times, from hours to
weeks (Richardson and Lichtman, 2016). This unreliability provides researchers with the
unique challenge of not knowing exactly when an experiment might be completed.
Hyperhydration methods such as Scale and CUBIC are useful for clearing tissues
without removing lipid components. Instead of solvating lipids to alter the refractive
index, these techniques seek to homogenize the refractive index across the tissue, creating
an average index. This is accomplished by urea or urea-like molecules, which hydrate
protein aggregates, causing them to expand and homogenize the refractive index (Hama
et al., 2011; Hua et al., 2008; Kuwajima et al., 2013; Tainaka et al., 2014; Susaki et al.,
2014).
Hyperhydration techniques are particularly prone to tissue overexpansion, due to
the introduction of urea, sucrose, and glycerol. This tissue expansion is typically not
uniform, and may alter the structure and morphology of the region of interest. However,
by utilizing proper controls, this alteration in tissue structure could be harnessed to
expand particularly small regions for greater visibility. Similar to simple immersion
techniques, there is no set time for the clearing of a tissue, with reports varying from
several days to months.
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Hydrogel embedding methods such as X-CLARITY utilize electrophoresis to
actively clear solvated lipids. Sub-cellular components are bound to the hydrogel polymer
and lipids are cleared using SDS. X-CLARITY is particularly useful for clearing large
tissues and organs in several days, as opposed to weeks needed for other methods. This
technique preserves protein fluorescence and expands tissues only slightly.
Electrophoretically cleared tissues may then be mounted in a simple immersion medium
such as FocusClear or proprietary X-CLARITY Mounting Solution to further
homogenize the refractive index and achieve total clarity of the specimen (Tomer et al.,
2014; Chung et al., 2013; Yang et al., 2014).
While X-CLARITY tends to produce the most replicable results, the initial startup
cost is higher than any other clearing method. Additionally, samples must be constantly
monitored for over-clearing, as high voltages and temperatures during electrophoresis can
cause melting or charring of the tissue. Aside from these considerations, electrophoretic
tissue clearing lacks many of the inherent inconsistencies and possibilities for error found
in other clearing methods (Richardson and Lichtman, 2016). A summary of advantages
and disadvantages for each type of clearing method may be found in Table 1.1
(Richardson and Lichtman, 2016).
C. Objective, Hypothesis, and Aims
The objective of this study was to survey, validate, and optimize clearing
techniques from the body of scientific literature and compare the effectiveness of XCLARITY clearing to BABB and DISCO methods for brain, heart, embryonic, and colon
tissue samples. We chose BABB and DISCO methods because they are the most widely
available and are the most utilized clearing techniques.
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We hypothesized that tissues cleared with the X-CLARITY method would allow
for greater imaging depth than BABB-cleared, DISCO-cleared, and uncleared tissues. In
order test this hypothesis, the following aims were proposed: determine if there is a
correlation between imaging depth and a specific clearing method, and determine to what
depth dense tissue segments could be effectively imaged.
Table 1.1: Summary of advantages and disadvantages for common clearing methods
Solvent
Based
Average
Days to
Clearing Time months
Tissue
Shrinkage
Morphology
Fluorescence
No
Preservation
Toxicity
High
Cost
Low

Simple
Immersion
Days to weeks

Hyperhydration Hydrogel
Embedding
Weeks to months Days

Minimal
shrinkage
Yes

Expansion
Yes

Minimal
expansion
Yes

Minimal
High

Minimal
Moderate

Minimal
Moderate
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CHAPTER 2
METHODS
Brain, heart, and colon tissues were obtained from four adult mice and four stage
18-20 chick embryonic tissues were obtained from fertilized eggs. Tissue samples were
fixed and cleared using the protocols below, then immunolabeled for confocal imaging.
Images were analyzed and data for imaging depth were collected and analyzed.
A. Specimen Preparation
Mice were anesthetized by 5% isofluorane inhalation for 5 minutes, then perfused
transcardially with 100mL 0.1M PBS and 400mL 4% PFA in 0.1M PBS. Brain, heart,
and colon tissue were removed and fixed for 24 hours in 4% PFA in 0.1M PBS at 4oC.
Chick embryonic tissue was extracted from the egg and immediately fixed for 24 hours in
4% PFA in 0.1M PBS at 4oC. Coronal sections of brain tissue were cut at 1 mm and
3mm, transverse sections of heart tissue were cut at 1 mm, and transverse sections of
colon tissue were cut at 1 mm using a microtome. Embryonic tissues were not sectioned.
Following fixation, samples were stored in 0.1M PBS until clearing. Control specimens
remained uncleared and immunolabeling began immediately after fixation, following the
protocol below.
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B. BABB Clearing
Specimens were immunolabeled before clearing following the protocol below,
then dehydrated using a gradient of methanol and PBT. Specimens were incubated in
20% methanol/PBT for 5 minutes at RT, 40% methanol/PBT for 5 minutes at RT, in 60%
methanol/PBT for 5 minutes at RT, in 80% methanol/PBT for 5 minutes at RT, and in
100% methanol for 5 minutes 2 times at RT. Fresh BABB solution (1:2 benzyl
alcohol:benzyl benzoate) was then mixed immediately before clearing. Specimens were
incubated in 1:1 methanol:BABB for 5 minutes 2 times at RT, and in 100% BABB for 24
hours at RT. Once clear, specimens were mounted and coverslipped in a small droplet of
BABB.
C. DISCO Clearing
Specimens were pretreated by dehydration using a gradient of methanol and
water. Specimens were incubated in 20% methanol for 1 hour at RT, in 40% methanol for
1 hour at RT, in 60% methanol for 1 hour at RT, in 80% methanol for 1 hour at RT, and 2
times in 100% methanol for 1 hour at RT. Specimens were incubated in a 2:1 mixture of
DCM:methanol for 12 hours at 4oC. Specimens were rehydrated using a reverse gradient
of methanol and water. Specimens were incubated in 80% methanol for 1 hour at RT, in
60% methanol for 1 hour at RT, in 40% methanol for 1 hour at RT, in 20% methanol for
1 hour at RT, and 2 times in 0.2% Triton-X/0.1M PBS for 1 hour at RT. Specimens were
then immunolabeled following the protocol below. Specimens were dehydrated again
using a gradient of methanol and water. Specimens were incubated in 20% methanol for
1 hour at RT, in 40% methanol for 1 hour at RT, in 60% methanol for 1 hour at RT, in
80% methanol for 1 hour at RT, and 2 times in 100% methanol for 1 hour at RT.
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Specimens were incubated in 2:1 DCM/methanol for 3 hours at RT, and 2 times in 100%
DCM for 15 minutes at RT. Specimens were mounted in DBE on a glass slide using a
custom built DBE-resistant chamber for imaging.
D. X-CLARITY Clearing
Specimens were incubated in 0.1M PBS for 24 hours at RT, then incubated in a
1:100 mixture of 25% w/v X-CLARITY Polymerization Initiator:X-CLARITY Hydrogel
Solution for 24 hours at 4oC. Specimens were polymerized at -90 kPA and 37oC for 3
hours using the X-CLARITY Polymerization System and washed in 0.1M PBS for 5
minutes at RT. Specimens were cleared with ETCS at 37oC and 1.0 amps. Colon and
embryonic tissues were cleared for 4 hours, brain tissues were cleared for 8 hours, and
heart tissues were cleared for 24-36 hours. Specimens were checked every 2 hours to
ensure no electrophoretic damage had occurred. Specimens were then immunolabeled
following the protocol below and rinsed 5 times in deionized water for 5 minutes at RT.
Specimens were then incubated in X-CLARITY Mounting Solution for 1 hour at RT,
then incubated in fresh X-CLARITY Mounting Solution for imaging.
E. Immunolabeling, Imaging, and Analysis
Specimens were incubated in 0.01M glycine/0.1% Triton-X/0.1M PBS for 30
minutes 3 times at RT, in 5% BSA/0.1M PBS for 1 hour at RT, and in 5% NDS/1%
BSA/0.1M PBS for 1 hour at RT. Specimens were then immunolabeled with a primary
antibody specific to the tissue type (Table 2.1). Specimens were incubated with the
primary antibody diluted in 1% BSA/0.1M PBS for 72 hours at 37oC. Specimens were
rinsed in 1% BSA/0.1M PBS for 3 hours 2 times at RT and incubated in 5% NDS/1%
BSA/0.1M PBS for 3 hours at RT. Specimens were then labeled with a secondary
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antibody specific for the primary antibody (Table 2.1). Specimens were incubated with
the secondary antibody diluted in 1% BSA/0.1M PBS shaking for 72 hours at 37oC.
Specimens were rinsed in 1% BSA/0.1M PBS for 3 hours 2 times at RT and in 0.1M PBS
for 3 hours at RT. Specimens were incubated with 1:50 488 Phalloidin:0.1M PBS
shaking for 72 hours at RT. Specimens were rinsed in 0.1M PBS for 3 hours 3 times.
Uncleared specimens were mounted and coverslipped with proprietary X-CLARITY
mounting medium and stored at 4oC until imaging. Immunolabeling controls were
conducted by omitting primary antibody incubation, which produced no detectable
fluorescent signal. For the purposes of this study, maximum depth of penetration was
defined as the greatest depth obtained while still producing a publishable quality image.
Specimens were imaged with a Leica SP8 Confocal Microscope using a 25X XCLARITY immersion objective. Laser and detector settings were set to a format of 1024
x 1024, speed of 400Hz, image size of 1.11mmx1.11mm, pixel size of 2.17µm x 2.17µm,
optical section thickness of 7.231µm, Airy unit of 3.59, z step size of 20.0µm, laser
intensity of 13.5%, gain of 840.0V and offset of -20%. Imaging parameters for the laser
intensity, gain, and offset for three-dimensional reconstruction of brain tissue are
provided in Table 2.2. Three-dimensional reconstructions were generated using Leica
Application Suite X software. Statistical analysis was performed using Microsoft Excel.
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Table 2.1: Antibodies utilized for immunolabeling
Primary Antibody
Rabbit
Anti-Parvalbumin,
1:500 (Swant, PV27)
Rabbit
Anti-Connexin 43,
1:500 (Sigma, C6219)
Rabbit
Anti-Connexin 43,
1:500 (Sigma, C6219)
Rabbit
Anti-Fibronectin, 1:500
(Santa Cruz, sc-9068)

Secondary Antibody
Donkey Anti-Rabbit
Cy3, 1:500 (Jackson, 711-165-152)

Tissue Type
Brain

Donkey Anti-Rabbit
Cy3, 1:500 (Jackson, 711-165-152)

Heart

Donkey Anti-Rabbit
Cy3, 1:500 (Jackson, 711-165-152)

Colon

Donkey Anti-Rabbit
Cy3, 1:500 (Jackson, 711-165-152)

Embryo

Table 2.2: Imaging parameters for three-dimensional brain reconstruction
Imaging Depth
100µm
200µm
300µm
400µm
500µm
600µm
700µm
800µm
900µm

Laser Intensity
3.8%
3.8%
6.5%
6.5%
8.4%
11.4%
16.7%
24.9%
32.2%
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Gain
600V
720
820V
820V
840V
890V
890V
910V
910V

Offset
-20%
-20%
-20%
-20%
-30%
-30%
-30%
-30%
-30%

CHAPTER 3
RESULTS
A. Brain Tissue
Uncleared brain tissue segments were imaged to an average depth of 200.70µm
(Figure 3.1), a standard limit for uncleared immunolabeled tissues. BABB-cleared and
DICSO-cleared brain tissues were imaged to average depths of 520.31µm and 499.93µm,
respectively (Figure 3.1). X-CLARITY-cleared tissues were able to be imaged to an
average depth of 939.51µm, with a maximum depth of 1,002.33µm (Figure 3.1).
X-CLARITY-cleared brain tissues were able to be imaged an average of
738.81µm deeper (p<0.0001) than uncleared samples, 419.20µm deeper (p<0.0001) than
BABB-cleared samples, and 439.58µm deeper (p<0.0001) than DISCO-cleared samples.
There was no statistical significance in average imaging depth between BABB-cleared
and DISCO-cleared samples (p=0.0609).
Representative images of brain tissue were selected to demonstrate the robust
immunolabeling possible with cleared tissues (Figure 3.2a). Additionally, threedimensional reconstructions of a large segment of tissue illustrate the structural
perspective gained from imaging cleared tissue (Figure 3.2b-d).
B. Heart Tissue
Uncleared heart tissue segments were imaged to an average depth of 161.67µm
(Figure 3.3). BABB-cleared and DICSO-cleared heart tissues were imaged to average
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depths of 277.65µm and 304.64µm, respectively (Figure 3.3). X-CLARITY-cleared
tissues were able to be imaged to an average depth of 502.55µm, with a maximum depth
of 513.29µm (Figure 3.3).
X-CLARITY-cleared heart tissues were able to be imaged an average of
340.89µm deeper (p<0.0001) than uncleared samples, 224.90µm deeper (p<0.0001) than
BABB-cleared samples, and 197.91µm deeper (p<0.0001) than DISCO-cleared samples.
Additionally, DISCO-cleared samples were able to be imaged an average of 26.99µm
deeper than BABB-cleared samples, which was statistically significant (p<0.0001).
Immunolabeling of heart tissues was not as uniform as in brain tissue. Multiple
factors could contribute to this pattern, such as the density of the tissue or the size of the
labeling antibody. However, representative images of heart tissue were collected to show
the optical difference between uncleared (Figure 3.4a) and X-CLARITY-cleared (Figure
3.4b) tissue samples.
C. Embryonic Tissue
Uncleared embryonic tissue segments were imaged to an average depth of
79.16µm (Figure 3.5). BABB-cleared and DICSO-cleared embryonic tissues were
imaged to average depths of 218.41µm and 211.55µm, respectively (Figure 3.5). XCLARITY-cleared tissues were able to be imaged to an average depth of 216.00µm, with
a maximum depth of 230.38µm (Figure 3.5).
X-CLARITY-cleared embryonic tissues were able to be imaged an average of
136.84µm deeper (p<0.0001) than uncleared samples. We were unable to prove XCLARITY-cleared embryonic tissues could be imaged to a greater depth than BABBcleared (p=0.6972) or DISCO-cleared (p=0.4410) tissues.
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Images of embryonic tissue samples did not provide significant insight into the
benefits of clearing. Immunolabeling was diffuse in electrophoretically cleared
embryonic tissues, hindering structural interpretation. Representative images of
embryonic tissue were collected to compare X-CLARITY-cleared (Figure 3.6a) and
uncleared (Figure 3.6b) tissue samples.
D. Colon Tissue
Uncleared colon tissue segments were imaged to an average depth of 208.38µm
(Figure 3.7). BABB-cleared and DICSO-cleared colon tissues were imaged to average
depths of 252.85µm and 249.62µm, respectively (Figure 3.7). X-CLARITY-cleared
tissues were able to be imaged to an average depth of 291.20µm, with a maximum depth
of 301.82µm (Figure 3.7).
Clearing colon tissue has no advantages for imaging depth, as uncleared tissues
were able to be imaged just as deep as tissues cleared with all three methods.
Representative images of colon tissue were collected to show the optical difference
between uncleared (Figure 3.8a) and X-CLARITY-cleared (Figure 3.8b) tissue samples.
X-CLARITY was shown to provide a drastically increased depth of penetration in
the imaging of uncleared heart tissue and the imaging of uncleared brain tissue, and a
marginally increased depth of penetration in the imaging of uncleared embryonic tissue.
However, X-CLARITY was not shown to provide increase depth of penetration in the
imaging of uncleared colon tissue. Figure 3.9 illustrates the average image depth
attainable with each clearing method for each tissue.
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Brain Tissue Imaging Depth
1200

1000

Imaging Depth (µm)

800

600

400

200

0
1

2

3

4

Z Series Number
X-CLARITY

BABB

DISCO

Uncleared

Figure 3.1: Brain Tissue Imaging Depth. Segments of brain tissue were
cleared with X-CLARITY (n=5), cleared with BABB (n=5), cleared with
DISCO (n=5), left uncleared (n=5), and imaged for maximum depth of
penetration using five separate z-series.
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a.

b.

c.

d.

Figure 3.2: Brain Tissue Images and Reconstructions. Brain tissue segments were
immunolabeled for Parvalbumin, imaged, and reconstructed. Image a was acquired at a
depth of 200µm and was labeled with anti-PV and phalloidin in the green channel. Image
b is a reconstruction of the basolateral amygdala expressing tdTomato in the red channel.
Image c is a reconstruction of the basolateral amygdala expressing tdTomato and labeled
with anti-pv presented with a pseudo-colored depth chart. Image d is also a
reconstruction of the basolateral amygdala labeled for anti-pv and presented with a
pseudo-colored depth chart.
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Heart Tissue Imaging Depth
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Figure 3.3: Heart Tissue Imaging Depth. Segments of heart tissue were
cleared with X-CLARITY (n=5), cleared with BABB (n=5), cleared with
DISCO (n=5), left uncleared (n=5), and imaged for maximum depth of
penetration using five separate z-series.

a.

b.

Figure 3.4: Heart Tissue Images. Heart tissue segments were immunolabeled for
Connexin-43 in the red channel and F-Actin in the green channel. Uncleared (a) and XCLARITY-cleared (b) samples of ventricular myocardium were imaged at a depth of
175µm to compare immunolabeling and imaging quality.
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Embryonic Tissue Imaging Depth
Imaging Depth (µm)

250
200
150
100
50
0
1

2

3

4

5

Z Series Number
X-CLARITY

BABB

DISCO

Uncleared

Figure 3.5: Embryonic Tissue Imaging Depth. Segments of embryonic
tissue were uncleared (n=5), cleared with BABB (n=5), cleared with
DISCO (n=5), cleared with X-CLARITY (n=5), and imaged for maximum
depth of penetration using a z-series.

a.

b.

Figure 3.6: Embryonic Tissue Images. Embryonic tissue segments were
immunolabeled for Fibronectin in the red channel and F-Actin in the green channel. XCLARITY-cleared (a) and uncleared cleared (b) samples were imaged at a depth of 50µm
to compare immunolabeling and imaging quality.
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Colon Tissue Imaging Depth
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Figure 3.7: Colon Tissue Imaging Depth. Segments of colon tissue were
uncleared (n=5), cleared with BABB (n=5), cleared with DISCO
(n=5), cleared with X-CLARITY (n=5), and imaged for maximum
depth of penetration using a z-series.
a.

Figure 3.8: Colon Tissue Images. Colon tissue segments were immunolabeled for
Connexin-43 in the red channel and F-Actin in the green channel. X-CLARITY-cleared
samples were imaged en face at a depth of 80µm to demonstrate immunolabeling and
imaging quality.
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Figure 3.9: Summary of Image Depth by Tissue and Clearing Method. The average
imaging depth for brain (a), heart (b), embryonic (c), and colon (d) tissues were
compared for each clearing method.
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CHAPTER 4
CONCLUSIONS
The results of this study support our hypothesis that X-CLARITY-cleared brain
tissues would be able to be imaged deeper than uncleared or solvent cleared tissues.
These results add to the growing body of scientific literature demonstrating the benefits
of clearing brain tissue with electrophoresis. As the brain tends to have a higher
concentration of lipids than most other tissues, the tissue responds well to lipid solvation
and electrophoretic clearing. Of the four tissue types analyzed in this study, brain tissues
had the most consistent and homogenous clearing with the least opacity.
However, the issue of antibody penetration in these large sections of tissue must
be addressed. One mouse brain expressing tdTomato, an endogenous fluorescent protein,
was labeled with the same anti-parvalbumin antibody mentioned above. While signal was
obtained from the endogenous protein throughout the sample, there was a gap in the
interior of the tissue where no anti-parvalbumin signal was attainable. While this claim is
not verifiable from the data gathered in this study, it can be assumed that labeling
antibodies may not penetrate completely into a tissue. This issue could be countered by
using only Fab fragments instead of whole IgG antibodies for immunolabeling, or
perhaps by incubating tissues in the antibody even longer than the 72 hour period.
Additionally, smaller sections of tissue could be imaged and reconstructions stitched
together in a software such as Amira.
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With these samples clearing completely, considerations for the limits of imaging
depth turn to the microscope and software capabilities. As previously stated, imaging in
this study was limited to confocal microscopy. Using a newly-designed objective created
specifically for X-CLARITY-cleared tissues, samples were imaged with a theoretical
working distance of 6mm. However, as the laser penetrates into the sample, laser power
and gain must be constantly adjusted in order to obtain clear images for reconstruction.
Since there is no software component to systematically adjust these parameters during
imaging, the microscope operator must constantly adjust them manually, causing
reconstructions to lack homogeneity throughout the sections. Once additional software is
created to remedy this issue, z-series larger than those generated for this study will be
easier to acquire and will provide the researcher with more accurate experimental results.
The results from this study additionally support our hypothesis that X-CLARITYcleared heart tissues would be able to be imaged deeper than uncleared or solvent cleared
tissues. We focused our imaging on the ventricular myocardium, since this region tends
to have a high density and is therefore inherently difficult to image. Due to the density of
this particular area of cardiac tissue, samples were not able to be cleared to the same
degree as brain tissue. Instead of turning completely clear, heart tissue retains pigment
toward the interior of the sample, even after many additional hours of electrophoretic
clearing. However, one heart sample in the study was destroyed due to over-clearing.
Hoping to eliminate more residual pigment, the heart was cleared for 8 hours too long,
causing the tissue to rupture. Aside from structural damage, over-cleared tissues also
exhibited a yellow opacity that could not be eliminated, even after RI matching and
mounting in clearing medium.
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Three-dimensional reconstructions of heart tissue proved difficult to acquire due
to the laser penetration and gain issues mentioned above. We realized that in order to
effectively clear and image heart tissue, the sample should be sectioned as thin as
possible before clearing to eliminate as much excess as possible. If a region is not of
interest, it is best to remove it so that interior regions might be cleared more completely
and imaged more effectively.
Results from the clearing of embryonic tissue supported the hypothesis that XCLARITY-cleared tissues would be able to be imaged deeper than uncleared tissues, but
did not support the hypothesis that X-CLARITY-cleared tissues would be able to be
imaged deeper than solvent cleared tissues. Embryonic tissues are particularly fragile,
and are prone to becoming brittle when cleared. Additionally, embryonic tissues are
inherently heterogonous, so clearing an entire embryo to the same degree was difficult.
Images taken from cleared embryos exhibited a lower quality than images from uncleared
embryos, suggesting that clearing is not necessary for embryonic tissues of this size.
The results from this study did not support the hypothesis that X-CLARITYcleared colon tissues would be able to be imaged deeper than uncleared or solventcleared tissues. Due to the thinness and fragility of colon tissue, clearing proved
superfluous, as there were no significant increases in imaging depth or image quality.
BABB and DISCO-cleared colon tissue cleared completely with no opacity, which made
the tissue hard to visualize and orient on a slide or in a dish. X-CLARITY-cleared colon
tissues required minimal electrophoresis, and were particularly prone to disintegration if
left to clear too long. Since there were no marked improvements in image quality, it is not
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advised that colon tissue samples be cleared; they should be sectioned, immunolabeled,
and imaged without further alteration.
To this end, clearing should only be used when necessary to obtain large threedimensional reconstructions or to preserve the inherent structure of a sample, regardless
of the tissue type. Due to high costs and time investment, any clearing method should be
avoided if unnecessary to the experiment at hand. Additionally, cheaper clearing methods
should be attempted before electrophoretic tissue clearing, as they may provide the
desired clarity without the expense of other methods.
In addition to reporting the collected data, this study sought to produce optimized
and standardized tissue clearing protocols that might be easily followed by other users in
the Instrumentation Resource Facility. The clearing protocols from the Materials and
Methods section of this study were reproduced in Appendix A, and distributed to core
facility research specialists to be utilized for training and educational purposes. These
user-friendly protocols provide clear instruction for the use of all reagents and
instrumentation, and will save researchers time designing and carrying out experiments
within the facility.
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CHAPTER 5
FUTURE DIRECTIONS
Additional replicates of the aforementioned experiments are necessary to further
solidify and validate the data presented in this study. Expanding the study to include
other tissue types such as liver, kidney, and lung would provide further insight into how
different clearing methods affect tissues of varying consistencies and densities.
The impact of hydrogel embedding on antibody penetration is a topic of interest
for imaging dense tissues. While lipid clearing increases the depth of penetration for the
laser, the volumetric expansion of a tissue embedded in hydrogel could allow for
increased penetration of labeling antibodies, allowing for a more robust signal deeper into
the specimen. Future studies could examine the antibody penetration against laser
penetration, and determine which factor is more significant for optimized imaging depth.
Imaging capabilities in this study were limited to confocal microscopy due to cost
and availability. However, advances in light sheet microscopy have allowed for higher
resolution images of large areas of tissue (Verveer et al., 2007; Reynaud et al., 2008).
Compared to standard confocal microscopes, light sheet microscopes allow for faster
image collection, larger imaging area, higher signal/noise ratio and increased imaging
depth. This technology would be best suited for imaging of whole cleared organs or large
cleared embryos, allowing researchers to generate larger three-dimensional
reconstructions to study structure and morphology.
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APPENDIX A
X-CLARITY PROTOCOL
1. Fix tissue with 4% paraformaldehyde for 24 hours at 4oC.
a. For best results, first perfuse the animal transcardially with 400 mL of 4%
PFA, then fix as stated above.
b. If possible, section tissues at 1mm to decrease clearing time and protect
original structure.
2. Rinse with 1X PBS 3 times for 15 minutes.
3. Incubate in 1X PBS overnight at 4oC.
4. Incubate tissue in hydrogel mixture (1:100 25% (w/v) X-CLARITY
Polymerization Initiatior to X-CLARITY Hydrogel Solution) overnight at 4oC.
a. This is best done in a 12-well plate, ensuring that each sample is
completely covered in the hydrogel mixture.
5. Polymerize in X-CLARITY Polymerization System at -90 kPa and 37oC for 3
hours.
a. If polymerizing in conical tubes, be sure to unscrew cap to eliminate
pressure buildup.
b. After inserting tubes or plate into system, press firmly on lid and start run
until system equilibrates.
6. Rinse sample with 1X PBS on a shaker for 5 minutes.
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7. Clear tissue in ETC chamber between 1.0-1.5 amps (A) and 37oC for 2-36 hours,
checking the sample every 2 hours. Pump speed should be set to 30 rpm.
a. Thin tissues such as colon or embryonic tissue will clear in 1-2 hours,
while dense tissues such as heart will require 24-36 hours of clearing.
Tissues such as lung and brain will clear in 4-6 hours, depending on the
section thickness. Fragile tissues or tissues with endogenous fluorescent
proteins should be cleared slower at 1.0 A. Always check tissues
frequently to prevent over-clearing and sample damage.
b. If tissues begin to appear yellow, electrophoresis solution must be
changed. The solution has a running lifetime of 36-72 hours, depending on
the number of samples cleared.
8. Wash overnight in 1x PBS to remove residual SDS.
9. Follow desired protocol for immunolabeling.
10. Rinse sample with distilled water 5 times for 5 minutes.
a. Rinsing must be performed to remove excess phosphate, which will
precipitate in mounting solution.
11. Incubate in X-CLARITY Mounting Solution for final clearing.
a. If sample becomes opaque, incubate in fresh mounting solution at 37 oC for
30 minutes.
b. Image in a small dish or plate for best use of immersion optics.
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