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Introduction

Tissue clearing removes light-scattering and light-absorbing 
components from body tissues, homogenizing the refractory 
index of the tissue,1–3 allows the visualization of molecular 
targets in intact organs, and can reduce background noise 
in tissue samples for fluorescence imaging. The visualiza-
tion of molecular targets in tissue-cleared organs can be 
achieved through different fluorescence-based approaches 
such as germline manipulation (transgenic expression), 
genetic labeling (viral vector insertion), immune-conjugated 
fluorophores, chemical probes or tracers, and nucleic acid 
site-specific detection.4 Tissue clearing has been increasingly 
utilized in broad scientific disciplines, most notably neuro-
science, developmental biology, cancer research, stem cell 
research, and even in organoids and three-dimensional (3D) 

cell cultures.5–13 Most tissue-clearing studies in neuroscience 
have focused on the validation of specific tissue-clearing 
methods, addressing basic neuroscience issues such as loca-
tion and developmental expression of specific proteins in the 
nervous system, or identifying molecular changes associ-
ated with neurological diseases or neurodegenerative dis-
orders.6 However, little is known about the application of 
tissue clearing for neurotoxicity assessments. Therefore, this 
study focused on evaluating the feasibility and usefulness 
of tissue-clearing techniques in neurotoxicity assessments. 
Histopathological assessments of neurotoxicity typically 
involve histochemical or immunocytochemical methods, 
which utilize chromophores or fluorophores to label target 
molecules in the brain as signs or biomarkers of toxicity. 
Since tissues contain light-scattering (e.g. lipids) and light-
absorbing (e.g. pigments) components, a light beam can only 
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Tissue-clearing techniques use chemical means to 
remove light-scattering and light-absorbing molecules 
from the tissue and make the tissue transparent 
for subsequent imaging analyses. While tissue 
clearing has been successfully applied in some 
studies, little is known about the utilization of this 
technique for neurotoxicity assessments. In this study, 
several tissue-clearing methods were assessed in 
combination with Fluoro-Jade C (FJ-C), a standard 
marker of neurodegeneration. The results suggest  
that some but not all tissue-clearing media are 
compatible with the FJ-C fluorophore and that FJ-C 
labeling can be combined with tissue clearing for 
neurotoxicity assessments. This approach could be 
further expanded by combining multicolor labeling 
of molecular targets involved in various neurological 
pathologies. This study is the first to show the combined 
use of tissue clearing and FJ-C for neurotoxicity 
assessment. It is anticipated that this combined 
approach would be an added tool for the detection and 
evaluation of neurotoxicity and neurodegeneration.
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penetrate a limited distance into the tissue. Therefore, the 
brain must be cut into thin tissue sections for conventional 
histopathological examinations. Tissue-clearing approaches, 
by contrast, remove light-scattering and light-absorbing 
components from tissue and make tissue transparent, so 
labeled targets deep inside the brain can be observed with-
out cutting the brain into sections. For instance, using fluo-
rescent markers to label endothelial cells of the blood–brain 
barrier and combined with light-sheet microscopy, tissue 
clearing could allow imaging and quantification of the 
entire vascular network in the whole brain without tissue 
sectioning.5 More than two dozen tissue-clearing methods 
have been developed to date and based on the chemicals 
employed, they can be categorized into three main groups: 
organic solvent-based, aqueous hyperhydrating-based, and 
hydrogel-embedded.6,9,14,15 To aim a broad applicability, this 
study examined all three types of tissue-clearing methods.

Fluoro-Jade C (FJ-C) is a fluorescent tracer derived from 
fluorescein and has been widely used for histochemical labe-
ling of degenerating neurons.16 Compared to its two prede-
cessors, Fluoro-Jade17 and Fluoro-Jade B,18 FJ-C results in 
tissue staining with higher resolution, higher contrast, and 
lower background noise.19 FJ-C labeling has been applied 
in a variety of studies such as traumatic brain injury, devel-
opmental apoptosis, ischemia, and animal models of neu-
rodegenerative diseases and assessing neurotoxicity16,19–28 
The FJ-C stain is among a few techniques commonly used 
for neurotoxicity assessment. The current histopathological 
evaluation of neurotoxicity is based on the observation of 
only a few tissue sections because it is impractical to cut 
the entire brain into sections of appropriate thickness and 
examine all of them.29 However, if a specific brain region 
is injured by drug treatment or disease state but is not 
included in those few tissue sections selected for examina-
tion, then false-negative outcomes can occur. If FJ-C can be 
combined with tissue clearing techniques for the detection 
of degenerating neurons, it would allow visualization of 
FJ-C-labeled cells in tissue-cleared brain samples without 
sectioning the tissue, possibly allowing for a more efficient 
and thorough assessment of neurotoxicity in both preclini-
cal animal models and postmortem human brain samples. 
Since FJ-C labeling has never been evaluated in conjunction 
with any tissue-clearing application previously, and since 
different tissue-clearing methods possess different charac-
teristics in terms of the complexity, efficiency, speed, tis-
sue volume change, and so on, this study was designed to 
address the following questions: (1) is the FJ-C fluorophore 
resistant to tissue-clearing reagents or incubation media? 
(2) could tissue-clearing procedures destroy the FJ-C fluoro-
phore and/or FJ-C binding targets in the tissue? (3) can FJ-C 
labeling be successfully performed in tissue-cleared brain 
samples? and (4) can FJ-C be combined with tissue-clear-
ing techniques for neurotoxicity assessments? To test this 
concept, animals that received intraperitoneal injections of 
kainic acid (KA) as a model of neurotoxicity were subjected 
to FJ-C labeling,19 tissue clearing, and fluorescence imag-
ing, using representative methods from each of the three 
major chemical categories, that is, organic solvent-based, 
aqueous hyperhydrating-based, and hydrogel-embedded 
tissue clearing.

Materials and methods

Animal treatment and tissue preparation

All animal procedures were approved by the Institutional 
Animal Care and Use Committee. Animals were purchased 
from commercial vendors: adult male Sprague Dawley rats 
from Envigo RMS, LLC (Indianapolis, IN, USA) and six-
week-old male C57BL/6J mice from The Jackson Laboratory 
(Bar Harbor, ME, USA). Animals were acclimated for at least 
one week before any experiment. To induce neurotoxicity in 
the brain, animals were treated with intraperitoneal (i.p.) 
injections of KA (10 mg/kg bodyweight of rats or 30 mg/
kg bodyweight of mice). Animals receiving i.p. injections 
of saline (same volume as calculated for KA) were used 
as controls. Possible behavioral changes in the KA-treated 
animals included grooming, rearing, hind limb scratching, 
wet dog shakes, jaw movements, salivation, urination, def-
ecation, head nodding, and seizures. Animals experiencing 
severe seizures, reflected by repeated falls, were injected 
with pentobarbital (17 mg/kg, i.p.) to stop seizures and pre-
vent potential animal death. Twenty-four hours after KA- or 
saline-injection, animals were euthanized by i.p. injection of 
pentobarbital (100 mg/kg bodyweight), perfused with 0.1 M 
phosphate buffer saline (PBS) to remove blood cells from the 
vasculature, and followed by 4% paraformaldehyde (PFA) 
for 5 min. After perfusion, brain samples were collected and 
postfixed in PFA at 4°C until use.

To confirm that KA-treated animals developed the 
desired neurotoxicity, fixed brains were cut in the sagittal 
plane to make equal left and right hemispheres. One hemi-
sphere was used for the conventional FJ-C labeling analysis 
to confirm positive FJ-C labeling in those KA-treated brain 
samples, while the other hemisphere was used for tissue 
clearing. Various thicknesses of tissue sections from 25 µm to 
1 mm were obtained by means of a cryostat (Leica CM3050S, 
Nussloch, Germany) or a vibratome (Ted Pella DTK-3000W, 
Redding, CA, USA). All tissue samples were washed in 
PBS at room temperature to remove fixative before further 
processing.

Tissue clearing

The tissue-clearing methods were adopted from the estab-
lished protocols. Therefore, the tissue-clearing procedures 
are only briefly described here with references to associated 
publications. All incubations were conducted at room tem-
perature unless otherwise specified. The total time required 
to clear each tissue sample varied by tissue-clearing methods 
as well as size and thickness of the tissue samples.

BABB (Benzyl alcohol–benzyl benzoate). Tissue samples 
were dehydrated in a graded ethanol series (30%, 50%, 70%, 
80%, 96%, and twice in 100%), and then rinsed in 100% hex-
ane for 1 h.30 Tissue samples were transferred into a clearing 
solution containing benzyl alcohol and benzyl benzoate 
(BABB) (ratio 1:2) until samples became transparent.

CUBIC (Clear, unobstructed brain/body imaging cocktails).  
Tissue samples were immersed in 1:1 water-diluted  
CUBIC-L (TCI America, Portland, OR, USA) at 37°C for 
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3 h.31 The 50% CUBIC-L was then discarded, and 100% 
CUBIC-L was added. Tissue samples were gently shaken at 
37°C overnight; the incubation reagent was replaced every 
two days until samples became transparent. Tissue samples 
were then immersed in CUBIC-R (TCI America) and gently 
shaken at room temperature overnight. The next day,  
the reagent was replaced with fresh reagent and further  
incubated for 24 h.

pClarity (Passive clarity). Tissue samples were incubated 
in a borate-SDS (sodium dodecyl sulfate) buffer containing 
200 mM boric acid, 4% SDS, and 20 mM lithium hydroxide 
monohydrate (pH 8.5) at 37°C until tissue became 
transparent.32

RTF (Rapid clearing method based on Triethanolamine 
and Formamide). Tissue samples were incubated in RTF-
R1 (30% triethanolamine, 40% formamide, and 30% dH2O) 
for 2–3 h, in RTF-R2 (60% triethanolamine, 25% formamide, 
and 15% dH2O) for 2–3 h, and in RTF-R3 (70% triethanol-
amine, 15% formamide and 15% dH2O) for at least one day.33

SeeDB2 (See deep brain 2). Tissue samples were incu-
bated in 2% saponin (diluted in PBS) for 12–16 h, in the first 
tissue-clearing solution of 2% saponin and 1/3 SeeDB2G 
solution (Wako Chemicals USA, Richmond, VA, USA) in 
dH2O for 6–10 h, in the second tissue-clearing solution (2% 
saponin and 1/2 SeeDB2G solution in dH2O) for 6–10 h, 
and finally in SeeDB2G solution containing 2% saponin for 
at least 12 h.34

uDISCO (Ultimate 3D imaging of solvent-cleared organs).  
Tissue samples were dehydrated through serial incubations 
in 30%, 50%, 70%, 80%, 90%, 96%, and 100% tert-butanol at 
35°C, followed by immersion in dichloromethane (DCM) 
for 60 min to remove the lipids. Subsequently, tissue 
samples were incubated in BABB-DCM (ratio = 1:0.75) until 
samples became transparent.35

Visikol-HISTO. Tissue samples were incubated in 50% 
methanol in PBS for 2 h, 80% methanol in PBS for 2 h, 100% 
methanol for 2 h, Visikol-HISTO-1 (Visikol Inc., Hampton, 
NJ, USA) for 24 h, and then in Visikol-HISTO-2 (Visikol Inc.) 
for 24 h.36

FJ-C labeling and imaging. For conventional FJ-C label-
ing, the original protocol19 was used. In brief, tissue sections 
were washed in PBS, mounted on gelatin-coated glass 
slides, and air-dried on a slide warmer (60°C). The glass 
slides were immersed in basic alcohol for 5 min, in 70% eth-
anol for 2 min, in dH2O for 2 min, in 0.06% potassium per-
manganate for 10 min, in dH2O for 2 min, in 0.0001% F-J C 
solution (0.01% FJ-C stock solution in 0.1% acetic acid at a 
dilution ratio of 1:100) for 10 min, and in dH2O for 2 × 2 min. 
The glass slides were then air-dried on a slide warmer at 
60°C for 5 min, and coverslipped with DPX.

For FJ-C labeling in combination with tissue clearing, 
FJ-C was mixed in the final tissue-clearing media (1:100 dilu-
tion of 0.01% FJ-C stock solution). The tissue samples were 
incubated in this solution for the same length of time as the 

tissue-clearing procedure. Image acquisitions were made 
using a Nikon Eclipse-E400 microscope and fluorescein-
isothiocyanate (FITC) filter.

Results

To examine if FJ-C signal remained intact after coming in 
contact with different tissue-clearing reagents, FJ-C-labeled 
brain sections of KA-treated animals underwent differ-
ent tissue- clearing methods. Three organic solvent-based 
(BABB, uDISCO, and Visikol-HISTO), three aqueous hyper-
hydrating-based (CUBIC, RTF, and SeeDB2), and one hydro-
gel-embedded (pClarity) clearing methods were examined. 
The results indicated that the fluorescent signal of FJ-C 
remained intact after incubation with the organic solvent–
based methods BABB (Figure 1(A)), uDISCO (Figure 1(B)), 
and Visikol-HISTO (Figure 1(C)). Among the aqueous hyper-
hydrating-based methods, fluorescent signal remained intact 
after incubation with SeeDB2 (Figure 1(D)) but disappeared 
after incubation with RTF (Figure 1(E)). The CUBIC method 
employs two incubation media sequentially, CUBIC-L for 
tissue clearing and CUBIC-R for homogenizing refractive 
index of the tissue. While FJ-C-labeled cells remained vis-
ible after the incubation with CUBIC-L (Figure 1(F)), they 
disappeared after incubation with CUBIC-R (Figure 1(G)). 
Fluorescent signal was also lost after incubation with the 
hydrogel-embedded method pClarity (Figure 1(H)). The 
incubation temperature of the conventional pClarity method 
was at 37°C. To rule out the possibility that the destruction of 
FJ-C signal during pClarity incubation was not due to higher 
temperature but rather chemicals in the incubation medium, 
previously FJ-C-labeled tissue sections were also incubated 
with pClarity medium at room temperature. Again, FJ-C 
signals were gone after incubation (Figure 1(I)), suggesting 
that the disappearance of signal was due to chemicals in the 
incubation medium.

Histochemical labeling by FJ-C is based on affinity bind-
ing between FJ-C molecules and FJ-C labeling sites expressed 
in the tissue. When the FJ-C signal disappears after incu-
bation with tissue-clearing media like in RTF and pClarity, 
the chemical reagents in the incubation media might have 
destroyed the FJ-C fluorophore or the FJ-C labeling targets 
in the tissue. To investigate this issue further, tissue sections 
that had previous FJ-C labeling signals that disappeared 
after incubation with RTF and pClarity, respectively, were 
then washed to remove the tissue-clearing reagents and 
subsequently stained with FJ-C. The results showed FJ-C-
labeled cells again (Figure 2(A) and (B)). These data suggest 
that FJ-C labeling sites in the tissue samples after RTF and 
pClarity incubations remained intact and the media of RTF 
and pClarity only destroyed the FJ-C fluorophores.

The conventional FJ-C labeling method consists of a series 
of incubation steps and requires the use of basic alcohol, 
acetic acid, and potassium permanganate as incubation rea-
gents.19 Since potassium permanganate can give tissues a 
dark-brown color, the use of potassium permanganate is at 
odds with the principle of tissue clearing. Therefore, altera-
tions to traditional FJ-C labeling were considered. Previous 
work has shown that FJ-C labeling could be achieved with-
out the use of basic alcohol, acetic acid, and potassium 
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permanganate.37,38 Therefore, a modified approach was 
tested by which FJ-C stock solution was directly diluted 
in the final tissue-clearing incubation media, so that tis-
sue clearing and FJ-C labeling were run simultaneously. 
Based on the results of the compatibility tests above, the 
following tissue-clearing methods were examined: BABB, 
uDISCO, Visikol-HISTO, SeeDB2, and CUBIC-L. The results 
of the combined approaches revealed that brain tissue of 
KA-treated animals exhibited FJ-C-labeled neurons, while 
those of saline-treated control animals did not, after tissue 
clearing with BABB (Figure 3(A) and (B)), uDISCO (Figure 3(C) 

and (D)), Visikol-HISTO (Figure 3(E) and (F)), CUBIC-L 
(Figure 3(G) and (H)), and SeeDB2 (Figure 3(I) and (J)).

Discussion

Tissue-clearing methods have been applied for fluorescence 
imaging of molecular targets in tissue samples such as 
endogenously expressed green fluorescence proteins (GFPs) 
or immunofluorescence-labeled proteins.4 However, the 
combination of tissue clearing and FJ-C labeling has not been 
reported previously. This study is the first to demonstrate 

Figure 1. FJ-C labeling following incubation with organic solvent–based methods: BABB (A), uDISCO (B), and Visikol-HISTO (C); hyperhydrating-based methods: 
SeeDB2 (D), CUBIC-L (E), RTF (F), and CUBIC-R (G); and the hydrogel-embedded method pClarity with incubation temperature at 37°C (H) and at room 
temperature (I). Scale bar indicates 50 µm for all panels.
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that FJ-C can be successfully combined with tissue clearing 
for the labeling of degenerating neurons. The fact that FJ-C 
could label neurons in KA-treated but not in saline-treated 
control tissue samples following tissue clearing suggests that 
FJ-C labeling remained specific for the detection of degen-
erating neurons in these combined approaches and tissue 
clearing did not produce FJ-C-labeled cells in the control 
tissue. Since FJ-C labeling has been widely applied in many 
different disease models of neurotoxicity or neurodegenera-
tion, the combined usage of tissue clearing and FJ-C labeling 
should work in the other animal models as well. The limited 
scope of this study serves as a proof of concept, and further 
studies are needed to confirm the utility of the combined 
usage of tissue clearing and FJ-C labeling in other animal 
models, and even to expand to include postmortem human 
tissue samples as well as additional tissue-clearing methods.

Our data suggest that FJ-C is compatible with some but 
not all tissue-clearing reagents. Thus, when selecting a par-
ticular method for tissue clearing and FJ-C labeling, in addi-
tion to specific factors such as tissue-clearing speed and 
efficacy, the compatibility issue of FJ-C with tissue-clearing 
reagents should be considered or tested. Since the tissue-
clearing incubation media may contain multiple chemical 
components, each single compound could be tested to deter-
mine which ones could destroy FJ-C fluorescence signal. The 
results could provide a practical guidance of FJ-C incom-
patible chemicals that should be avoided or substituted in 
tissue-clearing solutions. Alternatively, since there are sev-
eral different tissue-clearing methods are available to use, 
one could choose a tissue-clearing method from those that 
have been tested to be compatible with FJ-C, as presented 
in this study.

Taken together, our data show that all three tested organic 
solvent-based methods showed compatibility with FJ-C. 
Whether this could be generalized and applied to all organic 
solvent-based tissue-clearing methods that have been devel-
oped so far remains to be confirmed or contraindicated by 
additional studies. Concerning the aqueous hyperhydrat-
ing–based tissue-clearing methods, our results showed that 
FJ-C is compatible with SeeDB2 and CUBIC-L but not RTF 
and CUBIC-R. Since the purpose of CUBIC-R incubation is 
to homogenize the refractive index of the tissue, and is not 
directly involved in tissue clearing per se, CUBIC-R incuba-
tion may be omitted or substituted by another incubation 

Figure 2. FJ-C labeling after RTF incubation, wash, and re-stain for FJ-C (A), 
and after incubation with pClarity, wash, and re-staining with FJ-C (B). Scale 
bar indicates 50 µm for both panels. Because the RTF method can cause tissue 
shrinkage33 and the pClarity method can cause tissue expansion,32 the labeled 
cells overall in (A) appear smaller than those in (B).

Figure 3. FJ-C labeling in tissue samples of KA- and saline-treated animals 
following incubation with FJ-C compatible tissue-clearing media: BABB (A and 
B), uDISCO (C and D), Visikol-HISTO (E and F), CUBIC-L (G and H), and 
SeeDB2 (I and J). Left and right panels represent KA- and saline-treatment, 
respectively. Scale bar indicates 50 µm for all panels.
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medium that could homogenize refractive index and is 
compatible with FJ-C. Although hydrogel-embedded tissue-
clearing techniques have emerged with a few variations,39 
the core components remain the same, with differences in 
terms of (1) concentrations or ratios of chemical compounds, 
(2) whether using electrophoretic forces (active vs passive), 
(3) incubation times, and (4) incubation temperatures. 
Therefore, this study tested only one of them, pClarity, and 
the negative outcome of the pClarity test suggests that FJ-C 
may not be compatible with the incubation media of hydro-
gel-embedded tissue-clearing methods.

While the conventional FJ-C labeling requires the use 
of basic alcohol, acetic acid, and potassium permanganate, 
the modified approach in this study made FJ-C labeling 
much simpler by mixing FJ-C with the final tissue-clearing 
incubation media. This modification is based on previous 
observations that FJ-C labeling could be achieved without 
basic alcohol, acetic acid, and potassium permanganate.37,38 
The successful combination of FJ-C with tissue clearing 
allows two processes, tissue clearing and FJ-C labeling, to 
run simultaneously, and thus, no extra time is needed for the 
FJ-C labeling procedure. The combined approach of tissue 
clearing and FJ-C labeling may be further expanded by add-
ing additional molecular markers of interest for a multicolor 
labeling and imaging analysis.

In recent years, the light-sheet microscopy technique 
has been applied in studies to image tissue-cleared whole 
brains.4–6,12,40,41 The demonstration of the combined appli-
cations of tissue-clearing methods and FJ-C labeling in this 
study provided a foundation for future experiments that 
could make the visualization of FJ-C labeling in the entire 
brain after tissue clearing through a light-sheet imaging 
system possible. This combination would allow the acqui-
sition of 3D images containing specific brain regions and 
molecular targets for a more thorough spatial and quanti-
tative examination, and thus become a better tool for neu-
rotoxicity assessment.
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