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Abstract

Elucidation of neural circuit functions requires visualization of the fine structure of neurons
in the inner regions of thick brain specimens. However, the tissue penetration depth of laser
scanning microscopy is limited by light scattering and/or absorption by the tissue. Recently,
several optical clearing reagents have been proposed for visualization in fixed specimens.
However, they require complicated protocols or long treatment times. Here we report the ef-
fects of 2,2’-thiodiethanol (TDE) solutions as an optical clearing reagent for fixed mouse
brains expressing a yellow fluorescent protein. Immersion of fixed brains in TDE solutions
rapidly (within 30 min in the case of 400-um-thick fixed brain slices) increased their transpar-
ency and enhanced the penetration depth in both confocal and two-photon microscopy. In
addition, we succeeded in visualizing dendritic spines along single dendrites at deep posi-
tions in fixed thick brain slices. These results suggest that our proposed protocol using TDE
solution is a rapid and useful method for optical clearing of fixed specimens expressing fluo-
rescent proteins.

Introduction

Elucidation of various biological functions requires visualization of fine cellular structures at
large to small scales within tissues. Particularly, in the field of neuroscience, connectomics, the
construction of connectional maps of neural circuits, has been investigated recently [1, 2]. For
the comprehensive investigation of the connectivity of neurons within brains, a simple and effi-
cient method for imaging wide and deep areas in the brain is required. In addition, visualiza-
tion of detailed structures such as dendritic spines is expected to yield information about the
underlying neural transmission. However, such studies have been restricted owing to the opaci-
ty of a fixed brain. The observable depth limit from the surface, the penetration depth, is ap-
proximately 1.4 mm in a living mouse brain [3, 4]. However, when the brain tissue is fixed to
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observe the detailed structures, the transparency is generally assumed to reduce. Therefore, the
penetration depth is less than approximately 300 pm in fixed brain tissue, even in two-photon
microscopy at the longer excitation wavelength of an unconventional laser, probably because
of scattering and absorption of light by the specimen [5].

Recently, several optical clearing reagents have been reported for visualizing fixed whole
brains [6-12]. However, these reagents require complicated protocols and/or treatment times
of days to weeks to render fixed biological specimens transparent. Therefore, they often hinder
the efficiency of biological experiments, so that it is difficult to provide a plenitude of biological
insights. A glycol derivative, 2,2’-thiodiethanol (TDE), was previously reported as a mounting
medium for adjusting the refractive index of specimens, and high-concentration solutions
(95% or 97% TDE) reduced the opacity of fixed specimens of intestine or kidney stained with
fluorescent dyes [13-15]. However, TDE has not been widely used as an optical clearing re-
agent, probably because high concentrations of TDE quench fluorescent proteins and have
failed to identify the shape of cells [8, 13]. In this study, we demonstrated that immersion in
lower concentrations of TDE rapidly rendered fixed specimens of brain tissue transparent
without quenching the fluorescent protein. TDE-immersed brains showed enhanced penetra-
tion depths of approximately 2 mm in two-photon microscopy. We also succeeded in visualiz-
ing a hippocampal pyramidal neuron that extended three-dimensionally in TDE-immersed
fixed brain slices and its dendritic spine shapes with confocal microscopy.

Materials and Methods
Ethics Statement

All protocols were approved by the Institutional Animal Care and Use Committee of National
University Corporation Hokkaido University (Permit Number: 10-0119). All experiments
were performed under general anesthesia, and all efforts were made to minimize suffering.

Animals

Adult thyl-YFP-H transgenic mice expressing enhanced yellow fluorescent protein (EYFP)

in subsets of hippocampal pyramidal neurons and layer V cortical pyramidal neurons [16],
were used for fluorescent imaging and for preparing the fixed brain photograms shown in
Figs. 1, S2, and S3. Adult C57BL/6 mice were used for the measurement of light transmittance.

Preparation of fixed brain slices

For preparing the fixed brain photograms shown in Figs. 1, S2, and S3, the images of dendritic
spines in a single hippocampal neuron, mice were anesthetized with pentobarbital sodium.
They were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% form-
aldehyde in PBS, and their brains were removed. Slices (400 or 500 pum in thickness) were pre-
pared using a vibratome (7000smz, Campden, Instruments Ltd, UK). For the measurement of
light transmittance, evaluation of the penetration depth in fixed hippocampal slices, and com-
parison of the combination of TDE and the objective lens, mice were anesthetized with isoflur-
ane and their brains were removed quickly. Slices (400 pm in thickness) were cut using the
vibratome in ice-cold artificial cerebrospinal fluid (containing 119 mM NacCl, 2.5 mM KCl,
1.0 mM NaH,PO,, 1.3 mM MgSO,, 2.5 mM CaCl,, 26 mM NaHCO3, and 10 mM glucose,
bubbled with O,/CO,: 95%/5%) and incubated for 1 h at room temperature, followed by fixa-
tion with 4% formaldehyde in PBS.
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Figure 1. Fixed brain tissue clearing with TDE solutions. (a, b) Fixed adult mouse brains after treatment
with different concentrations of TDE solutions. Whole brains (a) and brain slices (400 um in thickness) (b)
were immersed in each TDE solution for 2 days and 1 h, respectively. The photograms were taken under
backlighting. (c) Transmission curves of fixed brain slices (400 pm in thickness, n = 3) after 2 h of immersion
in each TDE solution. Data shown represent the average + SEM.

doi:10.1371/journal.pone.0116280.9001
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TDE treatment

TDE was purchased from Sigma-Aldrich (St. Louis, MO). Solutions of 0% (PBS only), 30%,
60%, and 97% TDE were prepared by mixing TDE, Milli-Q water, and PBS powder (Kohjin-
Bio, Saitama, Japan). The refractive index of each TDE solution was measured with a pocket re-
fractometer (PAL-RI, Atago, Tokyo, Japan) (S1 Fig.). The fixed slices and whole brains were
immersed in the indicated concentrations of TDE solutions. Transparency was confirmed
using a stereomicroscope (SZ61/SZ2-ILST, Olympus, Tokyo, Japan) and photos were taken
using a camera (DP21, Olympus, Tokyo, Japan).

Measurement of light transmittance

Light transmittance by fixed brain slices was recorded using a UV/visible/near infrared (NIR)
spectrophotometer (U-2900, HITACHI, Tokyo, Japan). Wild-type mice were used to measure
light transmittance. Thyl-YFP-H mice were not used for avoiding EYFP light excitation and
emission. The hippocampal region of the fixed slices (400 um in thickness) was superposed on
a window in thick paper to measure light transmittance by only the hippocampal region.

Imaging EYFP-expressing brain

All observations of EYFP-expressing brain for the measurement of the penetration depth were
performed with an upright confocal and two-photon microscope system (A1R-MP and FN1,
Nikon, Tokyo, Japan) equipped with a Ti: sapphire laser (MaiTai eHP DeepSee, SpectraPhy-
sics, Santa Clara, CA). For observing brain slices, a 20x multi-immersion objective lens [Plan
Fluor, numerical aperture (NA): 0.75, working distance (WD): 0.35 mm; Nikon, Tokyo, Japan]
was used. The excitation wavelength was 488 nm (confocal) or 950 nm (two-photon). For im-
aging the whole brain, images were acquired with a 25x water-immersion objective lens (CFI
Apo LWD, NA: 1.1, WD: 2 mm; Nikon, Tokyo, Japan). The excitation wavelength was 1010
nm. For observation of dendritic spines in the hippocampus, 60% TDE-immersed hippocam-
pal slices were placed on a 0.06-0.08-mm-thick glass-bottom dish and covered with a paper
wetted with 60% TDE. Images were acquired with the inverted confocal microscope system
(A1R and Ti-E, Nikon, Tokyo, Japan). A 60x water-immersion objective lens (Plan Apo, NA:
1.2, WD: 0.27 mm; Nikon, Tokyo, Japan) or a 60x oil-immersion objective lens (Apo-TIRF,
NA: 1.49, WD: 0.12 mm; Nikon, Tokyo, Japan) was used. The excitation wavelength was
514.5 nm. The emitted fluorescence signals within in the range of 525-555 nm, split with di-
chroic mirrors, were detected.

Results
TDE as an optical clearing reagent

Fixed adult whole brains were immersed in various concentrations of TDE in PBS (0%, 30%,
60%, and 97%) for 6 h to 7 days. Their opacity was reduced by treatment with 60% and 97%
TDE for 2 days, and the fixed brains shrank in a concentration-dependent manner (Figs. la
and S2). Next, fixed adult brain slices were immersed in the solutions. Immersion in 60%

and 97% TDE for 1 h markedly and promptly rendered the fixed brains optically transparent
(Fig. 1b). Although the slices shrank in a concentration-dependent manner (S3a Fig.), volume
shrinkage was relatively suppressed by stepwise increases in TDE concentration (S3b Fig.).
To characterize the effects of immersion in TDE, we measured light transmission spectra in a
400-pm-thick hippocampal region using a spectrophotometer. Light transmittance by the
slices immersed in each TDE solution increased in the range from 400 to 1000 nm in a
concentration-dependent manner (Fig. 1¢). Five additional days of immersion in TDE changed
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the transmittance values negligibly (S4 Fig.). These results suggest that immersion in TDE solu-
tion facilitated observation by visible and NIR light.

Imaging of hippocampal slices via laser scanning microscopy

We investigated the relationship between TDE concentration and penetration depth in fixed
hippocampal slices from thyl-YFP-H mice using confocal microscopy. Thyl-YFP-H mice ex-
press EYFP in subsets of hippocampal and layer V pyramidal neurons under control of the
Thyl promoter [16]. In the fixed brain slices immersed in only PBS, fluorescence signals were
detected only in a region less than 50 pm deep from the surface (Fig. 2a). In contrast, 30% and
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Figure 2. Enhancement of penetration depth on confocal microscopy. (a—d) Images of YFP-expressing neurons in the hippocampal slices of thy1-YFP-
H mouse in PBS (a) and after 2 h ofimmersion in 30% TDE (b), 60% TDE (c), and 97% TDE (d) solution. Left, three-dimensional reconstructed images; right,
Xy images at a depth of 200 ym from the surface. (e, f) Fluorescence intensities immediately (within 25 min) and a long time (4 days) after immersion in 30%
TDE solution. (e) Plot of the mean intensity of xy images against the depth from the surface; (f) Maximum projection images within 25 min and after 4 days of
immersion in 30% TDE solution. (g, h) Fluorescence intensities immediately (within 25 min) and a few hours (6 h) afterimmersion in 60% TDE solutions. (g)

Plot of the mean intensity of xy images against the depth from the surface; (h) Maximum projection images within 25 min and after 6 h of immersion in 60%
TDE solution.

doi:10.1371/journal.pone.0116280.9002
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60% TDE enhanced the penetration depth in the fixed slices, as estimated from the non-
saturated data in the deeper regions (Fig. 2b, ). The pyramidal neurons at a depth of 200 pm
were visualized dimly or clearly after immersion in 30% or 60% TDE, respectively. In a 97%
TDE-immersed slice, little signal was detected, similar to the results reported previously [8, 13]
(Fig. 2d), probably owing to a side effect of TDE (S5 Fig.). We compared the depth dependence
of the fluorescence intensity immediately after immersion in 30% or 60% TDE (within 25 min)
and after a long time period. The fluorescence intensity immediately after immersion in 30%
TDE was low through all depths. After immersion in 30% TDE for 4 days, the fluorescence in-
tensity increased only in the region less than 160 um deep (Fig. 2e, f). The fluorescence intensi-
ty immediately after immersion in 60% TDE was sufficiently higher at a depth of 100-300 um.
Additional immersion in 60% TDE for 6 h further increased the fluorescence intensity
(Fig. 2g, h). These results suggest that immersion in 60% TDE immediately (within 25 min) en-
hanced the fluorescence intensity of the fixed brain slices.

Given that immersion in TDE increased transmittance, particularly in the NIR region,
(Fig. 1c) of two-photon excitation laser light, we expected further enhancement of the penetra-
tion depth in two-photon microscopy. Immersion in 30% or 60% TDE clearly revealed the neu-
rons in deeper positions of the fixed hippocampal slices (Fig. 3b, c). The intensity in the slice
immersed in 60% TDE was higher than that in the slice immersed in 30% TDE. We compared
the depth dependence of the fluorescence intensity in two-photon microscopy immediately
after immersion in 30% or 60% TDE and after a long time period. In contrast to confocal mi-
croscopy, the fluorescence intensity increased through all depths following immersion in 30%
TDE for 4 days (Fig. 3e, f). Although immersion in 60% TDE resulted in a high intensity within
25 min, similar to confocal microscopy, an additional 6 h of immersion led to an increase in in-
tensity through all depths (Fig. 3g, h). Furthermore, we observed a fixed whole brain immersed
in 60% TDE for 2 days using two-photon microscopy (Fig. 4). All layers of the cerebral cortex,
the white matter, the CA1 region, and the dentate gyrus of the hippocampus were clearly visu-
alized after immersion (Fig. 4b-g). These results showed that the 60% TDE solution was very
useful and effective for the observation of the fixed specimens in two-photon microscopy.

Visualization of dendritic spines in single hippocampal neurons

Because TDE solutions have a higher refractive index than water (S1 Fig.), it was expected that
use of an oil-immersion objective lens with a higher NA would result in brighter images. Con-
focal microscopic observations using TDE showed that the shapes of single dendritic spines in
the fixed slices became clearer (Fig. 5a). Measuring the fluorescence intensities of dendritic
spines showed that the combination of immersion in 60% TDE and an oil-immersion objective
lens yielded images approximately 3 times brighter than those obtained with the water-
immersion objective lens. This combination allowed identification of each dendritic spine
along a single dendrite within an entire hippocampal neuron (Fig. 5b-h).

Discussion

We evaluated a simple protocol using TDE solutions and showed that they rapidly rendered
fixed brains optically transparent. Immersion in TDE for a short time increased the transmit-
tance by fixed brain slices in a concentration-dependent manner (Fig. 1c), leading to enhance-
ment of the penetration depth and an increase in the brightness of fluorescent cross-sectional
images (Figs. 2, 3, and 4). Compared with other recently introduced clearing reagents such as
CLARITY or CUBIC [10, 11], TDE solutions rendered the fixed adult whole brains less trans-
parent; however, 60% TDE enhanced the penetration depth sufficiently to allow visualization
of the structure of the hippocampus at approximately 2 mm from the surface. In other optical
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Figure 3. Enhancement of the penetration depth on two-photon microscopy. (a—d) Images of YFP-expressing neurons in the hippocampal slices of
thy1-YFP-H mouse in PBS (a) and after 2 h of immersion in 30% TDE (b), 60% TDE (c), 97% TDE (d) solution. Left, three-dimensional reconstructed images;
right, xy images at a depth of 200 um from the slice surface. (e, f) Fluorescence intensities immediately (within 25 min) and a long time (4 days) after
immersion in 30% TDE solution. (e) Plot of the mean intensity of xy images against the depth from the surface; (f) Maximum projection images within 25 min
and after 4 days of immersion in 30% TDE solution. (g, h) Fluorescence intensities immediately (within 25 min) and a few hours (6 h) afterimmersion in 60%

TDE solution. (g) Plot of the mean intensity of xy images against the depth from the surface; (h) Maximum projection images within 25 min and after 6 h of
immersion in 60% TDE solution.

doi:10.1371/journal.pone.0116280.9003

clearing protocols, a multi-step process (e.g., Scale, SeeDB, or CLARITY) [6, 8, 10] and long
immersion time (e.g., Scale, CLARITY, or CUBIC) [6, 10, 11] are required. The principal ad-
vantages of our protocols are the single- or two-step process and the short immersion time.
Our protocols using TDE solution can rapidly provide many results with less effort. Although
Clear” has been reported to render embryos and neonatal brains transparent rapidly, the major
component of its solution is toxic [9], whereas TDE is considerably harmless [13, 17] and thus
easy to handle. It has been previously reported that TDE appears to be non-hazardous when
exposed to skin and does not appear to pose an acute inhalation hazard [17]. Some clearing
protocols with benzyl alcohol/benzyl benzoate (BABB) have been also reported to rapidly
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Figure 4. Two-photon deep imaging of a fixed whole brain immersed in 60% TDE. (a) Three-dimensional reconstructed image of a whole mouse brain
after 2 days of immersion in 60% TDE. (b-g) xy images at different depths from the cerebral cortex to the lower portion of the hippocampus, including apical
dendrites (b) and somata (c) of layer V neurons, white matter (d), hippocampal CA1 somata (e), upper blade (f), and lower blade (g) of the hippocampal

dentate gyrus (DG).

doi:10.1371/journal.pone.0116280.9004

render tissues transparent [18-21]; however, these protocols require multi-step processes or
cause significant shrinkage of the tissue. On the other hand, in our study, fixed brain slices
were rendered transparent by a single-step protocol, except for stepwise increases in TDE con-
centrations to suppress the volume change (Figs. 5, S3b). The volume change in brain tissue is
undesirable, because the volume of dendritic spines or the length of dendrites should be mea-
sured precisely for the elucidation of neural circuit functions. Furthermore, TDE is commer-
cially available and inexpensive. Thus, the TDE clearing protocol may be readily performed in
laboratories not skilled in imaging, even by inexperienced students.

The mechanism of optical clearing by TDE solutions is not clearly understood. After im-
mersion in TDE, the fixed brain changed in appearance from white to largely transparent
(Figs. 1b and S3), and no specific peaks or valleys in the transmission curve were evident
(Fig. 1c). In a previous report, immersion in 80% TDE decreased the quantum yield of EGFP
and mRFP to 71% and 85%, respectively [13]. Thus, we speculate that TDE reduces the

PLOS ONE | DOI:10.1371/journal.pone.0116280 January 29, 2015 8/13
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Figure 5. Images of dendritic spines along a single hippocampal neuron. (a) Combination of TDE
treatment and water/oil-immersion objective lens with a high NA for imaging dendritic spine shapes in deep
(100 um) regions in a fixed brain slice. (b) Connected images of dendritic spines along single pyramidal
neurons extending from a depth of 30 to 100 um from the surface of the hippocampal slice. The left inset
shows a low-magpnification image of the hippocampus, and the circle shows the observed neuron. (c-h)
Magnified images of the dendritic spine shapes on the basal dendrite (c-e) and the apical dendrite (f-h) along
the neuron shown in (b). All images are maximum projection images.

doi:10.1371/journal.pone.0116280.9005
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difference in the refractive index between lipid bilayer membranes and the cytoplasm, resulting
in a marked reduction in light scattering and transparency of a TDE-immersed specimen.

High-concentration TDE solutions (95% or 97%) have been reported to render biological
tissues optically transparent; however, high-concentration solutions quench fluorescent pro-
teins [13-15]. We found that low-concentration TDE solutions worked efficiently as a clearing
reagent for fixed brains expressing a fluorescent protein (Figs. 2 and 3). Therefore, our rapid
protocol could be applied to visualize the cells of interest by combination with genetic labeling
methods. Time-lapse images of fixed slices immersed in 97% TDE from PBS showed that the
fluorescence signals were initially highly detectable but rapidly decreased in intensity (S5 Fig.).
After the fluorescence signals were almost eliminated by immersion in 97% TDE, we immersed
the same slice again in PBS and subsequently into 60% TDE. This process recovered the fluo-
rescence signals, and the structure of the neurons in the hippocampus appeared to be preserved
(S6 Fig.). This result suggests that EYFP expressed in the cytoplasm remained inside the cells
after treatment with 97% TDE, suggesting that TDE did not disrupt the cell membrane and did
not cause EYFP leakage into the extracellular space. Hell’s group previously reported that the
wavelengths of maximum fluorescence of EGFP and mRFP immersed in 80% TDE were shifted
from 520 nm to 510 nm and from 606 nm to 608 nm, respectively, compared with the wave-
lengths after immersion in PBS [13]. In the present study, we observed EYFP signals in lower
TDE concentrations. Therefore, it is difficult to directly compare our results with those re-
ported by Hell’s group. We cannot exclude a possibility that a solvatochromic effect for EYFP
decreased the fluorescence intensity on confocal microscopy following immersion in the TDE
concentrations we used. However, such a slight shift of the wavelength would not be a major
reason for the considerable decrease in fluorescence intensity, because we detected almost all
the fluorescence in the wavelength range of 380-650 nm when we used two-photon microsco-
py where the two-photon excitation spectrum becomes wider. One possible reason for the in-
tensity decrease is the change in the environment of the fluorophore of the fluorescent protein
via dehydration [22, 23].

The simple and rapid TDE clearing protocol proposed here would be helpful for compre-
hensive studies of complex neural circuits or connectomics [1]. The enhancement of optical
penetration deep into the whole brain by TDE treatment (Fig. 4) suggests that it is possible to
investigate the interconnection of brain networks through multiple brain regions. The observa-
tion of fine shapes of dendritic spines in a single hippocampal neuron was achieved with the
combination of 60% TDE treatment and a high-NA oil-immersion objective lens (Fig. 5). Den-
dritic spines are postsynaptic structures that receive synaptic exciting inputs from other neu-
rons, and their morphologies have been linked with their functions, such as stability
maintenance or synaptic transmission [24-26]. Visualizing the synaptic morphology could
provide information on the connectional changes between normal and pathological brains,
which have been reported to have synaptic disorders [27]. Immersion in TDE could also be
combined with super-resolution microscopy to enhance its spatial resolution. However, the rel-
atively short WD of a high-NA oil-immersion objective lens prevents observation at deep posi-
tions in a fixed tissue. Recently, the multi-immersion objective lens was designed with a high
NA and long WD [6]. Development of an objective lens with a high NA and long WD would
promote exploration of the neuronal network from large to submicron scales.

TDE solutions work as a simple and rapid optical clearing reagent for visualizing the fine
structures of deep regions in fixed mouse brains. TDE solutions would be useful for visualizing
other fixed organs expressing fluorescent proteins, because it was reported that a high concen-
tration of TDE reduced the opacity of several fixed organs [14, 15]. Moreover, TDE solutions
are compatible with immunohistochemistry [14, 15] and fluorescent proteins, suggesting that
immersion in TDE would be compatible with the observation of specifically labeled structures.

PLOS ONE | DOI:10.1371/journal.pone.0116280 January 29, 2015 10/13
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It is expected that the rapid optical clearing protocol using TDE proposed here will contribute
to the accumulation of many biological insights and will help biological research advance at an
accelerated pace.

Supporting Information

S1 Fig. Refractive index of TDE solutions. Plot of the refractive index against the concentra-
tion of TDE solution (n = 3). Data represent the average = SEM. As previously reported [13],
the refractive index increased in a concentration-dependent manner. The refractive index of
the TDE solution is different from that of water (1.33) and standard immersion oil (1.52).
(TTF)

S2 Fig. Time changes in fixed whole brains after immersion in each TDE solution. Photo-
grams of fixed whole brains before and after immersion in 30%, 60%, and 97% TDE solutions
for 6 h, 1 day, 5 days, and 7 days. The photograms at 2 days are shown in Fig. 1a. They were
taken under backlighting.

(TTF)

S3 Fig. Fixed brain slices before and after immersion in each TDE solution. (a) Photograms
of fixed brain slices before and after immersion in each TDE solution for 3 h. (b) Photograms
of the same fixed brain slice that was immersed in increasing concentrations of TDE (30%,
60%, 97%) every hour in a stepwise manner. Data represent the average + SEM.

(TIF)

$4 Fig. Time changes in light transmittance by hippocampal slices in TDE solutions. Plot of
light transmittance by hippocampal slices (400 pm in thickness, n = 3) against treatment time.
Transmittances at light wavelengths of 488, 527, and 950 nm are presented according to EYFP
excitation and emission: 488 nm for confocal and 950 nm for two-photon microscopy excita-
tion; 527 nm for detecting EYFP emission.

(TIF)

S5 Fig. Time-lapse images of fixed brain slices after immersion in 97% TDE. (a) Images of
fixed slices after immersion in 97% TDE. The images were observed using two-photon laser
scanning microscopy. (b) Plot of the mean fluorescence intensity in the xy image at a depth of
300 um from the surface. The fluorescence signal decreased over time after immersion in 97%
TDE.

(TIF)

S6 Fig. Recovery of the fluorescence signals eliminated after immersion in 97% TDE. (a)
Image of a 97% TDE-treated fixed slice immediately after immersion in PBS. (b, ¢) Images of
the same brain slice as shown in (a). The slice was incubated for 1 day in PBS (b), and then im-
mersed in 60% TDE for 4 h (c). The fluorescence signals recovered and the structure of the hip-
pocampal neurons appeared to be preserved. The images were observed using two-photon
laser scanning microscopy.

(TIF)

Acknowledgments

We are grateful to Ms. E. Ito and Ms. M. Oguro for their technical assistance and to Dr. K.
lijima and Dr. K. Otomo, Research Institute for Electronic Science, Hokkaido University, for
their helpful advice. We also thank the Nikon Imaging Center at Hokkaido University for tech-
nical support.

PLOS ONE | DOI:10.1371/journal.pone.0116280 January 29, 2015 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116280.s006

@‘PLOS | ONE

Rapid Protocol Using TDE for Microscopic Observation of Fixed Brain

Author Contributions

Conceived and designed the experiments: YA RK TN. Performed the experiments: YA RK HO.
Wrote the paper: YA HO TH TN.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sporns O, Tononi G, Kétter R (2005) The human connectome: A structural description of the human
brain. PLoS Comput Biol 1: e42. doi: 10.1371/journal.pcbi.0010042 PMID: 16201007

DeFelipe J (2010) From the connectome to the synaptome: an epic love story. Science 330: 1198-1201.
doi: 10.1126/science.1193378 PMID: 21109663

Kawakami R, Sawada K, Sato A, Hibi T, Kozawa Y, et al. (2013) Visualizing hippocampal neurons with
in vivo two-photon microscopy using a 1030 nm picosecond pulse laser. Sci Rep 3: 1014. doi: 10.1038/
srep01014 PMID: 23350026

Horton NG, Wang K, Kobat D, Clark CG, Wise FW, et al. (2013) In vivo three-photon microscopy of sub-
cortical structures within an intact mouse brain. Nat Photonics 7: 205-209. doi: 10.1038/nphoton.2012.
336

Kobat D, Durst ME, Nishimura N, Wong AW, Schaffer CB, et al. (2009) Deep tissue multiphoton micros-
copy using longer wavelength excitation. Opt Express 17: 13354—13364. doi: 10.1364/0OE.17.013354
PMID: 19654740

Hama H, Kurokawa H, Kawano H, Ando R, Shimogori T, et al. (2011) Scale: a chemical approach for
fluorescence imaging and reconstruction of transparent mouse brain. Nat Neurosci 14: 1481-1488.
doi: 10.1038/nn.2928 PMID: 21878933

Ertirk A, Becker K, Jahrling N, Mauch CP, Hojer CD, et al. (2012) Three-dimensional imaging of sol-
vent-cleared organs using 3DISCO. Nat Protoc 7: 1983—1995. doi: 10.1038/nprot.2012.119 PMID:
23060243

Ke MT, Fujimoto S, Imai T (2013) SeeDB: a simple and morphology-preserving optical clearing agent
for neuronal circuit reconstruction. Nat Neurosci 16: 1154—1161. doi: 10.1038/nn.3447 PMID:
23792946

Kuwajima T, Sitko AA, Bhansali P, Jurgens C, Guido W, et al. (2013) ClearT: a detergent- and solvent-
free clearing method for neuronal and non-neuronal tissue. Development 140: 1364—1368. doi: 10.
1242/dev.091844 PMID: 23444362

Chung K, Wallace J, Kim SY, Kalyanasundaram S, Andalman AS, et al. (2013) Structural and molecu-
lar interrogation of intact biological systems. Nature 497: 332—-337. doi: 10.1038/nature12107 PMID:
23575631

Susaki EA, Tainaka K, Perrin D, Kishino F, Tawara T, et al. (2014) Whole-brain imaging with single-cell
resolution using chemical cocktails and computational analysis. Cell 157: 726—739. doi: 10.1016/j.cell.
2014.03.042 PMID: 24746791

Yang B, Treweek JB, Kulkarni RP, Deverman BE, Chen CK, et al. (2014) Single-cell phenotyping within
transparent intact tissue through whole-body clearing. Cell 158: 945-958. doi: 10.1016/j.cell.2014.07.
017 PMID: 25088144

Staudt T, Lang MC, Medda R, Engelhardt J, Hell SW (2007) 2,2'-thiodiethanol: a new water soluble
mounting medium for high resolution optical microscopy. Microsc Res Tech 70: 1-9. doi: 10.1002/jemt.
20396 PMID: 17131355

Appleton PL, Quyn AJ, Swift S, Nathke | (2009) Preparation of wholemount mouse intestine for high-
resolution three-dimensional imaging using two-photon microscopy. J Microsc 234: 196-204. doi: 10.
1111/j.1365-2818.2009.03163.x PMID: 19397748

Advani A, Connelly KA, Yuen DA, Zhang Y, Advani SL, et al. (2011) Fluorescent microangiography is a
novel and widely applicable technique for delineating the renal microvasculature. PLoS One 6:
€24695. doi: 10.1371/journal.pone.0024695 PMID: 21984894

Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT, et al. (2000) Imaging neuronal subsets in
transgenic mice expressing multiple spectral variants of GFP. Neuron 28: 41-51. doi: 10.1016/S0896-
6273(00)00084-2 PMID: 11086982

Reddy G, Major MA, Leach GJ (2005) Toxicity assessment of thiodiglycol. Int J Toxicol 24: 435—-442.
doi: 10.1080/10915810500368878 PMID: 16393936

Sakhalkar HS, Dewhirst M, Oliver T, Cao Y, Oldham M (2007) Functional imaging in bulk tissue speci-
mens using optical emission tomography: fluorescence preservation during optical clearing. Phys Med
Biol 52: 2035—-2054. doi: 10.1088/0031-9155/52/8/001 PMID: 17404454

PLOS ONE | DOI:10.1371/journal.pone.0116280 January 29, 2015 12/13


http://dx.doi.org/10.1371/journal.pcbi.0010042
http://www.ncbi.nlm.nih.gov/pubmed/16201007
http://dx.doi.org/10.1126/science.1193378
http://www.ncbi.nlm.nih.gov/pubmed/21109663
http://dx.doi.org/10.1038/srep01014
http://dx.doi.org/10.1038/srep01014
http://www.ncbi.nlm.nih.gov/pubmed/23350026
http://dx.doi.org/10.1038/nphoton.2012.336
http://dx.doi.org/10.1038/nphoton.2012.336
http://dx.doi.org/10.1364/OE.17.013354
http://www.ncbi.nlm.nih.gov/pubmed/19654740
http://dx.doi.org/10.1038/nn.2928
http://www.ncbi.nlm.nih.gov/pubmed/21878933
http://dx.doi.org/10.1038/nprot.2012.119
http://www.ncbi.nlm.nih.gov/pubmed/23060243
http://dx.doi.org/10.1038/nn.3447
http://www.ncbi.nlm.nih.gov/pubmed/23792946
http://dx.doi.org/10.1242/dev.091844
http://dx.doi.org/10.1242/dev.091844
http://www.ncbi.nlm.nih.gov/pubmed/23444362
http://dx.doi.org/10.1038/nature12107
http://www.ncbi.nlm.nih.gov/pubmed/23575631
http://dx.doi.org/10.1016/j.cell.2014.03.042
http://dx.doi.org/10.1016/j.cell.2014.03.042
http://www.ncbi.nlm.nih.gov/pubmed/24746791
http://dx.doi.org/10.1016/j.cell.2014.07.017
http://dx.doi.org/10.1016/j.cell.2014.07.017
http://www.ncbi.nlm.nih.gov/pubmed/25088144
http://dx.doi.org/10.1002/jemt.20396
http://dx.doi.org/10.1002/jemt.20396
http://www.ncbi.nlm.nih.gov/pubmed/17131355
http://dx.doi.org/10.1111/j.1365-2818.2009.03163.x
http://dx.doi.org/10.1111/j.1365-2818.2009.03163.x
http://www.ncbi.nlm.nih.gov/pubmed/19397748
http://dx.doi.org/10.1371/journal.pone.0024695
http://www.ncbi.nlm.nih.gov/pubmed/21984894
http://dx.doi.org/10.1016/S0896-6273(00)00084-2
http://dx.doi.org/10.1016/S0896-6273(00)00084-2
http://www.ncbi.nlm.nih.gov/pubmed/11086982
http://dx.doi.org/10.1080/10915810500368878
http://www.ncbi.nlm.nih.gov/pubmed/16393936
http://dx.doi.org/10.1088/0031-9155/52/8/001
http://www.ncbi.nlm.nih.gov/pubmed/17404454

@‘PLOS | ONE

Rapid Protocol Using TDE for Microscopic Observation of Fixed Brain

19.

20.

21.

22,

23.

24.

25.

26.

27.

Ertiirk A, Mauch CP, Hellal F, Forstner F, Keck T, et al. (2012) Three-dimensional imaging of the
unsectioned adult spinal cord to assess axon regeneration and glial responses after injury. Nat Med
18: 166—171. doi: 10.1038/nm.2600 PMID: 22198277

Parra SG, Vesuna SS, Murray TA, Levene MJ (2012) Multiphoton microscopy of cleared mouse brain
expressing YFP. J Vis Exp: €3848. doi: 10.3791/3848 PMID: 23023035

Jung Y, Ng JH, Keating CP, Senthil-Kumar P, Zhao J, et al. (2014) Comprehensive evaluation of pe-
ripheral nerve regeneration in the acute healing phase using tissue clearing and optical microscopy in a
rodent model. PLoS One 9: €94054. doi: 10.1371/journal.pone.0094054 PMID: 24714405

Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem 67: 509-544. doi: 10.1146/
annurev.biochem.67.1.509 PMID: 9759496

Ward WW (2005) Biochemical and physical properties of green fluorescent protein. In: Chalfie M, Kain
SR, editors. Green Fluorescent Protein. 2 ed. pp. 39-65.

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H (2004) Structural basis of long-term potentiation in
single dendritic spines. Nature 429: 761-766. doi: 10.1038/nature02617 PMID: 15190253

Arellano JI, Benavides-Piccione R, Defelipe J, Yuste R (2007) Ultrastructure of dendritic spines: corre-
lation between synaptic and spine morphologies. Front Neurosci 1: 131-143. doi: 10.3389/neuro.01.1.
1.010.2007 PMID: 18982124

Caroni P, Donato F, Muller D (2012) Structural plasticity upon learning: regulation and functions. Nat
Rev Neurosci 13: 478—490. doi: 10.1038/nrm3258 PMID: 22714019

Penzes P, Cahill ME, Jones KA, VanLeeuwen JE, Woolfrey KM (2011) Dendritic spine pathology in
neuropsychiatric disorders. Nat Neurosci 14:285-293. doi: 10.1038/nn.2741 PMID: 21346746

PLOS ONE | DOI:10.1371/journal.pone.0116280 January 29, 2015 13/13


http://dx.doi.org/10.1038/nm.2600
http://www.ncbi.nlm.nih.gov/pubmed/22198277
http://dx.doi.org/10.3791/3848
http://www.ncbi.nlm.nih.gov/pubmed/23023035
http://dx.doi.org/10.1371/journal.pone.0094054
http://www.ncbi.nlm.nih.gov/pubmed/24714405
http://dx.doi.org/10.1146/annurev.biochem.67.1.509
http://dx.doi.org/10.1146/annurev.biochem.67.1.509
http://www.ncbi.nlm.nih.gov/pubmed/9759496
http://dx.doi.org/10.1038/nature02617
http://www.ncbi.nlm.nih.gov/pubmed/15190253
http://dx.doi.org/10.3389/neuro.01.1.1.010.2007
http://dx.doi.org/10.3389/neuro.01.1.1.010.2007
http://www.ncbi.nlm.nih.gov/pubmed/18982124
http://dx.doi.org/10.1038/nrn3258
http://www.ncbi.nlm.nih.gov/pubmed/22714019
http://dx.doi.org/10.1038/nn.2741
http://www.ncbi.nlm.nih.gov/pubmed/21346746


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


