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. information from the outside world is detected by
Introduction the retina. Neuronal activity generated in the retina
is transmitted through the optic nerve to the visual

The eye_is a crucial organ for visual percep‘Fion. system in the brain. The retina contains not only
After entering through the pupil and the lens, visual = various types of neurons such as retinal ganglion cells
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(RGCs) but also retinal pigmented epithelial cells and
microglia, all of which are important for the physio-
logical functions of the retina. These cells in the retina
are often damaged and involved in pathological condi-
tions; for example, RGCs are degenerated in glaucoma
patients, and microglia are activated in response to
inflammation and infection in the eye.! > Molecular
and histological analyses of the retina are crucial for
understanding the functions and pathophysiology of
the retina.

Previously, many studies performed molecular and
histological analyses of the eye using classical tissue
sections and histological techniques. Although these
classical techniques are useful for analyzing fine struc-
tures within tissue sections, images of the whole retina
are difficult to obtain. Furthermore, because the retina
is thin and fragile, it is often difficult to maintain
the morphology and structures of the native retina
during cutting and staining. Another technique used
for the retina is immunostaining using isolated free-
floating retinas. The whole retina isolated from the eye
can be stained with antibodies and dyes. This stain-
ing using isolated free-floating retinas provides not
only structural information about the retinal layers but
also spatial information about the whole retina. On
the other hand, however, retinal pigmented epithelium
and the peripheral retina are lost during preparation
of isolated free-floating retinas; therefore, it would be
desirable to have a novel analytical technique to inves-
tigate the intact eye.

Recently, several pioneering studies have reported
tissue clearing methods such as Scale, SeeDB,
CLARITY, 3DISCO, ClearT, and CUBIC,*” which
have enabled acquiring images of the whole organs
without making tissue slices. These methods have been
used mainly for brains, but they are also useful for
other organs,'® 1% providing fundamental information
for understanding the functional and pathophysio-
logical mechanisms. For this reason, we thought it
would be valuable if a tissue clearing method could be
applied to the intact eye; however, it has been difficult
to apply tissue clearing methods to the eye, mainly
because the eye contains abundant melanin in the
retinal pigmented epithelium and the uvea. Indeed,
the eye remains black even after treatment with many
of the tissue clearing methods.'® By combining the
tissue clearing method CUBIC, melanin bleaching,
and immunostaining, we succeeded in making the
eye transparent and acquiring images of the retina
from outside of the eye without making sections. Our
procedure will significantly contribute to uncovering
the functions of the eye and the pathophysiological
mechanisms of its diseases.
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Materials and Methods

Animals

Institute of Cancer Research (ICR) mice
and C57BL/6J mice were purchased from SLC
(Hamamatsu, Japan). Normally pigmented sable
ferrets (Mustela putorius furo) were purchased from
Marshall Farms (North Rose, NY) and maintained
as described previously.!”"!” All procedures were
approved by the Animal Care Committee of Kanazawa
University. All animals were treated in accordance
with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research. All experiments
were performed at least three times and gave consistent
results.

CUBIC Reagents

CUBIC reagents were prepared just prior to use.
Before Triton X-100 (Sigma-Aldrich; St. Louis, MO)
was added, all other chemicals were dissolved with a
hot stirrer at 60°C. Because water evaporation makes
it difficult for highly concentrated chemicals to be
dissolved, the weight of the solution was monitored
frequently, and distilled water was added during a
mixing step. After all chemicals except Triton X-
100 were dissolved, the solution was cooled to room
temperature, and finally Triton X-100 was added.”'*

CUBIC-1 reagent contains 25% (w/w) urea (Nacalai
Tesque, Inc.; Kyoto, Japan), 25% (w/v) N,N,N’,N’-
tetrakis (2-hydroxypropyl) ethylenediamine (Tokyo
Chemical Industry; Tokyo, Japan), and 15% (w/v)
polyethylene glycol mono-p-isooctylphenyl ether
(Triton X-100). CUBIC-2 reagent was prepared as a
mixture of 50% sucrose (Nacalai Tesque), 25% (W/v)
urea, 10% (w/v) 2,20,20'-nitrilotriethanol (Wako Pure
Chemical Industries, Ltd.; Osaka, Japan), and 0.1%
(v/v) Triton X-100.

Immunostaining Using Free-Floating Retinas

Immunostaining using free-floating retinas was
performed as described previously with modifica-
tions.” After mice were deeply anesthetized, the eyes
were dissected and fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) at 4°C
overnight. In each eye, the edge of the cornea was
pierced with sharp scissors. An incision was made along
the limbus, and the cornea was discarded. The lens
and the vitreous humor were removed. The cup-shaped
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retina was isolated and washed with PBS. Four to
five radial incisions reaching approximately 2/3 of the
radius of the retina were made using scissors to create
a petal-shaped retina.

For immunostaining, retinas were incubated with
blocking solution (0.5% Triton-X 100, 2% bovine
serum albumin) for 2 hours at room temperature
followed by incubation in primary antibodies overnight
at 4°C. The primary antibodies used here were mouse
Tujl (Covance; Princeton, NJ) and rabbit anti-Ibal
(Wako Pure Chemical Industries) antibodies. After
being washed with 0.5% Triton X-100/PBS three times
for 10 minutes each, retinas were incubated with
secondary antibodies plus either Hoechst 33342 or
propidium iodide (Life Technologies; Carlsbad, CA)
for 4 hours at room temperature. Retinas were washed
in 0.5% Triton X-100/PBS three times for 10 minutes
each and mounted on slides. Images of the retinas were
taken using a confocal microscope or an epifluores-
cence microscope.

Intact Eye Staining

Mice were deeply anesthetized and transcardially
perfused with 4% PFA/PBS. Eyes were isolated and
post-fixed with 4% PFA/PBS overnight at 4°C. The
pigmented eyes were immersed in 10% H,O,/PBS for
3 hours at 55°C to bleach the melanin.?! The eyes were
washed with 0.5% Triton X-100/PBS three times for
10 minutes each at room temperature.

CUBIC tissue clearing and immunostaining were
then performed as described previously with modifica-
tions.”>'* The eyes were immersed in CUBIC-1 reagent
at room temperature for 1 day with gentle shaking.
After being washed with PBS three times for 10 minutes
each with gentle shaking at room temperature, the eyes
were immersed in 20% sucrose/PBS at 4°C overnight.
The eyes were put in optimal cutting temperature
(OCT) compound (Sakura Finetek; Tokyo, Japan) and
frozen at —80°C for 24 hours. The frozen eyes were
thawed and washed with PBS at 37°C three times for
10 minutes each. The efficiencies of tissue clearing and
antibody penetration increased significantly after the
eyes were frozen in OCT compound at —-80°C overnight
and thawed with PBS at 37°C.

After unnecessary fat tissue around each eye was
removed using forceps and scissors, two small holes
were made at the ora serrata using a 29-gauge needle.
These two holes were located approximately 180° apart
from each other. One hole was used for injection and
the other for drainage. After block solution (0.1%
Triton X-100, 0.5% bovine serum albumin, 0.01%
sodium azide in PBS) was injected into the vitre-
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ous humor through a hole, the eyes were incubated
in the blocking solution with gentle shaking for 4
hours at room temperature. The same intravitreal injec-
tion procedure was used in the subsequent processes.
About 50 pl and 100 pl of antibody solutions were
injected into the mouse eyes and the ferret eyes, respec-
tively. The eyes were treated with primary antibod-
ies, including anti-Ibal (Wako Pure Chemical Indus-
tries), anti-Brn3a (Chemicon International; Temecula,
CA), anti-CD31 (BD Pharmingen; San Jose, CA),
and Tujl (Covance) antibodies, for 3 days at room
temperature and washed with 0.5% Triton X-100/PBS
three times for 10 minutes each. After the eyes were
treated with secondary antibodies plus either propid-
ium iodide or Hoechst 33342 for 1 day at room temper-
ature with gentle shaking, the eyes were washed with
0.5% Triton X-100/PBS three times for 10 minutes
each. The eyes were immersed in 20% sucrose/PBS
overnight and in CUBIC-2 reagent for 2 days at room
temperature.

When necessary, cup-shaped retinas were isolated,
and four to five radial incisions reaching approxi-
mately 2/3 of the radius of each retina were made
using scissors to create a petal shape. The retinas were
mounted on slides, and images of the retinas were taken
using a confocal microscope.

Imaging of Flat-Mounted Retinas and
Stained Eyeballs

The images of flat-mounted retinas and stained
intact eyes were taken using a BZ-9000 fluorescence
microscope (Keyence; Osaka, Japan) and a confocal
microscope (Carl Zeiss; Jena, Germany). The stained
intact eye could be stably placed on slides because the
CUBIC-2 reagent contains 50% sucrose.

Tissue Clearing and Melanin Bleaching Using
Intact Eyes

First, we applied CUBIC to the eyeballs of albino
ICR adult mice and pigmented C57BL/6J adult mice.
After cardiac perfusion with 4% PFA was performed,
the eyes were dissected and incubated in CUBIC-1
reagent to remove lipids, then in 20% sucrose, and
finally in CUBIC-2 reagent to reduce the refractive
index (Fig. 1A, Table 1). We found that the eyes of
ICR mice became markedly transparent (Fig. 1B),
suggesting that CUBIC is suitable for making the sclera
and the optic nerve transparent. In contrast, however,
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Figure 1.
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CUBIC and melanin bleaching of the eyes of adult mice and ferrets. (A) Experimental procedure for CUBIC used in (B) and (C);

see Table 1 for details. (B) Brightfield images of the eyes of ICR mice after PFA, CUBIC-1, and CUBIC-2 treatment. The eyes of ICR mice became
transparent after CUBIC treatment. (C) Brightfield images of the eyes of C57BL/6 mice after PFA, CUBIC-1, and CUBIC-2 treatment. The eyes of
C57BL/6 mice did not become transparent even after CUBIC treatment because of melanin in the uvea and the retinal pigmented epithelium.
(D) Experimental procedure for CUBIC combined with melanin bleaching used in (E) and (F); see Table 2 for details. (E) Brightfield images of
the eyes of C57BL/6 mice after PFA, H,0,, CUBIC-1, and CUBIC-2 treatment. (F) Brightfield images of ferret eyes after PFA, H,0,, CUBIC-1, and
CUBIC-2 treatment. Note that the combination of H,0, and CUBIC treatment efficiently made the mouse eye and the ferret eye transparent.
Scale bars, 20 mm.

Table 1. Detailed experimental procedure for

Table 2. Detailed experimental procedure for
Figures 1D-F

Day Procedure

Cardiac perfusion with 4% PFA
Isolation of the eye
Post-fixation in 4% PFA at 4°C overnight

Figures TA-C
Day Procedure
1 Cardiac perfusion with 4% PFA

Isolation of the eye

Post-fixation in 4% PFA at 4°C overnight

Washing with PBS, 10 min x 3
CUBIC-1T atRTfor1d
Washing with PBS, 10 min x 3
20% sucrose at 4°C overnight
CUBIC-2 atRTfor2d

2 Washing with PBS, 10 min x 3
Bleaching with 10% H,0, for 3 h at 55°C
Washing with PBS, 10 min x 3
CUBIC-1 at RT for 1 d

3 Washing with PBS, 10 min x 3
20% sucrose at 4°C overnight
4 CUBIC-2 atRT for2d

RT, room temperature.

RT, room temperature.
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Figure 2. Comparison ofimmunostaining using isolated free-floating retinas and intact eyes. (A) Experimental procedure forimmunostain-
ing using isolated free-floating retinas; see Table 3 for details. (B) Experimental procedure for immunostaining using intact eyes; see Table 4
for details. After staining, the retina was isolated from the eye, and the flat-mounted retina was used to take images. (C, D) Tuj1 immunos-
taining using an isolated free-floating retina (upper) and an intact eye (lower) of C57BL/6 mice. Note that RGC axons were clearly stained
with Tuj1 antibody in both cases. (E, F) Ibal immunostaining using an isolated free-floating retina (upper) and an intact eye (lower) of ICR

mice without CUBIC and melanin bleaching. Note that microglia were clearly stained with anti-lba1 antibody in both cases. Scale bars, 200
pum (C, E) and 100 pum (D, F).

translational vision science & technology



translational vision science & technology

Visualization of the Retina in Intact Eyes

Table 3. Detailed experimental procedure for the
retina staining in Figure 2A
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Table 4. Detailed experimental procedure for the
intact-eye staining in Figure 2B

Day Procedure Day Procedure
1 Isolation of the eye 1 Cardiac perfusion with 4% PFA
Fixation in 4% PFA at 4°C overnight Isolation of the eye
2 Washing with PBS, 10 min x 3 Post-fixation in 4% PFA at 4°C overnight
Isolation and preparation of the free-floating 2 Washing with PBS, 10 min x 3
retina Bleaching with 10% H,0, for 3 h at 55°C
Blocking with 0.5% Triton X-100 and 2% BSA Washing with PBS, 10 min x 3
for2h CUBIC-1 atRTfor1d
Incubation with first antibody at 4°C 3 Washing with PBS, 10 min x 3
overnight 20% sucrose at 4°Cfor1d
3 Washing with PBST, 10 min x 3 Freezing in OCT at -80°C overnight

Incubation with second antibody at RT for 4 h
Washing with PBST, 10 min x 3
Flat-mounting on slides
Imaging using a microscope
BSA, bovine serum albumin; PBST, 0.5% Triton X-100/PBS;
RT, room temperature.

consistent with previous studies, the eyes of C57BL/6J
mice remained black (Fig. 1C), presumably because
melanin is abundantly distributed in the uvea and the
retinal pigmented epithelium of C57BL/6J mice.'¢

Previously, it was reported that the treatment
of the retinal pigmented epithelium and choroidal
melanocytes with H;O, eliminated black color
efficiently.”’! We therefore hypothesized that treat-
ment of eyes with H,O, and CUBIC would make the
eyes of C57BL/6J mice transparent. We tried several
concentrations, incubation times, and temperatures
for the H,O, treatment and found that 10% H,O, at
55°C for 3 hours was optimum for eliminating black
color from intact eyes of C57BL/6J mice (Figs. 1D, 1E;
Table 2). Temperatures higher than 55°C and incuba-
tion times longer than 3 hours resulted in destruction
of the eye, and lower temperatures and shorter incuba-
tion times were not enough to eliminate the black color.
We found that the combination of H,O, and CUBIC
efficiently made the eyes of C57BL/6J mice transparent
(Fig. 1E).

We further examined whether our method of
combining H,O, and CUBIC is also applicable to
larger eyes. We used carnivore ferret eyes and found
that the same method efficiently made ferret eyes
transparent (Fig. 1F), suggesting that our method
is useful for the eyes of various kinds of animals.
In addition, it has been reported that various kinds
of tissue clearing methods affect the sizes of treated
tissues and, as a result, treated tissues are deformed.
It should be noted that the sizes of the eyeballs of

4 Washing with PBS, 10 min x 3
Blocking with 0.1% Triton X-100, 0.5% BSA at
RT for4 h
First antibody injection and incubation at RT
for3d
7 Washing with PBST, 10 min x 3
2nd antibody injection and incubation at RT
for1d
8 Washing with PBST, 10 min x 3
20% sucrose at 4°Cfor 1d
9 CUBIC-2 atRT for2d
11 Isolation and preparation of the petal-shaped
retina
Flat-mounting on slides
Imaging using a microscope
BSA, bovine serum albumin; PBST, 0.5% Triton X-100/PBS;
RT, room temperature.

mice and ferrets apparently were not affected by our
method.

Intact Eye Immunostaining after Tissue
Clearing and Melanin Bleaching

Having made intact mouse and ferret eyes trans-
parent with H,O, and CUBIC treatment, we next
examined whether immunological detection could be
performed using the transparent eyes. After H,O;
and CUBIC treatment, we first incubated the eyes in
antibody solutions. After the entire immunostaining
procedure, retinas were isolated and flat-mounted on
slides. However, signals were not observed in the flat-
mounted retinas, presumably because antibody cannot
penetrate the eye through the sclera.

We therefore made small holes at the ora serrata and
injected a solution containing Tujl antibody directly
into the vitreous humor through the hole following
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Imaging of the retina in intact mouse eyes from the outside of the eye. (A) Experimental procedure. Afterimmunostaining using

intact mouse eyes, images were taken from the outside of the eye without making sections using confocal microscopy; see Table 5 for details.
(B) Iba1-positive microglia, (C) Brn3a-positive RGCs, and (D) peripapillary blood vessels in the choroid in intact eyes were clearly visible from

the outside of the eyes. Scale bars, 100 pm.

CUBIC-1 treatment (Fig. 2B, Table 4). Tujl is an
antibody against neuron-specific class I1I beta-tubulin
and recognizes postmitotic neurons and axons. After
washing, secondary antibody and propidium iodide
were injected into the vitreous humor through the hole.
After the entire immunostaining procedure, the eyes
were incubated with CUBIC-2 reagent, and retinas
were isolated and flat-mounted. We found many Tujl-
positive axons of RGCs running to the optic disc
(Figs. 2C, 2D, lower panels). Similar staining patterns
were obtained when isolated free-floating retinas were
subjected to Tujl immunostaining (Figs. 2A, 2C, 2D,
upper panels; Table 3). These results suggest that
antibody injected into the vitreous humor recognized
its antigen appropriately even after H,O, and CUBIC-
1 treatment. Consistent results were obtained using
intact eyes of ICR mice and anti-Ibal antibody, which
is expressed in microglia. Ibal-positive microglia were
clearly visualized by injecting anti-Ibal antibody into
the vitreous humor (Figs. 2E, 2F, lower panels). Taken
together, our results indicate that antibody injection
into the vitreous humor is effective and feasible for
labeling specific proteins in intact eyes even after H,O,
and CUBIC treatment.

Imaging of the Retina from the Outside of
Intact Mouse Eyes after Treatment with H,0,
and CUBIC, and Immunostaining

We next examined whether fluorescent signals in
the retina can be visualized from the outside of the
eye (Fig. 3A, Table 5). After the eyes of the adult
C57BL/6J mice were treated with H,O, and CUBIC-1
reagent, a solution containing anti-Ibal antibody was
injected into the vitreous humor through small holes
made at the ora serrata. After washing, Alexa Fluor
488-conjugated secondary antibody (Thermo Fisher
Scientific; Waltham, MA) and propidium iodide were
injected into the vitreous humor through the hole.
After the entire immunostaining procedure, eyes were
incubated with CUBIC-2 reagent. Images of the retina
were taken from the outside of the eye using a
confocal microscope (LSM 5 Pascal laser scanning
microscope, Plan-Apochromat 20x/0.8, Plan-Neofluar
10x/0.30; Carl Zeiss) without dissection of the eye.
We found that Ibal-positive microglia in the retina
were clearly observed from the outside of intact
eyes (Fig. 3B). Consistently, clear images of Brn3a-
positive RGCs were acquired using the same procedure
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Imaging of the retina in intact ferret eyes from the outside of the eye. (A) Experimental procedure. After immunostaining using

intact ferret eyes, images were taken from the outside of the eye without making sections using confocal microscopy; see Table 5 for details.
(B) Iba1-positive microglia and (C) Tuj1-positive RGC axons in the intact ferret eyes were clearly visible from the outside of the eyes. Scale

bars, 100 um.

Table5. Detailed experimental procedure for Figures 3
and 4

Day Procedure

1 Cardiac perfusion with 4% PFA
Isolation of the eye
Post-fixation in 4% PFA at 4°C overnight
2 Washing with PBS, 10 min x 3
Bleaching with 10% H,0, for 3 h at 55°C
Washing with PBS, 10 min x 3
CUBIC-1 atRTfor1d
3 Washing with PBS, 10 min x 3
20% sucrose at 4°C for 1 d
Freezing in OCT at -80°C overnight
4 Washing with PBS, 10 min x 3
Blocking with 0.1% Triton X-100, 0.5% BSA at RT
for4 h
First antibody injection and incubation at RT
for3d
7 Washing with PBST, 10 min x 3
Second antibody injection and incubation at RT
for1d
8 Washing with PBST, 10 min x 3
20% sucrose at 4°C for 1 d
CUBIC-2 atRTfor2d
11 Imaging of the intact eye using a confocal
microscope

BSA, bovine serum albumin; PBST, 0.5% Triton X-100/PBS; RT,
room temperature.

(Fig. 3C). Furthermore, we performed the same proce-
dure with anti-CD31 antibody and found that peripap-
illary blood vessels in the choroid were clearly stained
(Fig. 3D). These results indicate that our method is
useful for investigating the molecular and structural
features of the retina from the outside of the eye of
the adult C57BL/6J mouse.

Imaging of the Retina from the Outside of
Intact Ferret Eyes after Treatment with H,0,
and CUBIC, and Immunostaining

Finally, we examined if our method is also applica-
ble to the eyes of ferrets. We applied the same protocol
to adult ferret eyes (Fig. 4A, Table 5). Confocal micro-
scopies uncovered that Ibal-positive microglia and
Tujl-positive axons of RGCs in the retina were clearly
visible from the outside of the eye (Figs. 4B, 4C), even
though the size of the ferret eye is larger than that of
the mouse eye. Thus, it seems plausible that our method
is applicable to the eyes of various kinds of animals.

Although many tissue clearing methods have been
applied to various organs, tissue clearing methods
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for the eye have not been established. Here, we
combined CUBIC, which is a tissue clearing method
involving removing lipid and reducing the refrac-
tive index of organs, with melanin bleaching using
H,0,. We succeeded in making the intact eyes of
mice and ferrets transparent, preserving fluorescence
and tissue architectures. By using different kinds of
antibodies, it was possible to visualize the distri-
bution patterns and morphologies of various cell
types in intact eyes. Our rapid and simple method
opens the possibility of mapping various structures
and functions in the eye without making tissue
sections.

It should be noted that the retina can be damaged
during our procedure, especially when small holes are
made at the ora serrata, and solutions are injected
into the vitreous humor. Careful intravitreal injection
is a key step for preserving the retinal structures. Care
should be taken not to damage the retina with injection
needles. After bleaching and cleaning, the eye becomes
more fragile. In this study, we tried various tempera-
tures and incubation times for H,O, treatment, and
10% H,0O; at 55°C for 3 hours seemed to be optimal.
Longer incubation times, higher concentrations, and
higher temperatures may affect immunoreactivity and
structures of the eye.

Although we used normal eyes in this study, our
method should also be powerful for investigating
the pathophysiological mechanisms of various eye
diseases. In glaucoma, for example, the axons of
RGCs are damaged by high intraocular pressure.??>?*
Using glaucoma model mice and ferrets,”> >’ axonal
damage in the intact eye can be examined with our
method. Furthermore, a relationship between myopia
and glaucoma has been proposed, as myopic eyes have
an increased risk of glaucoma.”® Optic nerve head
changes such as tilt and torsion are associated with
the progression of myopia and may in turn predispose
toward glaucoma. However, because of the complex-
ity of the interaction between them, the causative
relationship between myopia and glaucoma remains
to be further clarified.”> Mouse models of experimen-
tal myopia showing elongation of the post-equatorial
segment of the eye, as is the case in human myopia,
have been developed.**:3! Our method seems useful
for investigating myopia-induced changes from the
retina to the sclera at both molecular and macro-
scopic levels simultaneously in a whole-eye prepara-
tion. In addition to lowering eye pressure, new treat-
ments directed at the retina and the brain could be
developed. It seems plausible that our method could
be used to evaluate the effects of new treatments. In
addition, our method should also be applicable to
tumors. Previously, tissue clearing methods were used
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to visualize the brain microvasculature and the routes
of the invasion of glioblastoma cells.>* Quantitative
analyses of the topographical relationship between
glioblastoma cells and their microenvironment were
performed. It would be intriguing to combine our
method with mouse models of ocular tumors, and it
would be important to investigate the extent to which
our method could be used for visualizing tissues in
tumors.

During the preparation of our manuscript, a
pioneering study reported a tissue clearing method
for the eye that combined melanin bleaching and the
iDISCO tissue clearing method.** Although this report
visualized the distribution patterns of vessels and S-
opsin, it was unclear whether tissue clearing methods
could be applied to various kinds of cells and struc-
tures in the retina. In addition, it was also unclear
whether tissue clearing methods could be applicable
to larger eyes from other animals. Our study using
melanin bleaching and CUBIC demonstrated that the
distribution patterns and morphology of microglia,
RGCs, and RGC axons in the intact eye can be inves-
tigated from the outside of the intact eyes. Further-
more, our study indicates that our method is appli-
cable not only to the eyes of mice but also to the
larger eyes of ferrets. Visualization of retinal struc-
tures in the intact eye by combining melanin bleaching,
tissue clearing, and immunostaining would provide a
new avenue for investigating the functions of the retina
and pathophysiological mechanisms of various eye
diseases.
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