TISSUE ENGINEERING: Part C
Volume 21, Number 3, 2015

© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tec.2014.0296

Application and Assessment of Optical Clearing
Methods for Imaging of Tissue-Engineered
Neural Stem Cell Spheres

Molly E. Boutin, BS,'® and Diane Hoffman-Kim, PhD'™3

Three-dimensional (3D) cell culture is an important tool that facilitates biological discoveries by bridging the
divide between standard two-dimensional cell culture and the complex, high-cell-density in vivo environment.
Typically, the internal structures of 3D tissue-engineered samples are visualized through an involved process of
physical sectioning, immunostaining, imaging, and computational reconstruction. However, recent progress in
tissue-clearing methods has improved optical-imaging-depth capabilities in whole embryos and brains by
reducing tissue opacity and light scattering, thus decreasing the need for physrcal sectioning. In this study, we
assessed the application of the recently published clearing techniques Clear'?, Scale, and SeeDB to tissue-
engineered neural spheres. We found that scaffold-free self-assembled adult hrppocampal neural stem cell
spheres of 100-um diameter could be optically cleared and imaged using either Clear'? or Scale, while SeeDB

only margrnally improved imaging depth. The Clear'>
sample expansion, and SeeDB led to sample shrrnkage Additionally, using Clear">
imaged spheres of C6 glioma cells and spheres of primary cortical neurons. We conclude that Clear™

protocol maintained sphere size, while Scale led to
we cleared and successfully
is the

most effective protocol of those tested at clearing neural spheres of various cell types and could be applied to
better understand neural cell interactions in 3D tissue-engineered samples.

Introduction

N RECENT YEARS, adult neural stem cells (NSCs) have

been identified as important players in the brain milieu
during health, aging, injury, and disease, and therefore as
potential therapeutic targets.'™® However, the differentiation
pathways and injury responses of NSCs remain inadequately
understood. Increased understanding can be gained by
studying NSCs in three-dimensional (3D) in vitro environ-
ments. Three-dimensional cell culture has been shown to
maintain natural cell polarity and gene expression, increase
cell—cell contacts, and slow cellular proliferation, relative to
traditional two-dimensional (2D) culture.”!° Historically,
spherical 3D tissues have been used as tumor models, and
current 3D culture systems, which include scaffold con-
structs and scaffold-free cell aggregates, are also leading to
widespread insights in areas such as drug screening, de-
velopment, and stem cell dynamics and differentiation.'' ™'

While 3D cell culture has many benefits, it also introduces
new challenges, as typical imaging techniques and 2D assays
must be adapted for 3D applications. The standard method for
visualizing the internal structures of 3D tissues has been se-
rial sectioning, subsequent histology or fluorescent staining,

imaging, and software reconstruction. This process is noto-
riously labor intensive and time consuming, it permanently
disrupts the 3D sample structure and slice reconstruction can
introduce structural artifacts.'” Algorithms have been in-
vestigated to reconstruct serial histological sections, aiming
to correct for sectioning artifacts.'®!” Alternatively, im-
provements in confocal and two-photon microscopes have
allowed researchers to image deeper into thick samples.'®
However, large, opaque 3D tissues remain difficult to image.

Refractive index mismatches between cellular components
cause light scattering, which makes fluorescent signal collec-
tion challenging in dense tissues. To address this problem,
optical clearing agents have been developed to reduce scat-
tering by better matching refractive indices within tissues or by
removing scatter-inducing cellular components.'®2° One of
the earliest chemical clearing protocols used a mixture of or-
ganic solvents, one part benzyl alcohol and two parts benzyl
benzoate (BABB), which renders tissues transparent but un-
fortunately quenches green fluorescence.?' > In 2011, a water-
based clearing reagent, Scale, was first used in whole mouse
brains and embryos.>* In 2012, the 3D Imaging of Solvent-
Cleared Organs, or 3DISCO, protocol was published, providing
a BABB-inspired, green-fluorescence-friendly, organic solvent
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protocol.” In 2013, three new clearing reagent protocols were
published: Clear™, Clarity, and SeeDB.228 Clear™” uses a
detergent- and solvent-free mixture of formamide and poly-
ethylene glycol. Clarity uses hydrogel embedding and elec-
trophoresis to yield a lipid-free polyacrylamide-gel-embedded
sample. Finally, SeeDB is a protocol that involves moving
samples through an increasing fructose gradient. All of these
clearing protocols have been developed for use on whole
mouse embryos or organs.

To our knowledge, the application of optical clearing
techniques to 3D tissue-engineered neural structures has not
been explored. Herein we aimed to optically clear scaffold-
free self-assembled spheres, with microscale diameters
ranging from 100 to 300 um. Although these spheres have a
smaller size range than a mouse embryo or organ, their
cellular density and optical opacity often exceeds that of
in vivo tissues because there is no initial matrix material.
The ideal clearing protocol would allow the user to image
into the sphere center, lead to negligible sample changes, be
minimally complex, and be compatible with immunostain-
ing fluorophores and a standard confocal microscope. To
this end we tested the clearing techniques ClearTz, Scale,
and SeeDB on 3D self-assembled NSC spheres with the goal
of determining an appropriate protocol. We compared im-
aging of whole uncleared spheres with control cryosectioned
spheres, and assessed the effects of clearing methods on
sample transparency, size, and visualization of fluorescently
labeled cellular components.

Materials and Methods
Cell culture

Adult hippocampal NSCs. Rat adult hippocampal NSCs
(Millipore) were expanded on tissue culture flasks coated
with 10 pg/mL poly-L-ornithine (Sigma) in water and 5 pg/
mL laminin (Life Technologies) in phosphate-buffered
saline (PBS). Cell medium was composed of Neurobasal-A
(Life Technologies) with 1% penicillin/streptomycin,
2mM L-glutamine, 1X B27 growth supplement without
vitamin A (Life Technologies), and 20 ng/mL basic fibro-
blast growth factor (bFGF; Millipore). Cells were passaged
with Accutase (Millipore) for detachment and used before
passage 5. All centrifugations were performed at 300 g for
3 min.
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C6 glioma cells. Rat C6 glioma cells (American Type
Culture Collection) were maintained in Dulbecco’s modified
Eagle’s medium (11995-065 Life Technologies) with 1%
penicillin/streptomycin and 10% fetal bovine serum. Cells
were passaged with 0.25% trypsin for detachment. All
centrifugations were performed at 1360 g for 6 min.

Cortical neurons. Primary cortical neurons were dis-
sected from postnatal day 1 CD rats (Charles River Labora-
tories). Isolation protocol was adapted from the BrainBits
Primary Neuronal Cell Culture Protocol (BrainBits, LLC).
Harvested cells were seeded directly into 3D microtissue gels
(see “Formation of 3D self-assembled microtissues” sub-
heading). Cortical neurons were maintained in Neurobasal-A
medium with 1% penicillin/streptomycin, 0.5 mM Glutamax
(Gibco), and 1X B27 growth supplement (Life Technologies).

Formation of 3D self-assembled microtissues

Scaffold-free microtissue spheres were fabricated using
agarose gels with spherical microwells to guide self-
assembly.”” Briefly, agarose gels of 2% wt/vol agarose and
0.9% wt/vol sodium chloride were formed from molds with
400-pm-diameter rounded pegs (Microtissues, Inc.). NSCs,
C6 cells, and cortical neurons were seeded into gels at a
density of 50, 200, and 2000 cells/sphere, respectively. Cell
medium was changed every 2 days and phase images were
taken daily on a Nikon Eclipse TS100 microscope with a
10x objective.

Whole-sphere fixation and immunostaining

NSC, C6, and cortical neuron spheres were fixed in 4%
vol/vol paraformaldehyde and 8% wt/vol sucrose in PBS
overnight on days 3, 1, and 7, respectively, followed by
three 1-h washes in PBS. Spheres were then removed from
agarose gels. All subsequent steps were performed at room
temperature on a VWR DS-500 shaker plate at 90 rpm.
Spheres were permeabilized and nonspecific staining was
blocked by incubation in 1% Triton X-100, 10% normal
goat serum, and 4% bovine serum albumin in PBS (B-PBT)
for 2 h. Spheres were incubated in primary antibody diluted
in B-PBT overnight (see Table 1 for antibodies used). Next,
spheres underwent two 2-h washes in 0.2% Triton X-100 in
PBS (PBT), followed by one 2-h wash in B-PBT. Spheres

TABLE 1. PRIMARY AND SECONDARY ANTIBODIES

Primary antibody

Corresponding secondary antibody

Antibody Dilution Company catalog No. Antibody Dilution Company catalog No.
Mouse monoclonal 1:200 Millipore Goat Cy3 1:500 Jackson
anti-nestin MAB353 anti-mouse 115-165-068
Rabbit polyclonal 1:100 BTI Goat dylight 488 1:500 Jackson
anti-laminin BT-594 anti-rabbit 111-485-144
Mouse monoclonal 1:50 Abcam Goat Cy3 1:200 Jackson
anti-pan cadherin ADb6528 anti-mouse 115-165-068
Rabbit polyclonal 1:200 Dako Goat Cy3 1:500 Jackson
anti-S100 70311 anti-rabbit 111-165-144
Mouse monoclonal 1:50 Covance Goat Cy3 1:50 Jackson
anti-neuronal MMS-435pP anti-mouse 115-165-068

class III B-tubulin




294

were then incubated in secondary antibody diluted in B-PBT
overnight in the dark (Table 1). Next, spheres underwent
two 2-h washes in PBT, followed by incubation in a 1 pg/
mL 4’,6-diamidino-2-phenylindole (DAPI) PBT solution for
1 h. Spheres were then returned to PBS.

Clearing protocols

Clearing protocols were performed at room temperature
on a shaker plate at 90 rpm. Control, uncleared spheres were
kept in PBS solution. Control spheres for evaluation of
autofluorescence, treated with secondary antibody and no
primary antibody, were tested for each clearing protocol.
Whole spheres were kept in control PBS or final clearing
solution and transferred to a glass-bottom confocal dish for
imaging.

Clear'. Following the Clear™ method,26 stock solu-
tions of 20% and 40% wt/vol 8000-MW poly-ethylene
glycol (PEG; Sigma) were made in water, while a 50% vol/
vol formamide (Sigma) stock solution was made in PBS.
The protocol for sections between 200 and 1000 um was
followed (Table 2).

Scale. Following the Scale method variant, ScaleA2,**
clearing solution consisted of 4 M urea, 0.2% wt/vol Triton
X-100, and 10% wt/wt glycerol in water. The published
ScaleA2 solution contained 0.1% wt/vol Triton X-100,
which was doubled to improve clearing. See Table 2 for
Scale protocol.

SeeDB. Following the SeeDB method variation for min-
imal sample size change, SeeDBp,28 solutions of 20%, 40%,
60%, and 80% wt/vol fructose in PBS, and 100% and 115%
wt/vol fructose in water were made. All solutions contained
0.5% vol/vol a-thioglycerol. See Table 2 for SeeDB protocol.

Sphere embedding and cryosectioning

Day-3 NSC spheres were fixed and washed as earlier and
then taken through a gradient of 15% and 30% wt/vol sucrose
in PBS over 6 h. Whole agarose gels containing spheres were
removed from sucrose, blotted dry, and embedded in Tissue-
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Tek CRYO-OCT Compound (Andwin Scientific). Blocks
were stored at —80°C, sectioned on a Leica CM3050 S
cryostat into 8-um-thick sections, and placed on SuperFrost
Plus slides (Fisher Scientific).

Cryosection immunostaining

After air-drying for 15 min, sections were postfixed in
4% paraformaldehyde in PBS at room temperature for
10 min. Sections were then placed in two 5-min washes in
PBS, and permeabilized for 15 min in PBT, followed by
two 5-min PBS washes. Nonspecific staining was blocked
by incubation in B-PBT for 1h at room temperature. After
blocking, primary antibody solution was placed on sections
overnight at 4°C in a humidified chamber (Table 1). Sec-
tions then underwent two 30-min PBS washes, followed by
a 30-min PBT wash. Secondary antibody solution was put
on sections for 1 h at room temperature (Table 1), followed
by two 10-min PBT washes. Samples were counterstained
with 1 pg/mL DAPI for 10 min. Sections underwent a final
PBS wash before mounting with Fluoromount-G (Southern
Biotech).

Imaging

All confocal imaging was performed on a Zeiss LSM
510 Meta Confocal Laser Scanning Microscope built on an
Axiovert 200M inverted microscope with ZEN 2009 soft-
ware. Objectives used included a 20 x air objective (Plan
Apochromat, NA =0.8, working distance=0.55 mm) and a
40 x water objective (C Apochromat, NA=1.2, working
distance =0.28 mm). The size of the confocal aperture was
1 Airy disk and for 20 x z-stacks, the optimal slice thick-
ness of 1.035 um was used. For z-stacks, master gain was
adjusted for differences in signal intensity along structure
thickness using the Auto Z Brightness Correction function,
which performs spline interpolation between inputted
z-depth/gain pairs. Laser power was kept constant during
image acquisition. DAPI was visualized using a 405-nm
diode laser, Dylight 488 was visualized with a 488-nm
Argon laser, and Cy3 was visualized with a 561-nm diode
laser. Images were pseudocolored to optimize visualization
of fine cellular details.

TABLE 2. SUMMARY OF CLEARING PROTOCOLS

8h in 40% fructose

. 8h in 60% fructose

. 12h in 80% fructose
. 12h in 100% fructose

a-Thioglycerol

increasingly viscous
and difficult to
manipulate

Protocol Reagents Protocol summary Length Notes Reference
Clear™  Formamide 1. 10min in 25% formamide/10% PEG  1.5h Kuwajima ef al.*
PEG 2. 5min in 50% formamide/20% PEG
3. 60min in 50% formamide/20% PEG
Scale Urea 1. 24h in Scale 3 days Samples become Hama er al.**
Triton X-100 2. 24h in fresh Scale mechanically fragile
Glycerol 3. 24h in fresh Scale
SeeDB  Fructose 1. 8h in 20% fructose 3 days Solutions become Ke et al.*®
2.
3
4
5
6

. 24h in 115% fructose

PEG, poly-ethylene glycol.
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Transmission images and statistical analysis

Transmission images of whole spheres were taken on a
Leica ZOOM 2000 dissection scope. Diameter measurements
were performed in ImageJ. Statistical significance between
live sphere diameters prior to fixation and sphere diameters
after immunostaining was tested with a two-tailed r-test.
Statistical significance between PBS control and cleared
spheres was tested with a Kruskal-Wallis one-way analysis
of variance followed by Dunn’s method for multiple com-
parisons versus a control group using SigmaPlot 12.3 (Systat
Software, Inc.).

Results

We prepared rat adult hippocampal NSC spheres by self-
assembling cells in nonadhesive agarose gels with spherical
microwells of 400-um diameter. After 3 days in culture,
NSC spheres seeded at a density of 50 cells per sphere were
104.64 £22.01 um in diameter.

A Optical Sections B

z=15um

30 pm

¥ e

50 pm

=

Physical Cryosections
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Optical sectioning of whole spheres preserved cellular
morphology but did not allow for inner-tissue imaging

Using a confocal microscope, we imaged whole NSC
spheres that had been fixed after 3 days in culture. Optical
sectioning allowed for visualization of fine NSC structures,
including nestin-labeled extensions and DAPI-counter-
stained dividing cells (Fig. 1A). However, fluorescent signal
losses began at a z-depth of 20-30 pm into the sphere and
soon prevented further imaging.

Physical cryosectioning preserved cellular morphology
and allowed for imaging of sections of inner tissue

We assessed the use of physical sectioning to view the
inner structures of NSC spheres. To allow for comparisons
between physical and optical sections at corresponding
depths, physical sections were selected whose diameters
matched those of previously obtained optical sections.
Eight-micron-thick cryosections retained fine NSC features,

FIG. 1. Comparison of optical and physi-
cal sections of neural stem cell (NSC)
spheres shows signal losses in center of
optical sections. NSC spheres fixed after 3
days in culture were 104.64+22.01 um in
diameter. (A) Optical sections of im-
munostained whole spheres in phosphate-
buffered saline (PBS), at depths of 15, 30,
and 50 pm. (B) Cryosections of 8-pm
thickness were immunostained and images
show sections of corresponding sizes to
optical sections. Immunostaining was per-
formed for nestin (red), and counterstained
for DAPI (cyan). Arrows highlight cellular
extensions; arrowheads highlight dividing
cells. Scale bar indicates 50 um. Color
images available online at www.liebertpub
.com/tec



296

including nestin-labeled stem cell processes and cells in
different stages of division (Fig. 1B).

Optical clearing agents affected light transmission
and sample size

To achieve inner-tissue imaging while preserving cellular
morphology and 3D organization, we tested optical clearing
agents on whole NSC spheres. Potential optical clearing
agents in the literature were identified and tested, including
ClearTz, Scale, and SeeDB.?+26-28

The Clear"? protocol took ~ 1.5 h. The published Clear™>
protocol variant for thicker samples was tested and did not
further improve clearing in tested samples. Both the Scale
and the SeeDB protocols were 72h in duration. Using the
published Scale protocol length of 21 days did not further
improve clearing in tested samples. Scale treatment resulted
in spheres that were more fragile and susceptible to tearing
than PBS controls. SeeDB solutions of 100% and 115%
fructose were highly viscous, which made sphere manipu-
lation difficult, and resulted in the loss of many samples.
Protocols are summarized in Table 2.

All clearing protocols resulted in more optically trans-
parent samples, comgared with PBS control spheres (Fig.
2A). Scale and Clear 2 allowed the most light transmission,
while SeeDB was slightly more transparent than a control
sample. It should be noted that the viscosity of 115% SeeDB
solution made the acquisition of an in-focus image con-
taining both a sample sphere and background challenging.

Because clearing protocols can cause tissue swelling or
shrinkage, we measured the diameter of spheres at day 3 in
culture, after the immunostaining protocol, and after each
clearing protocol (Fig. 2B). On day 3 in culture, live NSC
spheres had an average diameter of 104.64+22.01 um
(n=72 spheres, dotted line Fig. 2B). After fixation and
immunostaining, spheres in PBS had an average diameter of
102.53+£21.40 um (n="73), which was not significantly

A Control

FIG. 2. Changes in transparency and
size were observed in 3-day-old NSC
spheres after clearing with different
methods. (A) Light transmission im-

B 2001

BOUTIN AND HOFFMAN-KIM

different than before fixation (p=0.561). Clear"*-treated
spheres had a diameter of 99.77+22.3 (n=47), which was
not significantly different from PBS control spheres. Scale
protocol treatment resulted in sphere expansion ( p <0.05) to
an average diameter of 139.2+32.64 (n=58). SeeDB pro-
tocol treatment resulted in sphere shrinkage (p <0.05) to an
average diameter of 76.2+£13.77 (n=17).

Tissue clearing with Clear™ and Scale allowed
confocal imaging to a depth of 100 um

To visualize the effects of clearing protocols on imaging
ability, we imaged immunofluorescently labeled samples on a
confocal microscope (Fig. 3). As expected in control spheres,
fine features were visible at z-depths of up to 30 pm, while at
larger z-depths there was a low signal-to-noise ratio, which
resulted in difficulties distinguishing cellular features. Clear -
and Scale-treated spheres were both imageable up to 100 pm,
the full diameter of the Clear">-cleared sphere. In Clear -
treated spheres, fine features within the center of the sphere
were visible. Scale-treated spheres had more light scattering
than Clear" *treated spheres, as can be visualized by a decrease
in signal from the center of the 50- and 70-pm Scale z-stack
slices. Spheres in SeeDB had a low signal-to-noise ratio and
DAPI-labeled nuclei were difficult to distinguish. Comparing
projection images of control to Clear'>- and Scale-treated
spheres demonstrated that the outer structures of spheres re-
mained intact with these methods. While Clear'> and Scale
both allowed imaging 100 um into NSC spheres, the sample
expansion seen with Scale treatment (Fig. 2B) led us to choose
Clear™ for further study.

Clear™ allowed visualization of extracellular matrix
and transmembrane proteins in NSC spheres

Although self-assembled microtissues are initially formed
without matrix material, we have observed that matur-
ing neural spheres express extracellular matrix proteins

Scale SeeDB

Clear™

ages of control and cleared spheres
imaged on crosshatched backgrounds 180 - 4
to show relative differences in trans-
parency. White dotted lines outline 160
spheres. Scale bar indicates 50 pm. - i
(B) Graph of NSC sphere diameters £ 4
after fixation, immunostaining, and 5 120
incubation in either control PBS or T
clearing solutions. Horizontal dotted ~ § 100
line indicates average sphere diameter & 801
prior to fixation. *p <0.05. Color -
images available online at www S 60
Jliebertpub.com/tec u

40 1

20 1

0- Control

Clear™ Scale SeeDB



OPTICAL CLEARING METHODS FOR IMAGING OF NEURAL SPHERES

SeeDB Scale Clear™

|.

(Yu-Ting Liu Dingle, unpublished data). To see whether
NSC extracellular and transmembrane proteins were pre-
served during the clearing process, spheres were stained for
the extracellular matrix molecule laminin (LN) and the cell-
cell adhesion protein cadherin (Fig. 4). In 3-day-old NSC
spheres, LN was observed localized to cells and in the ex-
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FIG. 3. Confocal slices at denoted z-
depths and corresponding projections of 3-
day-old NSC spheres show changes in fluo-
rescent nestin (red) and DAPI (cyan) signal
visualization due to the application of dif-
ferent clearing protocols. Gray boxes repre-
sent depths at which an image could not be
acquired. Scale bar indicates 50 pm. Color
images available online at www.liebertpub
.com/tec
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tracellular space, while cadherin was present at sites of cell—
cell contact. Imaging at comparable depths (z=10pum) in
control and Clear *-treated spheres confirmed that antigens
were preserved after clearing (Fig. 4A, B). LN and cadherin
expression was visible throughout the Clear'> NSC sphere
(Fig. 4C, D).
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A Control z=10pum

FIG. 4. Extracellular lami-
nin and transmembrane cad-
herin were preserved after
the Clear™ protocol. NSC
spheres were fixed after 3
days in culture, im-
munostained, DAPI counter-
stained (blue), and cleared.
Comparing superficial opti-
cal sectlons of control (A)
and Clear"*-treated (B)
spheres demonstrates that
laminin (green) and cadherin
(red) antigens were pre-
served after clearing C
(z=10 pm). (C) Laminin and
cadherin staining was visible
within the ClearT2-treated
sphere (z=25 pum). (D) Z-
stack projection of an entire
sphere (diameter="76 pm)
shows cadherin located at
cell—cell junctions and lami-
nin present extracellularly.
All scale bars indicate 50 um.
Color images available
online at www.liebertpub
.com/tec

Clear™ z=25pm

Clear™ was successfully applied to self-assembled
spheres of other cell types

We explored whether Clear’> could be applied to spheres
composed of different neural cell types. C6 glioma cells
were selected for testing because spheres are commonly
used as tumor models, and cortical neurons were chosen to
assess Clear’™ compatibility with primary neuronal cell
spheres.

In 1-day-old C6 spheres, fine detail in the calcium-bind-
ing protein S100 could be seen in both control (Fig. 5A) and
Clear™-treated (Fig. 5B) samples, which demonstrated that
the S100 antigen was preserved after clearing. An inner
optical slice (Fig. 5C) and the reversal of a projection image
(Fig. 5D) illustrated that cleared spheres could be imaged at
all z-depths.

In 7-day-old primary cortical neuron spheres, a compar-
ison of B-III tubulin-labeled processes between control (Fig.
5E) and Clear >-treated (Fig. 5F) samples displayed that
clearing preserved B-III tubulin antigens. In Clear-treated
spheres, B-IIT tubulin could be observed even in the middle
of central z-slices (Fig. 5G). A projection image of a z-stack
taken through half of the sphere thickness allowed for vi-
sualization of the dense B-III tubulin-labeled neurite net-
work within these spheres (Fig. SH).

Discussion

Significant effort has been focused on improving optical
imaging of thick native tissues through clearing agents, with
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Clear™ z=10pum

D Clear™ Projection
Cadherin Cadherin
LN

an emphasis on maximizing fluorescent signal collection by
reducing light scattering, and maintaining the physical
characteristics of samples. Herein we assessed the efficacy
of existing optical clearing protocols on self-assembled,
scaffold-free spheres composed of different neural cell
types. Specifically, we tested Clear™, Scale, and SeeDB on
3-day-old rat adult hippocampal NSC spheres of ~ 100 pm
in diameter, and found that Clear"? was the most effective in
clearing these samples. Additionally, we investigated the
application of Clear™” to spheres composed of C6 glioma
cells or primary cortical neurons, and found that ClearT2 was
also able to clear these structures. These clearing techniques
were developed for whole native tissues and had not been
previously tested on tissue-engineered neural spheres; this
work provides the first evidence of such an application.
Clear™ was developed with the goals of creating a
method that could be performed in an abbreviated time-
span, and preserved sample volume and fluorescent signal.
It was originally applied to whole mouse embryos and
postnatal mouse brains in conjunction with lipophilic dyes,
fluorescent tracers, endogenous fluorescence, and fluo-
rescent antibody immunostaining.?® In our application of
Clear™ to neural spheres, we found that sample volume was
preserved and fluorescent signal was detectable at all depths
within spheres of 100-um diameter. Both counterstain DAPI
excitation fluorescence of 405 nm and secondary antibodies
with excitation wavelengths of 488 and 550 nm were pre-
served after clearing. No changes in physical structure of,
for example, B-III tubulin-labeled processes, were observed
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A Control z=10pm

Clear™

z=60pum

C6 glioma
@)

Clear™

Z=65um

Cortical neurons
o

Lol tubulin ot

FIG. 5. Clear™

299

Clear™ z=10pum

Clear™ Projection

@@

Clear” z=10um

protocol was successfully applied to spheres composed of various neural cell types. (A-D) C6 glioma

spheres were fixed after 1 day in culture, immunostained, DAPI counterstained (cyan), and cleared. Comparing superficial
optical sections of control (A) and Clear! “-treated (B) spheres illustrates that S100 (red) antigen was preserved after
clearing (z=10pum). (C) Clear'*-treated sphere shows S100 staining halfway through the sphere (z=60pm). (D) 180°
rotation of 110-um z-stack projection demonstrates effective clearing throughout the entire C6 sphere. (E-H) Primary
cortical neuron spheres were fixed after 7 days in culture, 1mmunosta1ned DAPI counterstained (blue), and cleared.
Comparing superficial optical sections of control (E) and Clear %_treated (F) spheres confirms that B-IIT tubulin (yellow)
antigen was preserved after clearing (z=10 pm). (G) Clear"*-treated sphere shows B-III tubulin staining halfway through
the sphere (z=65pum). (H) Z-stack projection of half of a cortical sphere (depth=67 pm) displays B-III tubulin network
formation in sphere periphery. All scale bars indicate 50 pum. Color images available online at www.liebertpub.com/tec

after treatment. Extracellular, transmembrane, and intracel-
lular proteins were preserved following Clear'” treatment.
The development of Scale was focused on preserving
endogenous fluorescent signal and clearing deep into mouse
embryos and mouse brains of all development stages. With
Scale treatment, the authors observed sample expansion, and
quantified this expansion as 1.25-fold linear after 5 days in
Scale.* Atsushi Kaida er al. applied the Scale clearing
protocol to self-assembled spheres composed of cancerous
HeLa cells expressing the fluorescent ubiquitination-based
cell-cycle indicator (Fucci).*® In that study, Scale clearing of
10-13-day-old, 500-pum-diameter spheres allowed for an
increase of imageable z-distance from 60 pm in live spheres,
to 200 um in fixed, cleared spheres. However, sample ex-

pansion was observed and the 1.25-fold linear expansion
reported in the Scale publication was assumed, suggesting
that the imaging depth was actually 160 pm (not 200 pum) of
the original sphere. Based on the diameter expansion re-
ported in the present study of 1.36-fold after only 3 days, we
suggest that expansion with Scale may be dependent on
sample, including cell type, matrix components, and matu-
rity, and should be calculated in a sample-dependent man-
ner. Spheres presented herein were relatively immature and
likely had little connective matrix material, potentially
making them more permissive to expansion than the ma-
tured and highly connected adult mouse brain.

In the original Scale publication, the authors restored the
original optical opacity of cleared samples using PBS, and
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subsequently performed immunostaining to ensure that ex-
pansion was not permanently disrupting or distorting phys-
ical structures. Restored, immunostained samples were seen
to have identical fluorescent cell structures and patterning to
uncleared samples.”* Our protocol differs as immunostain-
ing is performed prior to Scale clearing; we investigate
whether Scale will allow for the subsequent visualization of
immunofluorescently labeled cell structures. Of note, we
demonstrate that antibody binding and fluorescence are
compatible with 3 days of Scale treatment in NSC spheres.

SeeDB was developed as a method to clear adult mouse
brain and olfactory bulb while preserving the fluorescence
of lipophilic dextran tracers and endogenous proteins, and
maintaining sample volume.”® The refractive indices of
SeeDB and Scale are 1.49 and 1.38, respectively. While the
refractive index of the Clear' solution was not reported,26
we can estimate the refractive index to be between 100%
formamide and water, which have indices of 1.45 and 1.33,
respectively.®! Differences in refractive indices may make
particular clearing protocols suitable to clear different tissue
types.”® The refractive index of SeeDB is around that of
lipids and, as shown in the SeeDB publication, SeeDB was
more successful than Scale at clearing lipid-rich white
matter in brains, suggesting that refractive index matching
was optimized with SeeDB. The NSC samples tested herein
were maintained in a stem-like state with bFGF, so differ-
entiation into myelinating cells was minimal. This suggests
that the refractive index of our NSC spheres was lower than
white matter, and the refractive index of SeeDB was not
matched to our samples, which resulted in poor clearing.

While sample volume changes were not observed in the
original SeeDB publication,”® we observed a 0.74-fold
sphere diameter reduction after SeeDB treatment. We hy-
pothesize that differences in maturity between our 3-day-old
spheres, and developing or mature mouse brains, may have
made our samples more susceptible to compression by the
saturated fructose solution. This finding also highlights the
need to investigate the effects of different clearing protocols
on a sample-dependent basis.

The original Scale and SeeDB publications included the
development of microscope objectives corrected for the
specific refractive indices of the clearing solutions. We did
not use these specialized microscope objectives even though
they may have increased imaging depths in the current
study; our goal was to investigate clearing protocols that
were compatible with accessible and affordable confocal
microscope objectives. Additionally, while it has been ob-
served that refractive index mismatches between the im-
mersion medium and tissue can lead to measurement errors,
these mismatches can be simply accounted for by using
correction factors to rescale image dimensions.*>*

There are clearing protocols that did not fall within the
scope of this study. The 3DISCO protocol involves tissue
dehydration with tetrahydrofuran and subsequent clearing
with dibenzyl ether.”> 3DISCO demonstrated excellent
clearing of whole brain and spinal cord. However, it is
established that the dehydration steps required for organic
solvent use can cause sample shrinkage, and our goal was
to identify a protocol that did not induce sample size
changes.25-34

The clearing protocol Clarity has received much attention
because of its success in clearing whole mouse brains and
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human brain tissue, and its compatibility with and en-
hancement of typical immunostaining methods.>” This
protocol involves the perfusion of tissues with polyacryl-
amide monomers and paraformaldehyde, polymerization of
the polyacrylamide-tissue complex, and removal of tissue
lipids through an ionic extraction technique. While Clarity is
useful and perhaps necessary for whole-organ tissues, this
protocol may be overly complex and cost prohibitive for
samples on the order of hundreds of microns. For these
reasons the Clarity protocol was not tested in this study;
however, future research may find that it can be adapted for
small microtissues.

There are many innovative image and data acquisition
techniques that can be applied in conjunction with optical
clearing. For example, Calle et al. recently investigated the
use of the clearing technique BABB in conjunction with
two-photon-induced tissue autofluorescence and second-
harmonic generation to visualize extracellular matrix mol-
ecules in thick samples.*> Chen er al. have applied the
commercially available clearing reagent FocusClear to 3D
intestinal crypt organoids and biopsied tissues to supple-
ment conventional 2D slice histopathology.*® Combining
acquisition techniques with clearing protocols will allow
researchers to maximize the information obtained from
tissue-engineered samples and increase the throughput of
imaging and analysis of intact 3D tissues.

Conclusions

Through the application of optical clearing protocols
to scaffold-free self-assembled spheres we highlight that
clearing protocols can have diverse effects on sample size
and opacity, and should be chosen in a sample-dependent
fashion. We show that Clear'® maintains the size of scaf-
fold-free self-assembled spheres, is compatible with typical
immunostaining techniques, and allows imaging through
100-pm-diameter spheres. Thus we conclude that Clear"? is
a valuable tool for studying tissue-engineered 3D structures
of various neural cell types.
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