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In Brief

Ke et al. have developed a tissue-clearing
agent for high-resolution fluorescence
microscopy (SeeDB2). Combined with
super-resolution microscopy, SeeDB2
allows large-scale synaptic mapping of
thick brain tissues, facilitating light-
microscopy-based connectomics. Using
this approach, the authors reveal
synaptic organization of neurons in both
the Drosophila and mouse brain.
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SUMMARY

Super-resolution imaging deep inside tissues has
been challenging, as it is extremely sensitive to light
scattering and spherical aberrations. Here, we report
an optimized optical clearing agent for high-reso-
lution fluorescence imaging (SeeDB2). SeeDB2
matches the refractive indices of fixed tissues to
that of immersion oil (1.518), thus minimizing both
light scattering and spherical aberrations. During
the clearing process, fine morphology and fluo-
rescent proteins were highly preserved. SeeDB2
enabled super-resolution microscopy of various tis-
sue samples up to a depth of >100 um, an order of
magnitude deeper than previously possible under
standard mounting conditions. Using this approach,
we demonstrate accumulation of inhibitory synapses
on spine heads in NMDA-receptor-deficient neurons.
In the fly medulla, we found unexpected heterogene-
ity in axon bouton orientations among Mi1 neurons,
a part of the motion detection circuitry. Thus, volu-
metric super-resolution microscopy of cleared tis-
sues is a powerful strategy in connectomic studies
at synaptic levels.

INTRODUCTION

Fluorescence microscopy is a powerful approach to our under-
standing of three-dimensional structures in organisms. For
example, antibody staining and fluorescent protein tags are
often used to localize intracellular proteins in cells. In the field
of neuroscience, fluorescent proteins are often used to label
genetically defined neuronal circuitry using transgenic animals
or to trace neurons originating from a specific area of the brain
by using viral vectors. To facilitate the three-dimensional imaging
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of large tissues, new optical clearing techniques compatible
with fluorescent proteins have been developed in recent years
(Richardson and Lichtman, 2015). For example, Scale and its
variant CUBIC reduce the light scattering within samples by
simple soaking (Hama et al., 2011, 2015; Susaki et al., 2014).
CLARITY and its variants are based on acrylamide gel hybridiza-
tion, lipid removal, and index matching (Chung et al., 2013;
Tomer etal., 2014; Yang et al., 2014). Both CUBIC and CLARITY
actively remove scatterers (mainly lipids) to achieve excellent
transparency; however, due to the harsh treatment and transient
sample swelling, they can affect fine cellular morphology. There-
fore, these techniques are more suitable for large-scale imaging
at relatively low resolution (i.e., light-sheet microscopy at a
cellular resolution).

To minimize deformation artifacts during the clearing process,
we have previously developed a fructose-based optical clearing
agent, SeeDB (see deep brain), which reduces light scattering
without removing any components of tissues (Ke et al., 2013;
Ke and Imai, 2014). SeeDB can quickly clear samples (3 days)
and is compatible with various fluorescent proteins and chemical
dyes including lipophilic dyes. Due to minimal changes in sample
size and no loss of cellular materials, sub-micrometer-scale
neuronal morphology was well preserved in SeeDB.

However, in conventional light microscopy, the lateral and
axial resolution has been limited to 200-250 nm and 500-
800 nm, respectively, due to the diffraction barrier (Schermel-
leh et al., 2010). This resolution is not sufficient to visualize fine
structures of neurons, such as dendritic spines (<2 pum), axons
(0.1-10 pm), and synapses (20-200 nm), and intracellular
machinery, such as cytoskeletons and organelles (25-500 nm;
Sigrist and Sabatini, 2012; Tennesen and Nagerl, 2013). There-
fore, electron microscopy (EM) has been utilized to obtain
high-resolution structures (Kleinfeld et al., 2011; Lichtman and
Denk, 2011). Especially for synaptic-scale connectomics, EM
has been the only reliable method. However, despite recent
technical advances, reconstruction of three-dimensional struc-
tures from serial EM images is difficult and laborious.
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During the last 2 decades, various types of super-resolution
(SR) fluorescence microscopy have been developed to over-
come the classical diffraction limit (Schermelleh et al., 2010).
For example, stimulated emission depletion (STED) microscopy
and photoactivation localization microscopy (PALM) provided
a diffraction-unlimited resolution (20-50 nm). Structured illumi-
nation microscopy (SIM) and newly commercialized systems
based on confocal microscopy (e.g., Airyscan) extended the
diffraction-limited resolution down to 100-150 nm. These are
together called super-resolution microscopies. Compared to
EM, super-resolution microscopy can provide rich chemical
and genetic information combined with antibody staining and
fluorescent proteins. However, super-resolution microscopy
has a serious limitation for broader usage; because it is
extremely sensitive to light scattering and spherical aberrations,
sub-diffraction resolution can only be obtained at the surface of
the specimens (typically up to a few micrometers in depth with
oil-immersion lenses and standard mounting conditions), far
below the size of cells (10-20 um) and neuronal circuits (at least
100 pm).

To achieve super-resolution imaging of thick tissues, we tried
to minimize the (1) light scattering and (2) spherical aberrations
using an optical clearing and index matching strategy. In addi-
tion, during the clearing process, (3) fine structures have to be
maintained, as we are unable to determine genuine fine struc-
tures from deformed samples. Because we need to obtain pho-
tons from smaller volumes than in conventional fluorescence
imaging, (4) fluorophores have to be bright and stable in the
cleared samples. In the present study, we used iohexol solutions
to establish SeeDB2, which are optimized in all the four criteria to
achieve high-resolution fluorescence imaging of thick tissues. A
combination of SeeDB2 and volumetric super-resolution micro-
scopy enabled light-microscopy-based connectomics at the
synaptic scale, with rich genetic and chemical information.

RESULTS

A Quick and Efficient Optical Clearing Using a Non-ionic
X-Ray Contrast Medium

To obtain high-resolution images deep inside tissues, we need to
minimize both light scattering and spherical aberrations (Fig-
ure S1A). Previous efforts by our group and others have indi-
cated that optimal refractive index (RI) of the clearing agents is
1.45-1.55 (Ke et al., 2013). To minimize spherical aberrations,
the refractive indices (Rls) of samples and immersion media
should be the same. Because the minimal distance between
theoretically resolvable points (d) decreases as NA (n sing; o is
for the half opening angle of the objective) increases (d =
0.61M/NA; according to the Rayleigh criterion) and achievable
NA increases as Rl of immersion media (n) increases, objective
lenses for high-resolution imaging are typically designed for
oil-immersion (Rl 1.518). Immersion oil is also designed to match
the Rl of glass coverslips (Rl ~1.52). Thus, the ideal optical
clearing agent for high-resolution imaging should have RI
1.518. Previously, 97% 2,2’-thiodiethanol (TDE) of an Rl of
1.515 has been used as a mounting medium for this purpose;
however, utility of TDE has been limited, because it quenches
most fluorescent proteins and some of commonly used chemical

dyes (Staudt et al., 2007). Previous aqueous clearing agents,
such as SeeDB (Rl 1.49), could not reach this Rl due to limited
solubility of fructose (Ke et al., 2013). Commonly used mounting
media with glycerol (Rl 1.47) also cannot achieve this RI.
Commercialized high-RI mounting media (e.g., CFM3 and DPX)
cause shrinkage and/or have quenching issues. Therefore,
large-scale volumetric super-resolution imaging has been a
long-standing challenge. During our screen for high-index wa-
ter-soluble agents, we noted that iodide-containing chemicals
have high R, but ionic ones are not suitable for tissue clearing
(Ke et al., 2013). We then focused on non-ionic triiodobenzene
compounds, such as iohexol, iopamidol, ioversol, and iodixanol,
which have been originally developed as X-ray contrast media
for computer-tomography imaging of human patients (Fig-
ure S1B). We found, for example, that 70.4% w/w iohexol in wa-
ter reaches Rl 1.518 (Figure S1C). Therefore, we tried to achieve
the SeeDB concept (a simple soaking-based and morphology-
preserving optical clearing agent), using high concentrations of
iohexol solutions.

lohexol solution (commercialized as Omnipaque 350; RI 1.46)
has previously been reported to improve transparency of thin
cornea samples (Maurice, 1987). However, iohexol alone could
not efficiently clear thick brain samples by simple soaking and
instead caused shrinkage of samples. This was likely because
the iohexol solution did not efficiently penetrate into tissues.
We therefore tested its clearing performance in combination
with various detergents at 0.5%-2% and found that 2% saponin,
known as a weak non-ionic detergent, can most efficiently facil-
itate optical clearing by iohexol without introducing morpholog-
ical damages (Figures 1A, 1B, S1F, and S1G). Recently, iohexol
solution (Rl 1.46) with Tween-20 (named RIMS) was used to
mount CLARITY samples (Yang et al., 2014); however, Tween-
20 did not facilitate tissue clearing by iohexol in the simple soak-
ing protocol. SDS and Triton X-100 at 2% caused sample defor-
mation and/or quenching/loss of fluorescent proteins. We also
tested various buffers to maintain transparency of brain samples,
because brain samples soaked in non-buffered iohexol solution
gradually returned opaque by unknown reasons. We found that
low concentrations of Tris-EDTA buffer can maintain excellent
transparency of samples when combined with iohexol (Fig-
ure S1H). In our optimized clearing protocol, tissue samples
were serially incubated in lower to higher concentrations of io-
hexol in 2% saponin and Tris-EDTA buffer and finally equilibrated
in 70.4% w/w iohexol solution in Tris-EDTA buffer (Rl 1.518),
named SeeDB2S (S for super-resolution; Figure 1C). For glyc-
erol-immersion objective lenses, we also formulated a protocol
to equilibrate samples at Rl 1.46 (56.2% w/w or 75.5% w/v
iohexol solution; named SeeDB2G; G for glycerol-immersion
lens). Due to lower viscosity, SeeDB2G was useful for large tis-
sue samples, though not best for high-resolution imaging using
oil-immersion lenses. Transmission curves of cerebral cortex
samples demonstrate that SeeDB2S and SeeDB2G clear brain
samples better than SeeDB and RIMS (Figure 1B). Even nasal
bone was well cleared with SeeDB2S (Figure 1C). Total incuba-
tion time required was a few hours (for relatively thin samples)
to 2 days (adult half brain samples; Figure 1D). Like SeeDB,
SeeDB?2 is non-hazardous and did not introduce any fragility to
tissues.
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SeeDB2 Maintains Fine Neuronal Morphology

To obtain genuine high-resolution images, it is crucial to maintain
fine cellular structures of samples during clearing process. This
is not always well considered in other clearing protocols (Ke
et al.,, 2013). Even recently developed clearing methods,
CLARITY, CUBIC, and ScaleS, are accompanied by transient
sample swelling, although the final sizes of these samples were
comparable to the original sample (Chung et al., 2013; Hama
et al., 2015; Susaki et al., 2014). In contrast, in our SeeDB2G/S
protocols, like in previous SeeDB protocol, sample sizes were
maintained during the entire clearing process (Figure 1D).

To evaluate fine morphological changes during clearing, we
quantified the tortuosity of smooth mitral cell dendrites in the
mouse olfactory bulb, a sensitive method for this purpose (Ke
et al., 2013). After clearing with CLARITY, CUBIC, or ScaleS,
dendrite tortuosity increased compared to in vivo, showing
morphological deformation (Figure 1E). This is no surprise, given
that high-order protein structures, such as cytoskeletons, do not
swell and shrink isotopically. In contrast, samples cleared with
SeeDB2 did not show any evidence of deformation.

SeeDB2 Preserves More Fluorescence with Lower
Autofluorescence Signals

In high-resolution fluorescence imaging, we need to obtain pho-
tons from smaller volumes per pixel than in low-resolution imag-
ing, indicating that fluorophores have to be bright and stable.
We therefore examined the stability of various fluorophores in
SeeDB2 and existing mounting media. Four fluorescent proteins,
ECFP, EGFP, EYFP, and tdTomato, were found to be stable
and showed similar excitation and emission spectra in SeeDB2
compared to those in PBS (Figure 1F). Furthermore, fluores-
cence signals were quite stable during long-term storage
(=1 month) in SeeDB2 without accumulation of autofluores-
cence signals (Figures S2A-S2D). In contrast, they were dramat-
ically quenched in 97% TDE, as has been reported previously
(Staudt et al., 2007). A common commercial mounting media,
ProLong Gold also reduced fluorescence of EYFP substantially.
Three chemical fluorophores, Alexa 488, Alexa Fluor 555, and
Alexa Fluor 647 were also found to be stable in SeeDB2S,
although 97% TDE reduced fluorescence of Alexa 488
considerably (Figure S2E).

In the confocal imaging of Thy7-YFP-H mouse brains (Feng
et al., 2000), fine dendritic tufts extending from layer 5 (L5) pyra-
midal neurons were better visualized in SeeDB2 than in SeeDB,
CUBIC, and CLARITY, due to high fluorescence levels and low
autofluorescence signals (Figures 1G, S2A, and S2C). Light-
sheet microscopy enabled fast and large-scale imaging of the
cerebral cortex (Figure S3A; Movie S1). SeeDB2 was also power-
ful for other types of samples, such as a whole embryo (E9.5) car-
rying the R26-H2B-EGFP knockin allele, in which H2B-EGFP is
ubiquitously expressed at very low level (Figures S3B and S3D;
Abe et al., 2011). SeeDB2 could also be used for samples stained
with nuclear stains and antibodies (Figures S3E-S3G).

Resolution and Brightness Is Maintained throughout
Depths in SeeDB2S

To evaluate performance of SeeDB2S in high-resolution fluores-
cence imaging, we first used confocal microscopy with oil-im-
mersion lens (NA 1.40; working distance [WD] 0.13 mm) in order
to quantify spatial resolution by point-spread-function (PSF)
analysis of fluorescent microspheres (100 nm diameter)
embedded in agarose gels. As expected, high resolution was
maintained throughout depths when mounted in the index-
optimized SeeDB2S (Figures 2A and 2B). However, in other
mounting media with lower RI, resolution was worse, due to
spherical aberrations. Axial resolution was more severely
affected by the RI mismatch. To evaluate depth-dependent
changes in fluorescence brightness, we performed confocal
axial scans of Rhodamine 6G dye solutions from the interface
of the glass coverslip (sea response; Hell et al., 1993). With
SeeDB2S, the fluorescence level was maintained throughout
all depths. However, in non-optimized mounting media, the
brightness gradually reduced as depth increased, due to spher-
ical aberrations (Figure 2C).

Using conventional confocal microscopy and high-NA oil im-
mersion objective lenses, we could obtain high-resolution im-
ages of SeeDB2S-treated mouse brain slices up to the WD of
objective lenses (Figures 2D and 2E). For example, we obtained
high-resolution confocal images of hippocampal CA1 region
in Thy1-YFP-H mouse brain slices cleared with SeeDB2S and
then reconstructed dendrites of individual pyramidal neurons
in 3D (Figure 2F). For thicker samples, the combination of

Figure 1. Fine Morphology and Fluorophores Are Preserved in SeeDB2
(A) Transmission curves of various clearing media in the visual wavelength range.

(B) Transmission curves of cerebral cortices of the mouse brains (age, postnatal day [P] 21-24; n = 3-6 each) cleared with various clearing protocols.
Representative transmission images are shown on the right. Full-scan data including IR range are shown in Figures S1D and S1E.

(C) Various tissue samples before and after optical clearing with SeeDB2. A mouse embryo (E12.5), a whole brain (P5), a hemi-brain (P70), and a nasal bone (P84)
before and after optical clearing with SeeDB2 are shown.

(D) Schedules of clearing and sample size changes during optical clearing by CLARITY, CUBIC, ScaleS, and SeeDB2. Adult mouse brain slices (P49-56; 1.5 mm
thick; n = 3 each) were used, as shown on the right.

(E) Deformation of fine neuronal structures. Tortuosity of mitral cell lateral dendritic segments were quantified and shown by box plots (n = 43, 81, 68, 58, and 80
from three to five animals). Distorted dendrites are indicated by arrowheads. Bars indicate 5" and 95™ percentiles. ***p < 0.001 (Kruskal-Wallis test). N.S., non-
significant. Scale bar represents 50 um.

(F) Fluorescence excitation (Ex, broken lines) and emission (Em, solid lines) spectra of fluorescent proteins in various clearing media. Fluorescence levels were
normalized to the maximum intensity in PBS. Excitation (ex) and emission (em) wavelength for Em and Ex curves, respectively, are indicated on the top. n =3
each.

(G) Confocal imaging of Thy1-YFP-H mouse (P72-84) cerebral cortex after various optical clearing methods (representative images out of four each). Images
were taken from the surface of the hemi-brain samples under the same imaging conditions using a 20x air objective lens. Grids in transmission images are
2.6 x 3.2 mm.
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SeeDB2G and high-NA glycerol-immersion lens with longer WD
(NA 1.30; WD 0.30 mm) was useful; we could obtain high-resolu-
tion images of olfactory axons converging to a glomerulus in the
olfactory bulb (Figure S3C).

Deep-Tissue Super-Resolution Microscopy Using
SeeDB2S

We next evaluated the performance of SeeDB2S in super-reso-
lution microscopy. We tested a commercialized STED micro-
scope with an oil-immersion objective lens (NA 1.40; WD
0.13 mm). To determine the lateral PSF at various depths, we
used 40-nm-diameter fluorescence microspheres embedded
in agarose. In SeeDB2S and 97% TDE, 50-60 nm full width at
half maximum (FWHM) in x-y was maintained up to 100 um
depth; however, in ProLong Gold and PBS, resolution was
quickly degraded (Figure 3A).

We next imaged Thy1-YFP-H mouse brain slices cleared with
SeeDB2S under the same STED laser conditions. We could
obtain sub-diffraction images up to ~120 um in depth, the upper
limit set by the WD of an objective lens (Figure 4B). We could
visualize the fine geometry of dendritic spine heads and spine
necks, which are essential information to understand synaptic
functions (Figure 3C). In addition, we occasionally observed filo-
podia extending from existing spine heads, which is difficult to
resolve using conventional microscopy (Figure 3C). To evaluate
resolutions at various depths in brain tissues, we determined
spine neck diameters, which are known to be thinner than the
diffraction limit (Tennesen et al., 2014). We found no difference
in spine neck diameters quantified at superficial (~30 pm) and
deep areas of brain slices (~110 um; Figure 3D). Thus, SeeDB2S
enables STED microscopy an order of magnitude deeper than
previously possible under standard mounting conditions. It
should be noted that deep-tissue STED microscopy has only
been achieved by two-photon excitation STED (Ding et al.,
2009; Moneron and Hell, 2009) or by manual optical calibration
(Urban et al., 2011); for the latter, it is currently unrealistic to
manually correct the Rl mismatch at each z position in order to
obtain large-scale 3D images.

Volumetric Super-Resolution Imaging for Cell Biology

A different type of super-resolution microscopy, SIM allows
multi-color imaging and has often been used for cell biology ap-
plications. Here, we used a commercial SR-SIM system with an
oil-immersion lens (NA 1.46; WD 0.11 mm) to image SeeDB2S
samples. HEK293T cells (~10 pum thick) labeled with membrane
EGFP, MitoTracker, and DAPI could be fully resolved with 3D

SR-SIM in SeeDB2S, but not in PBS. For example, fine filopodia
extending from the plasma membrane were better resolved in
SeeDB2S (Figure 3E).

Mouse oocytes are even more challenging for high-resolution
imaging, due to its large size (~80 um in diameter; Kitajima et al.,
2011). Therefore, it has been difficult to resolve individual micro-
tubules using existing confocal microscope systems (Figure 3F).
Using a commercial super-resolution system, FV-OSR, with an
oil-immersion lens (NA 1.40; WD 0.13 mm), we could resolve in-
dividual microtubules of oocytes during meiosis | (Figure 3F;
Movie S2).

Volumetric Super-Resolution Imaging for Connectomics
Large-scale super-resolution imaging may be particularly
powerful for connectomics applications combined with fluores-
cent proteins. Here, we used a commercial super-resolution
microscopy, Airyscan, which is based on multi-array GaAsP de-
tectors and pixel reassignment (Huff, 2015). Due to the relatively
high photon budget and low photo-bleaching among various su-
per-resolution microscopies, Airyscan was useful for large-scale
imaging, although the resolution was not as good as STED. In
PSF analysis, the high resolution (~150 nm in xy; ~360 nm in 2)
was maintained throughout depth using an oil-immersion lens
(NA 1.40; WD 0.19 mm; Figure 4A).

We compared images of the same region of a Thy1-YFP-H
mouse brain slice, using two-photon microscopy, confocal micro-
scopy, and Airyscan. Because the longer excitation wavelength is
the lower resolution becomes (d = 0.61A/NA), two photon micro-
scopy is not good for high-resolution imaging. Airyscan best
resolved dense neuronal circuits labeled with EYFP (Figure 4B).
Filopodia and thin spines, often missed in two-photon micro-
scopy, were reliably identified with Airyscan. We could also obtain
large-scale super-resolution images with SD-OSR (Hayashi and
Okada, 2015) and SP8-HyVolution (Figures S4B-S4D).

Due to excellent axial resolution, dendritic spines extending
along z axis could be reliably detected with SeeDB2S up to
>100 pm depth, but not with other mounting media, due to
spherical aberrations (Figure 4C; Movie S3). In the corpus cal-
losum, L2/3 callosal axons densely labeled by in utero electro-
poration were well resolved in SeeDB2S, but not in ScaleS
(Figure 4D). Improvement of axial resolution in SeeDB2S is
particularly important in circuit tracing, as it becomes easier to
dissect crossing over of multiple fibers along z axis. In the
axon bundles of olfactory sensory neurons, unmyelinated thin
axonal fibers (200-300 nm in diameter, consistent with earlier
EM studies) labeled with MOR29B-IRES-EYFP transgene were

(B) Full width at half maximum (FWHM) for lateral and axial directions are shown. Note that axial resolution was more severely affected by the Rl mismatch. n =20

each.

(C) Confocal axial scans of rhodamine dye solutions from the interface with the glass coverslip. Due to spherical aberrations, photons detected by PMT decrease
as the depth increases when Rl is mismatched. Intensity curves were normalized to the maximum intensity in each condition.
(D and E) High-resolution confocal imaging of Thy7-YFP-H mouse brain slices (cerebral cortex) using an oil-immersion objective lens (100x; NA 1.40; WD

0.13 mm). Representative images in PBS (D) and SeeDB2S (E) are shown.

(F) Hippocampal CA1 region (238 um x 127 um x 130 um) of a Thy1-YFP-H mouse brain slice was imaged using a 100x oil-immersion objective lens (NA 1.40;
WD 0.13 mm). Both lateral and axial resolution was sufficiently high to trace individual EYFP-labeled neurons. Reconstructions of four pyramidal neurons are
shown on the right. Using semi-automated tracing software, Neurolucida, we could obtain near-complete wiring patterns from this densely labeled brain slice.

Mice were P48-56.

Scale bars represent 200 nm in (A), 50 um in (D, left) and (E, left), and 2 um in (D, right) and (E, right).
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well resolved and dissected in SeeDB2S (Figure 4E; see also Fig-
ure S4D for multi-color imaging). In the large-scale super-resolu-
tion images of the cerebral cortex (100 um thick; adult Thy7-
YFP-H mouse), we could reliably identify dendritic spines and
axonal boutons at all depth (Figure 5A; Movie S4) and recon-
struct them in 3D (Figure 5B; Movie S5). Thus, the combination
of SeeDB2S and super-resolution microscopy is useful for
large-scale synapse mapping.

Comprehensive Synapse Mapping in Dendrites of
NMDA-Receptor-Deficient Neurons

Many cognitive and mental disorders are caused by synaptic ab-
normalities, and thus, the super-resolution mapping of synapses
can become a powerful tool for our understanding of learning-
related synaptic changes and their pathology. Using Airyscan,
we mapped excitatory and inhibitory synapses in wild-type and
NMDA-receptor-deficient L5 pyramidal neurons, in which an
essential NR1 subunit was knocked out using in utero electropo-
ration (Figures 6A and 6B; Tsien et al., 1996). Excitatory synap-
ses are known to localize at the tip of mature dendritic spines
in L5 neurons, and their size is correlated with the spine head
diameter. Based on spine head diameter, we classified dendritic
spines into three types: filopodia (<250 nm), thin spine (250-
500 nm), and mushroom spine (>500 nm; Figure 6C). To visualize
post-synaptic structures of inhibitory synapses, we used EYFP-
gephyrin (Chen et al., 2012). EYFP-gephyrin puncta were found
in dendritic shaft and a subset of spine heads, and these two
types were unambiguously distinguished in our super-resolution
images (Figures 6A and 6B). We focused our analysis on 100-
200-pm-long unbranched oblique dendrites extending from the
trunk of apical dendrites, from the proximal to distal end in full,
to avoid any biases in quantification.

In the NR1-deficient neurons, total spine density and average
spine length were unchanged (Figures 6D and 6E), but the distri-
bution of spine head diameters was different from wild-type (Fig-
ures 6C, 6D, and 6F). Increase in average spine head diameter
is consistent with an earlier study using cortex-specific NR1
knockout mice (Ultanir et al., 2007). As for EYFP-gephyrin
puncta, density in the shaft was not affected significantly; how-
ever, density in spine heads was increased in KO (Figure 6G).

We also found that EYFP-gephyrin puncta tended to accumulate
at large spine heads in the NR1 KO neurons (Figures 6H and 6l).
Thus, the NMDA receptor knockout affects not only excitatory
synapses but also inhibitory synapses directly or indirectly.
Recruitment of inhibitory synapses to large spines in the NR1-
deficient neurons may be due to an activity-dependent homeo-
static action of inhibitory synaptogenesis in these spines (Baho
and Di Cristo, 2012).

Mapping of Pre-synaptic Structures in the Fly Motion
Detection Circuits

SeeDB?2 is useful not only for mammalian tissues but also for
insect brains. Because a fly brain is at most 300 um thick, a
commercialized high-NA and long WD objective lens (NA 1.30;
WD 0.30 mm) for glycerol immersion could be used for high-
resolution confocal imaging of an entire fly brain cleared with
SeeDB2G. Using a bsh-Gal4 UAS-CD8GFP fly (Hasegawa
et al., 2011), we could obtain comprehensive maps of bsh-pos-
itive neurons, a subset of optic lobe neurons and central brain
neurons, in the whole brain (Figures 7A and 7B; Movie S6).

In the medulla, the bsh-Gal4 line labels Mi1 neurons, which
constitute a part of the light edge (ON edge) motion detection
pathway (Takemura et al., 2013). From an EM-based small-scale
connectomic study, it has been proposed that T4 neuron detects
the motion based on inputs from Mi1 and Tm3 neurons. Howev-
er, the mechanisms of the motion detection in this circuit are not
fully understood (Borst and Helmstaedter, 2015). Here, we used
SeeDB2S and super-resolution microscopy (Airyscan) for large-
scale reconstruction of Mi1 neurons in the medulla. We noted
unique hairpin-shaped and tripartite axonal bouton-like struc-
tures in Mi1 neurons, which have been difficult to resolve using
conventional confocal microscopy or with a commonly used
mounting media (Figures 7C-7E). Our large-scale high-resolu-
tion quantification revealed that the tripartite axonal boutons ori-
ented to various directions relative to the axonal shaft, whereas
dendrites in M1 and M5 layers were consistently extended ante-
riorly (Figures 7F and 7G). It has been reported that four different
types of T4 neurons with different direction selectivity show
distinct dendritic orientations in M10 layer (Maisak et al., 2013;
Takemura et al., 2013). Thus, various orientations of Mi1 axonal

Figure 3. Deep-Tissue Super-Resolution Imaging Using SeeDB2S

(A) PSF analysis of fluorescent microspheres (diameter, 40 nm) in various mounting media was determined using STED microscopy with an oil-immersion lens
(100x; NA 1.40; WD 0.13 mm). Lateral FWHM obtained with 2D STED is shown. n = 20 each.

(B) STED microscopy of the Thy1-YFP-H mouse brain slices cleared with SeeDB2S. Dendritic spines of cortical pyramidal neurons are shown (z-stacked images).
Confocal and STED images are compared. STED images were further deconvoluted (DC) on the right. Fine spine geometry was fully resolved using STED
microscopy up to ~100 um depth in SeeDB28S. In contrast, super-resolution images could not be obtained with ProLong Gold even at ~10 um depth.

(C) Representative STED images cortical pyramidal neurons (~60 pm depth). Red arrowheads indicate filopodia extending from spine heads.

(D) To evaluate resolution of STED microscopy at surface (20-30 um) and deep (109-122 um) areas, we quantified spine neck diameter, which is known to be
below the diffraction limit. A lateral FWHM of spine neck diameter was comparable between two depths (~120 nm; data are mean + SD; N.S., non-significant in
two-tailed Welch’s test; n = 20 each), suggesting consistent resolution of the STED microscopy. Mice were P56-64.

(E) HEK293T cells expressing membrane EGFP were stained with DAPI (nuclei) and MitoTracker (mitochondria) and imaged using 3D SR-SIM. Optical x-z or x-y
sections (1-um stacked images) are shown. Because axial scales are expanded in PBS samples with Rl 1.33, calibrated depths are shown in the figures. Note that
fine filopodia extending from the plasma membrane were better resolved in samples cleared with SeeDB2S than in PBS. SR-SIM images of mouse brain slices are
shown in Figure S4A.

(F) Mouse oocytes during meiosis | were labeled with anti-tubulin and CREST (anti-kinetochore) antibodies and imaged with a confocal microscope. A water-
immersion objective lens (40x; NA 1.20; WD 0.28 mm) was used for the PBS sample. In FV-OSR super-resolution system, an oil-immersion objective lens (100 x;
NA 1.40; WD 0.13 mm) was used to image the SeeDB2S-cleared sample. Note that microtubules were better resolved in samples cleared with SeeDB2S and
imaged using FV-OSR.

See also Movie S2. Scale bars represent 100 nm in (A), 1 um in (B)-(D), 2 um in (E), and 5 um in (F).
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boutons may indicate specific connectivity of each Mi1 type to a
particular subtype of T4 neurons, particular dendritic compart-
ments of post-synaptic neurons, and/or spatial displacement
of Mi1 outputs, all of which are excellent candidates for the origin
of motion detection (Borst and Helmstaedter, 2015; Shinomiya
et al., 2014; Figure 7H).

DISCUSSION

Clearing Methods for Large-Scale versus
High-Resolution Imaging
Previously, most of tissue-clearing techniques have been aimed
to achieve 3D imaging of large tissues (e.g., whole brain) by
reducing light scattering. However, light scattering is also a ma-
jor obstacle for high-resolution imaging. In the present study, we
aimed to establish an optimized clearing agent for super-resolu-
tion 3D imaging. In our SeeDB2S, we tried to minimize not only
light scattering but also spherical aberrations, another big prob-
lem for high-resolution imaging (Figure S1A). We also tried to
maximally preserve fine morphology and fluorophore brightness
during clearing, essential factors in super-resolution imaging.
Because quantitative parameters are no longer preserved in
the deformed samples, imaging of intact structure with SeeDB2S
is a big advantage over other clearing techniques accompanying
transient swelling (e.g., CLARITY, CUBIC, and ScaleS) and a new
type of super-resolution microscopy, expansion microscopy,
based on physical expansion of samples (Chen et al., 2015).
SeeDB2S was useful not only for brain tissues but also for
more fragile samples for cell biology, such as cultured cells
and mouse oocyte, maintaining fine structures of microtubules,
actin fibers, mitochondria, and plasma membranes (Figures
3E, 3F, S4F, and S4G). SeeDB still has advantages in particular
applications; because SeeDB is detergent-free, ultrastructures
including plasma membrane were well preserved in the EM
(Y. Fukazawa, personal communication). Because even small
amount of detergent has deleterious effects on plasma mem-
brane integrity, SeeDB may be the best for this purpose.
Admittedly, the transparency possible with SeeDB or SeeDB2
is not as good as those of CLARITY or CUBIC, which are aimed
for whole-brain imaging (Figure 1D). However, to achieve this
higher transparency, lipids have to be removed through harsh
treatments. To facilitate penetration of antibodies (~10 nm
size) into tissues, more damage to the nano-scale structures
are inherently inevitable. Therefore, there is no one all-powerful

method and there is a trade-off between the achievable trans-
parency and the preservation of fine structures. It is important
to choose the best method based on the primary factors for
volumetric imaging (Richardson and Lichtman, 2015).

SeeDB2S for Volumetric Super-Resolution Imaging of
Intact Tissue Structure

Using SeeDB2S, we established the deep-tissue super-resolu-
tion imaging of intact tissue samples up to 100 um scale. We
demonstrated the power of our approach for various types of
super-resolution microscopy, including STED microscopy, SR-
SIM, FV-OSR, SD-OSR, SP8-HyVolution, and Airyscan (Figures
4 and S4; Table S1). Among these microscopes, the highest
lateral resolution (~50 nm for our samples) could be achieved
with STED microscopy. Axial resolution can also be improved
in 3D STED. We also confirmed that SeeDB2S is compatible
with single-molecule localization-based super-resolution micro-
scopy, such as PALM with mEos2, in cultured cells (Figures S4F
and S4G). To obtain large-scale images, Airyscan was most use-
ful due to the minimal photo-bleaching that occurs. Currently,
the imaging scale is limited by the WD of oil-immersion objective
lenses (currently 100-200 um for NA > 1.4) and scanning/
processing speed of the microscopes. In the future, new lenses
with longer WD should expand the imaging depth further.
Ultrafast super-resolution microscopy, such as lattice light-sheet
SIM, should facilitate the large-scale volumetric super-resolution
imaging (Chen et al., 2014).

Light-Microscopy-Based Connectomics

Super-resolution fluorescence imaging with SeeDB2S opens the
new opportunity of light-microscopy-based connectomics at
single-fiber and synapse resolution (Figures 3, 4, 5, 6, and 7).
Combined with commercially available super-resolution imaging
systems, we could obtain fine structures of axonal boutons and
dendritic spines. Previously, the single-fiber tracing has been
performed using serial EM. However, these approaches have
been laborious and are limited to relatively small volumes with lit-
tle genetic and chemical information. A recent report on volu-
metric super-resolution microscopy also depends on laborious
serial sectioning (Sigal et al., 2015). Now, our SeeDB2S can be
used to achieve this goal with much less effort. Large-scale
synapse mapping, i.e., whole-neuron scales in mammals and
whole-brain scales in fly, should provide important information
for our understanding of neuronal computation.

Figure 4. Improved Performance of Neuronal Tracing with SeeDB2S

(A) PSF analysis of fluorescent microspheres (diameter, 100 nm) imaged with Airyscan super-resolution microscopy. FWHM for lateral and axial directions are
shown. n = 20 each.

(B) Comparison of resolution obtained with two-photon microscopy, confocal microscopy, and Airyscan microscopy (Thy1-YFP-H; cerebral cortex; ~P56).
The “stubby” spines found in two-photon microscopy were not stubby in Airyscan (yellow arrowheads). Some spines detected in Airyscan were missing in
two-photon microscopy (red arrowheads).

(C) Brain slices from adult Thy1-YFP-H mouse (P181) in PBS, ProLong Gold, and SeeDB2S were imaged with Airyscan super-resolution microscopy. x-y and x-z
projection images of dendrites are shown. Note that axial resolution is much improved with SeeDB2S. See also Movie S3.

(D) Tracing densely labeled axons in the corpus callosum (Airyscan). Layer 2/3 pyramidal neurons were labeled with tdTomato using in utero electroporation (P56).
Xx-z sections of crossing-over points are shown in yellow boxes. Axial FWHM of axon signals are mean + SEM (n = 30-35). D, dorsal; L, lateral; M, medial; V,
ventral.

(E) Tracing and quantification of axons for olfactory sensory neurons (Airyscan). Axon diameter data are mean + SD. Dorsal olfactory epithelium and axon bundles
were dissected from transgenic MOR29B-IRES-EYFP mice (P35) and cleared with SeeDB2S. All labeled axons were reconstructed on the right.

Scale bars represent 200 nm in (A), 5 um in (B), 10 um in (C), 100 um in (D, left), 2 um in (D, middle and right), 1 um in (E, left), and 10 um in (E, right).
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Figure 5. Large-Scale Super-Resolution Imaging of Neuronal Circuitry Cleared with SeeDB2S
(A) 3D rendering of cerebral cortex of an adult Thy1-YFP-H mouse (P56), imaged with Airyscan microscopy. See also Movie S4. High-magnification images are

shown on the right.
(B) 3D rendering and VAST reconstruction (Kasthuri et al., 2015) for a part of (A). See also Movie S5. See Figure S5 for the image processing pipeline.

Scale bars represent 10 um in (A, left) and (B, left) and 1 um in (A, middle and right) and (B, right).

It should be noted that the practical lateral resolution usingour  best way for the “saturated” connectomics for all neurons
approach is currently 50-150 nm and, for now, the serial EM ap-  in a volume (Kasthuri et al., 2015). Rather, volumetric super-
proaches with sub-nm to 10-nm resolutions remains to be the resolution imaging can become a complementary approach to
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Figure 6. Quantitative Analyses of Excitatory and Inhibitory Synapses in Wild-Type and NMDAR-Deficient Neurons Using Volumetric Super-
Resolution Microscopy

(A and B) L5 neurons were labeled with cytoplasmic tdTomato and EYFP-gephyrin using in utero electroporation and analyzed at P22 (Airyscan). Unbranched
oblique dendrites (100-200 um long) extending from the trunk of the proximal part of apical dendrites of L5 pyramidal neuron were analyzed. Representative
super-resolution images are reconstructed with VAST. Note that gephyrin puncta on dendrite shaft versus spines are unambiguously defined. Both wild-type (A)
and NR1-deficient neurons (B) were analyzed.

(C) Definition of three types of spines (filopodia, thin, and mushroom) based on spine head sizes.

(D-F) Quantifications of spine head density (D), spine length (E), and spine diameter (F) of WT and NMDAR-KO neurons.

(G) Density of EYFP-gephyrin puncta in WT and NMDAR-KO neurons.

(H) Sizes of gephyrin-positive spine heads.

() Size of gephyrin puncta on dendritic spines. *p < 0.05; **p < 0.01; ****p < 0.0001 (Mann-Whitney U test).

n =503 and 1,068 spines in (D) and (E). n = 5 (WT) and 8 dendrites (KO) in (F) and (G). n = 22 (WT) and 97 (KO) spines in (H) and (l). Data are mean + SEM. Scale bars
represent 2 um.

EM-based connectomics with its imaging speed, low cost, scal-
ability, multi-color options, and compatibility with genetic and
chemical labeling strategy. Sparse genetic labeling and multi-
color labeling (e.g., Brainbow) should help improve the reliability
in super-resolution circuit tracing (Livet et al., 2007); in fact,

SeeDB2 is compatible with the multi-color labeling strategy (Fig-
ure 1F; data not shown). Genetic labeling of synaptic proteins
should facilitate the accurate identification of synapses (Figure 6;
Chen et al., 2012). Combined with antibody staining with
synaptic proteins, volumetric super-resolution microscopy can
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Figure 7. Dissecting a Motion Detection Circuitry in the Fly Brain

(A) SeeDB2 is useful for fluorescence imaging of the fly brain. The sequential optical sections of the optic lobes from a brain of a bsh-Gal4 UAS-CD8GFP fly,
cleared with SeeDB2G and imaged with a glycerol-immersion objective lens with long WD (63 x; NA 1.30; WD 0.30 mm). Dorsal views (anterior to the top) are
shown. The left and right columns are the fly brains mounted in Vectashield and SeeDB2G, respectively. Note that the signal intensity and resolution are unaltered
throughout z-sections in the latter.

(B) A 3D reconstruction and horizontal sections at 100 um and 228 um of the whole brain image mounted in SeeDB2G. The enlarged view of the first optic
chiasm at 100 pm shows axons of the lamina neurons (L4 and L5). The fan-shaped body involved in visual memory formation was found at 228 um. See also
Movie S6.

(legend continued on next page)
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become an alternative to the time-consuming array tomography
(Micheva and Smith, 2007) and serial-section STORM (Sigal
etal.,, 2015; Figure S4E). Fueled by ongoing efforts in genetic cir-
cuit labeling and automated neuronal reconstruction pipelines
(Peng et al., 2015), the volumetric super-resolution microscopy
should facilitate light-microscopy-based neuronal circuit recon-
structions at synaptic resolutions.

EXPERIMENTAL PROCEDURES
Additional details are available in the Supplemental Experimental Procedures.

Reagents

For SeeDB2G, Omnipaque 350 (e.g., Daiichi-Sankyo; 75.5% w/v or 56.2%
w/w iohexol in Tris-EDTA buffer) was used. SeeDB2S was prepared by dis-
solving iohexol powder (available as Histodenz from Sigma-Aldrich or Nyco-
den from Axis-shield) at 70.4% w/w in 10 mM Tris-Cl (pH 7.6), 0.267 mM
EDTA. Note that SeeDB2S was prepared based on % w/w not w/v. Solutions
1 and 2 (see below) were prepared by diluting Omnipaque 350 in H,O and add-
ing saponin (Nacalai Tesque or Sigma-Aldrich) at 2% w/v. Saponin shows
different levels of browning across lots (especially from Sigma-Aldrich). We
therefore used lots with a less brownish color because the brown pigment re-
duces the light transmittance. Stock solution of saponin (20% w/v) was filter
sterilized. Refractive indices were determined using an Abbe refractometer
(Erma) and white light source.

Optical Clearing of Mouse Brain Tissues Using SeeDB2

All animal experiments were approved by the Institutional Animal Care and Use
Committee of the RIKEN Kobe Institute. Paraformaldehyde-fixed mouse brain
samples were cleared using 5 ml Eppendorf tube with gentle rotation (~4 rpm)
using an overhead rotator (TAITEC) at room temperature (25°C). First, fixed tis-
sue samples were incubated 2% saponin in PBS overnight. Samples were next
incubated in 1:2 mixture of Omnipaque 350 (Daiichi-Sankyo) and H,O with 2%
saponin (solution 1) for 6-10 hr and then in 1:1 mixture of Omnipaque 350 and
H,O with 2% saponin (solution 2) for 6-10 hr. Finally, samples were incubated
in Omnipaque 350 with 2% saponin (solution 3) for >12 hr. Thin brain slices
could be cleared with shorter incubation schedules. Some samples (e.g.,
lipid-rich tissues and large samples) may be further cleared by prolonged incu-
bation in solution 3. For clearing with SeeDB2S, samples were further incu-
bated in SeeDB2S with 2% saponin (solution 4) for >12 hr. Cleared tissues
were transferred to SeeDB2G or SeeDB2S without saponin for imaging. For
long-term storage of samples, 0.01% sodium azide can be added as a preser-
vative. The addition of antifade chemicals (e.g., DABCO) is not recommended
for fluorescent protein samples, because they often quench fluorescent pro-
teins. Samples can be stored at room temperature under protection from light.
The cleared sample should not be exposed to the air for long time, because the
surface may become sticky due to water evaporation. A step-by-step protocol
and technical tips of SeeDB2 will be posted in our website, SeeDB resources
(https://sites.google.com/site/seedbresources/).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, one table, and seven movies and can be found with this article
online at http://dx.doi.org/10.1016/j.celrep.2016.02.057.
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