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Introduction

A major challenge in biology remains obtaining
detailed high-resolution information from a complex
system while maintaining the global perspective
needed to understand system function. Here we
address this challenge using the CLARITY method
for efficient transformation of intact tissue into a
nanoporous hydrogel-hybridized form (cross-linked
to a three-dimensional [3D] network of hydrophilic
polymer chains) that is fully assembled but optically
transparent and macromolecule-permeable. We
demonstrate transformation of rodent brains using
this method, which enables intact-tissue imaging
of many elements: long-range circuit projections,
local circuit wiring, cellular relationships, subcellular
structures, protein complexes, nucleic acids, and
neurotransmitters. We also show how CLARITY
is compatible with both immunocytochemistry
and in situ hybridization in nonsectioned tissue,
enabling the delivery and retrieval of exogenous
macromolecules throughout the intact mouse brain
for molecular phenotyping and allowing sequential
rounds of staining and destaining. Finally, we
demonstrate that CLARITY enables fine-structural
analysis of clinical samples, including nonsectioned
human tissue banked for years in formalin from a
psychiatric disease clinical setting. These capabilites
open the door to transmuting human tissue into a
physically stable, intact form suitable for probing
the structural and molecular underpinnings of
physiological function and disease.

Extracting detailed structural and molecular
information from intact biological systems has
long been a fundamental challenge across fields
of investigation and has spurred considerable
technological innovation (Denk et al., 1990;
Helmchen and Denk, 2005; Dodt et al., 2007; Livet
et al., 2007; Micheva and Smith, 2007; Li et al.,
2010; Susaki et al., 2014). In particular, the study of
brain structure—function relationships may benefit
from intact-system tools (Kasthrui and Lichtman,
2007; Defelipe, 2010); in general, much valuable
information on intrasystem relationships and joint
statistics will become accessible from undertaking
the full structural analysis of intact systems rather
than piecemeal reconstruction across preparations.
Yet even tissue structure in itself provides only a
certain level of insight without detailed molecular
phenotyping, which is difficult to achieve within
intact tissue.

We have set the goal of rapidly transforming

intact tissue into an optically transparent and
macromolecule-permeable construct while preserving
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native molecular information and structure. We took
note of the fact that packed lipid bilayers are implicated
in rendering tissue poorly accessible both to molecular
probes and to photons; these bilayers simultaneously
create  diffusion-barrier properties relevant to
chemical penetration and light-scattering properties
at the lipid-aqueous interface. Thus, we reasoned that
if lipid bilayers could be removed nondestructively,
light and macromolecules might penetrate deep into
tissue, allowing 3D imaging and immunohistological
analysis without disassembly. However, removing lipid
membranes that provide structural integrity and retain
biomolecules would inevitably damage tissue with
profound loss of cellular and molecular information.
Therefore, first providing a physical framework would
be required to physically support the tissue and secure
biological information.

Hydrogel-Electrophoretic Tissue

Transmutation

We began providing a physical framework for
the tissue by infusing hydrogel monomers (here,
acrylamide and bisacrylamide), formaldehyde, and
thermal initiators into tissue at 4°C (Fig. 1). In this
step, formaldehyde not only cross-links the tissue
but also covalently links the hydrogel monomers
to biomolecules, including proteins, nucleic acids,
and small molecules. Next, polymerization of
the biomolecule-conjugated monomers into a
hydrogel mesh is thermally initiated by incubating
infused tissue at 37°C for 3 h, at which point tissue
and hydrogel become a hybrid construct. This
hydrogel—tissue hybridization physically supports
tissue structure and chemically incorporates
biomolecules into the hydrogel mesh. Importantly,
lipids and biomolecules lacking functional groups
for conjugation remain unbound and therefore can
be removed from the hybrid. To efficiently extract
lipids, we developed an active-transport organ
electrophoresis approach, which we termed ETC
(electrophoretic tissue clearing), capitalizing on the
highly charged nature of ionic micelles. This method
expedites lipid extraction by orders of magnitude.

Whole Adult Mouse Brain Imaging
To test anticipated features of the technology, we
used CLARITY to process the brain of a 3-month-
old ThyI-EYFP line-H mouse, in which the cytosolic
fluorescent protein enhanced yellow fluorescent
protein (EYFP) is expressed in projection neurons
(Feng et al., 2000). Within 8 d, the intact adult brain
was transmuted into a lipid-extracted and structurally
stable hydrogel-tissue hybrid. Scattering still occurs
owing to heterogeneously distributed protein/
nucleic acid complexes in the hybrid. However,
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Step #1: Hydrogel monomer infusion (Day 1 - Day 3)
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Figure 1. CLARITY. Tissue is cross-linked with formaldehyde (red) in the presence of hydrogel monomers (blue), covalently linking
tissue elements to monomers, which are then polymerized into a hydrogel mesh. Electric fields applied across the sample in ionic
detergent actively transport micelles into (and lipids out of) the tissue, leaving fine structure and cross-linked biomolecules in place.
Bottom left boxed region, ETC chamber. Reprinted with permission from Chung et al. (2013), their Fig. 1.
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after immersion in refractive index (RI)-specified
solutions matching the CLARITY hybrid (e.g., 85%
glycerol or FocusClear, both RI ~1.45), the intact
brain becomes uniformly transparent (Figs. 2a—c).

Imaging depth in clarified tissue appeared to be limited
only by working distance (WD) of the objective (here
3.6 mm, though 8 mm WD/0.9 NA objectives are
available). Therefore, to image the 5- to 6-mm-thick
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adult mouse brain, we next imaged the dorsal half of
the brain followed by inversion and imaging of the
ventral half (Fig. 2d, e). Figure 2f shows a volume of
unsectioned mouse brain with visualization through
cortex, hippocampus, alveus, and thalamus (Fig. 2g-1).
We observed that tissue expanded slightly with ETC
and returned to original size after RI matching. This
transient change did not cause net tissue deformation,
and fine structural details such as membrane-localized

Figure 2. Intact adult mouse brain imaging. a-d, Whole mouse brains (3 months old): a, before CLARITY (quote from Ramén
Y Cajal, 1904); b, after CLARITY. Thy7-eYFP line-H mouse brain after hydrogel-tissue hybridization, ETC, and refractive-index
matching. ¢, Fluorescence image of brain in b. d, Dorsal aspect is imaged using single-photon (1p) microscopy, then the brain is
inverted and ventral aspect imaged. e, 3D rendering of clarified mouse brain. Left, dorsal half; Right, ventral half. Scale bar, 1 mm.
f, Nonsectioned mouse brain tissue showing cortex, hippocampus, and thalamus. Scale bar, 400 pm. (g—/). Optical sections from f
showing negligible resolution loss even at ~3400 um depth. g, h, z =446 pm; i, j, z = 1683 um; k, I, z= 3384 pm. h, j, and /, Boxed
regions in g, i, and k. Scale bars, 100 um. m, Cross-section of axons in clarified striatum of Thy7-ChR2-EYFP line: membrane-
localized ChR2-EYFP. Scale bar, 5 um. n, Dendrites and spines of neurons in clarified Thy7-EYFP line-H cortex. Scale bar, 5 um.
Reprinted with permission from Chung et al. (2013), their Fig. 2.
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Figure 3. Molecular phenotyping in intact tissue. a, Protein loss percentages in clarified mouse brain compared with
conventional methods; n = 4 for each condition. b, Rendering of 1-mm-thick, nonsectioned coronal block of Thy7-EYFP mouse
immunostained for GFP. Scale bar, 500 um. ¢, 3D rendering of boxed region in cortex in b shows EYFP fluorescence (left) and anti-
GFP staining (right). d, Left, Colocalization of GFP staining. Right, Optical sections at different depths in 3D rendering. Scale bar,
100 um. e—f, 500-pm-thick block of line-H brain immunostained for synapsin-I (red)/PSD-95 (blue) for 3 d. e, Left, Optical sections.
Right, enlarged images of boxed regions on left. Individual synaptic puncta resolved throughout depth. EYFP: white. f, Average
immunofluorescence cross-section of PSD-95 puncta. g, Full width at half maximum (FWHM) of average immunofluorescence
cross-section of PSD-95 puncta versus depth. Insets: average puncta at z = 20 um, z = 200 pm. h, Staining in hippocampus. Left,
GABA; middle, PV; right, overlay. Scale bar, 20 um. i, In situ hybridization in clarified 500 pm mouse brain block showing dopamine
receptor D2 (Drd2) mRNA in striatum. LV, lateral ventricle. Blue, DAPI. Scale bars: Left, 100 pm; Right, 20 um. j, k, Axonal fibers
of TH-positive neurons in NAc and CPu. j, 3D rendering of 1-mm-thick clarified mouse brain block stained for TH (red) and DAPI
(green). aca, anterior commissure. Scale bar, 500 um. k, Maximum projection, NAc/aca volume in j. Scale bar, 50 pm. Reprinted
with permission from Chung et al. (2013), their Fig. 3.
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proteins (Fig. 2m), dendritic spines (Fig. 2n), and
synaptic puncta (Fig. 3e—g) remained securely in place.

Molecular Phenotyping of Intact

Tissue Volumes

Interrogating molecular features at subcellular
resolution in an intact brain with known global
wiring properties may be of value; however,
conventional labeling techniques involve (1) loss of
native molecules after permeabilization required for
access to intracellular targets, (2) time-intensive thin
sectioning and reconstruction, or (3) when multiple
rounds of labeling are attempted, damage due to
harsh probe removal processes. We hypothesized
that CLARITY could overcome these three major
difficulties by enabling intact-tissue and multiple-
round molecular phenotyping.

First, CLARITY may preserve native antigens
with unusual completeness owing to the hydrogel-
hybridization —process. To quantify molecular
preservation associated with tissue—hydrogel fusion,
we compared protein loss in clarified mouse brain
to loss from conventional methods (Fig. 3a). Of
total protein, ~65% was solubilized (lost) when
conventionally PFA-fixed tissue blocks were cleared
by 4% SDS for one week. Scale, a tissue-clearing
method using 4M urea, allowed ~41% protein loss
over the same interval. Even PFA-fixed tissue treated
only with 0.1% Triton X-100/PBS, a mild detergent—
based permeabilization buffer used in conventional
histology, allowed significant loss of ~24% protein.
However, when hydrogel-hybridized tissue was cleared
with the stringent 4% SDS solution of CLARITY, only
~8% protein loss was seen, indicating that chemical
tethering of biomolecules into hydrogel mesh can
enhance the preservation of molecular components.

Second, we found that CLARITY, which increases
tissue permeability by replacing lipid bilayers with
nanoporous hydrogel, enables rapid diffusion of
molecular probes deep into intact tissue, and thereby
allows access to preserved biomolecules without
sectioning. In a 1-mm-thick clarified coronal block
of mouse brain, uniformly antibody-stained over
3 d (Fig. 3b), quantitative colocalization analysis
revealed that EYFP fluorescence and anti—green
fluorescent protein (GFP) staining overlapped

throughout the block (Figs. 3c, d).

Third, CLARITY was found to enable multiround
molecular phenotyping (Fig. 4); the stable framework
allowed effective removal of antibodies without
fine-structural damage or degraded antigenicity. We
performed three consecutive rounds of staining in
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1-mm-thick coronal blocks from a Thyl-EYFP H-line
mouse brain, observing effective antibody removal
and preserved EYFP-positive neuronal morphology
as well as restaining capability. Although extensive
validation would be required to fully map the extent
to which CLARITY secures molecular information,
this result demonstrates that elution largely preserves
integrity of tissue structure, cellular architecture,
fluorescence signals (Figs. 3d-f), and diamino-phenyl-
indol (DAPI) DNA staining (Fig. 3g). Moreover,
repeated TH staining in the first and third rounds
revealed identical staining patterns and signal
intensity, confirming that antigenicity is retained
throughout multiple rounds of staining/elution.
To investigate axonal projections of the tyrosine
hydroxylase (TH) neurons further, we clarified 1-mm-
thick coronal blocks of mouse brain that were stained
and imaged using tyrosine hydroxylase. As shown in
Figures 3j and k, projections of tyrosine hydroxylase—
positive fibers were readily visualized in the neocortex,
nucleus accumbens, caudate putamen, and amygdala.
We also found that the CLARITY hydrogel-
conjugation process preserves small molecules, such
as the neurotransmitter GABA (Fig. 3h).

Human Tissue Imaging and

Molecular Phenotyping

We found that CLARITY functioned in long-
banked human brain, enabling immunohistological
visualization and identification of neurons and
projections over large volumes (Figs. 5a-g). In
0.5-mm-thick blocks of frontal lobe from an autistic
patient, stored in formalin for >6 years, we were
able to stain for axons with neurofilament protein
(NP) and myelin basic protein (MBP) and to trace
individual fibers (Fig. 5¢). In addition, by staining for
parvalbumin (PV), we could visualize the distribution
of PV-positive interneurons in neocortex over large
volumes (6.7 x 4.7 x 0.5 mm) and trace individual
PV-labeled processes (Figs. 5g—n).

Unlike mechanical sectioning methods, which
may involve deformation of tissue and uncertainty
in registration across sections, CLARITY preserves
continuity of structure, which not only allows tracing
of neurites over distances but also provides a class of
distinct information about the morphology of traced
neurons. As one example, we found that many
PV-positive interneurons in this human sample,
selectively in deep layers, displayed isoneuronal
and heteroneuronal dendritic bridges (Figs. 5g—m).
These ladder-like connections (not typical of control
brain) instead resemble abnormalities observed with
mutations in the Down syndrome cell-adhesion
molecule (Dscam) protein or protocadherins
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(Pcdhs); mutations in the latter family are associated
with autism-spectrum disorder (Morrow et al., 2008).
Although extensive work would be required to define
the incidence and implications of abnormal PV
neurons, the observation illustrates the structural
and molecular capability that clarified tissue provides
by virtue of volumetric continuity, which may
help shed light on the structural underpinnings of
neuropsychiatric disease (de Anda et al., 2012).
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Discussion

Using this hydrogel-tissue fusion and ETC
technology, intact tissue can be rapidly transformed
into optically and chemically accessible form while
retaining structural and molecular information,
thereby enabling the imaging of entire adult
vertebrate brains as well as multiple-round molecular
phenotyping without thin sectioning. CLARITY-
optimized long-WD objectives will improve imaging
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Figure 4. Multiround molecular phenotyping of intact tissue. a, First round. Volume rendering of 1-mm-thick block of Thy7-EYFP
mouse immunostained for TH in nonsectioned form. Scale bar, 500 um. b, Antibodies eluted from block in a. ¢, Second round. 3D
rendering of same block now immunostained for PV (red)/GFAP (blue)/DAPI (white). d—f, Maximum projections of 100 um volume
of yellow-boxed region in a, b, and ¢, respectively. Scale bar, 100 um. g, Optical section of white/dotted-box region in ¢ showing
DAPI. CA, cornu ammonis; DG, dentate gyrus. Scale bar, 100 um. h—i, TH channel of white-box region in a (h) and (/). TH antige-
nicity preserved through multiple elutions. Scale bar, 100 pm. j, Third round. Block in a—c immunostained for TH (red) and choline
acetyltransferase (ChAT) (blue). k, 3D view of hippocampus in ¢ showing EYFP-expressing neurons (green)/PV-positive neurons
(red)/GFAP (blue). Scale bar, 200 um. Aly, alveus. Reprinted with permission from Chung et al. (2013), their Fig. 4.
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Figure 5. Human brain structural/molecular phenotyping. Human BA10 500-pm-thick intact blocks. a, Optical section: myelin
basic protein (MBP)/PV staining. White arrowheads indicate membrane-localized MBP around PV-positive projections. Scale
bar, 10 pm. b, TH and PV staining. Scale bar, 50 pm. ¢, Optical section: NP and GFAP. Scale bar, 20 pm. d, Somatostatin
and PV staining. Scale bar, 20 um. e, Rendering of NP-positive axonal fibers. Red, traced axon across volume. Scale bar,
500 pm. Inset: boxed region. Scale bar, 20 um. f, Visualization of PV-positive neurons in neocortex of autism case (Morrow et al.,
2008). Scale bar, 500 um. g, Yellow-boxed region in f showing PV-positive cell bodies and fibers in layers IV, V, and VI. Scale bar,
100 pm. h, 3D rendering of abnormal neurons in g. Yellow arrowheads (1, 2) indicate ladder-shaped structures shown below in i
and k. Scale bar, 80 um. i, Zoomed-in maximum projection of 8 um volume showing morphology of ladder-shaped structure formed
by neurites from a single neuron. Scale bar, 10 um. j, Tracing of structure in i. k, Maximum projection of 18 pm volume showing
ladder-shaped structure formed by neurites from 2 different neurons. Scale bar, 10 um. /, Tracing of structure in k. m, Isoneuronal
and heteroneuronal dendritic bridges per neuron. **p<0.05; error bars indicate SEM; n = 6 neurons for both superficial and deep
layers of autism case; n = 4 neurons for both superficial and deep layers of control case. n, 3D reconstruction of a neuron in layer 2
(superficial) of the autism case. Scale bar, 10 pm. Reprinted with permission from Chung et al. (2013), their Fig. 5.
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depth and resolution, further enhancing the
acquisition of integrated structural and molecular
information from intact systems.

Turning immense datasets into useful insights remains
a key challenge. Computational approaches to image
segmentation, 3D registration, and automated
tracing require further development. Although
much remains to be refined, new approaches to
intact-systems biology may dovetail with existing
optogenetic-control or activity-imaging methods.
Moreover, efficient molecular phenotyping (as
with c-Fos) may help map populations with altered
activity downstream of the directly modulated
population, across the same intact brain. Together
with its capability for intersectional definition of
cells via sequential rounds of labeling, and broad
application domain (including mouse, zebrafish, and
human), these data suggest that CLARITY provides
access to structural and molecular information that
may help support a newly integrative understanding
of large-scale intact biological systems.
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