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Tissueclearingandlight-sheetmicroscopyhavea100-year-plushistory,yetthesefieldshavebeencombinedonly
recentlytofacilitatenovelexperimentsandmeasurementsinneuroscience.Sincetissue-clearingmethodswerefirst
combinedwithmodernizedlight-sheetmicroscopyadecadeago,theperformanceofbothtechnologieshasrapidly
improved,broadeningtheirapplications.Here,wereviewthestateoftheartoftissue-clearingmethodsandlight-sheet
microscopy and discuss applications of these techniques in profiling cells and circuits in mice. We examine
outstandingchallengesandfutureopportunitiesforexpandingthesetechniquestoachievebrain-wideprofilingof
cellsandcircuitsinprimatesandhumans.Suchintegrationwillhelpprovideasystems-levelunderstandingofthephys-
iologyandpathologyofourcentralnervoussystem.
The beginning of the 20th century saw the birth of two technolo-

gies: tissue clearing and light-sheet microscopy. The earliest

report on tissue clearing of opaque biomedical samples, which

appeared in 1911 in Leipzig, was by the German anatomist Wal-

ter Spalteholz. He tried to make human hearts transparent to

study their vascular system (Spalteholz, 1911). Using hydropho-

bic tissue-clearing reagents (Wintergr€unöl) such as methyl

salicylate and benzyl benzoate on dehydrated specimens, he

succeeded in visualizing macroscopic structures in transparent

samples for the first time. However, without a technology like

light-sheet microscopy, it was not possible to quantify his find-

ings. So even this key advance brought only some qualitative

insights into human anatomy. Not far from Leipzig, Austrian

chemist Richard A. Zsigmondy and German physicist Henry Sie-

dentopf, working in Jena, developed the first light-sheet micro-

scope, the Ultramicroscope (Siedentopf and Zsigmondy,

1902). Unlike Spalteholz, Zsigmondy was looking for very small

things (Ultramikronen), colloidal particles in solution, which he

tried to quantify. In principle, it would have been possible to inte-

grate these two technologies more than 100 years ago, but at

that time, it would not have led far. Light sheets traversing

cleared specimens might create optical sections if one looks at

the specimen at the correct angle, but these images still had to

be recorded. Most importantly, a three-dimensional (3D) model

of the specimen must be reconstructed digitally. Without con-

current inventions of electronic cameras and computers, even

a hypothetical encounter of Spalteholz and Zsigmondy would

not have produced the same impact that these methods have

recently achieved.
Approximately 90 years after these seminal works, the first

relevant step toward integration of tissue clearing and light-sheet

microscopy was made by Arno Voie and colleagues (Voie et al.,

1993). They designed a modern version of light-sheet micro-

scopy (orthogonal-plane fluorescence optical sectioning micro-

scopy [OPFOS]), based on lasers and digital camera technology.

After clearing the bony structure of the inner ear using EDTA and

Spalteholz’s hydrophobic tissue-clearing reagents (methyl salic-

ylate and benzyl benzoate), Voie and colleagues performed the

first fluorescence optical imaging of a tissue-cleared biological

specimen, an excised guinea-pig cochlea labeled with fluores-

cein (Voie et al., 1993). They recorded the images with a

charge-coupled device (CCD) camera and successfully recon-

structed the spiral in the inner ear with rudimentary homemade

3D reconstruction software. The approach unfortunately re-

mained largely unnoticed by the broader scientific community

for nearly two decades. Light-sheet microscopy rapidly gained

momentum in biological imaging in the early 21st century, with

applications in diverse fields including microbial oceanography,

developmental biology, and neuroscience (Dodt et al., 2007;

Fuchs et al., 2002; Holekamp et al., 2008; Huisken et al., 2004).

In particular, the work by Ernst Stelzer and colleagues sparked

a renewed interest in light-sheet microscopy (Huisken et al.,

2004). They reconstructed largely transparent living biological

samples, including Medaka fish embryos. Despite the success

of this approach for developmental biology, it remained

restricted to naturally transparent samples. The first use of

light-sheet imaging on neural tissues artificially rendered trans-

parent was made by Hans-Ulrich Dodt and colleagues (Dodt
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et al., 2007). They took advantage of hydrophobic tissue-

clearing reagents, benzyl alcohol and benzyl benzoate (BABB),

that were originally developed by Andrew Murray and Marc

Kirschner around 1989 and first applied to fluorescent-

and peroxidase-based whole-mount immunocytochemistry of

Xenopus oocytes and embryos (Dent et al., 1989). Combining

this clearingmethodwith ultramicroscopy and image processing

enabled the visualization of neuronal networks at the resolution

of neural dendrites in whole mouse brains (Dodt et al., 2007). A

different set of organic solvents—DBE (dibenzyl ether) and/or

THF (tetrahydrofuran) and dichloromethane (DCM)—were com-

bined in 3D imaging of solvent-cleared organs (3DISCO) to better

preserve the fluorescence of GFP during the clearing process

(Becker et al., 2012, 2014; Ert€urk et al., 2012, 2014). Since

then, various other hydrophobic tissue-clearing reagents with

different attributes have been developed to support various ap-

plications, including ultimate DISCO (uDISCO) (Pan et al., 2016),

immunolabeling-enabled DISCO (iDISCO) (Belle et al., 2014; Re-

nier et al., 2014), iDISCO+ (Renier et al., 2016), FluoClearBABB

(Schwarz et al., 2015), ethyl cinnamate (ECi) (Klingberg

et al., 2017), free-of-acrylamide SDS-based tissue clearing

(FASTClear) (Perbellini et al., 2017), polyethylene glycol (PEG)-

associated solvent system (PEGASOS) (Jing et al., 2018), vari-

able domain of heavy chain antibodies (nanobodies) DISCO

(vDISCO) (Cai et al., 2018), multiscale architectonic staining of

human cortex (MASH) (Hildebrand et al., 2018), and stabilized

DISCO (sDISCO) (Hahn et al., 2019).

Clearingmethods that use water-soluble reagents (hydrophilic

tissue-clearing methods) are better at preserving the fluores-

cence of fluorescent proteins and are less toxic compared with

approaches that use organic reagents. Pioneering works on hy-

drophilic tissue-clearing methods were conducted by Russian

physicist Valery V. Tuchin and colleagues (V.V. Bakutkin et al.,

1995, Int. Soc. Optic. Photon., conference; Tuchin, 2007). They

found that aqueous solutions of various hydrophilic chemicals

had high refractive indices (RIs), a property believed to be impor-

tant for tissue clarity. The RI of a certain material is defined as the

ratio of the speed of light in a vacuum to that in the material.

These high-RI solutions included X-ray contrast agents (Trazo-

graph), a series of alcohols (polyethylene glycol, glycerol, and

propylene glycol), sugars (glucose and dextran), and dimethyl

sulfoxide (DMSO) (V.V. Bakutkin et al., 1995, Int. Soc. Optic.

Photon., conference; A.N. Bashkatov et al., 1999, Int. Soc. Optic.

Photon., conference; V.V. Tuchin et al., 1999, Proc. SPIE, confer-

ence; Tuchin et al., 1997, 2002; Xu et al., 2003; Zimnyakov et al.,

1996, Int. Soc. Optic. Photon., conference). Around the same

time, Chance and colleagues discovered the RI matching effect

of a series of sugars (mannitol, fructose, sucrose, and glucose)

and alcohols (propanediol and methanol) (Chance et al., 1995;

Liu et al., 1996). A different cocktail—FocusClear, which con-

tains another X-ray contrast agent (diatrizoate acid) and a

detergent (Tween 20)—was used by Chiang and colleagues for

whole-brain imaging of cockroach using a confocal microscope

(Chiang et al., 2001). In 2011, Atsushi Miyawaki and colleagues

developed the hydrophilic tissue-clearing method Scale, which

hyperhydrates and delipidatesmouse brains with urea-based re-

agents and a detergent, respectively, resulting in semi-trans-

parent mouse brains (Hama et al., 2011). This clearing approach
370 Neuron 106, May 6, 2020
substantially enhanced the effective imaging depth of two-

photon microscopy in adult brain tissue but provided insufficient

clearing for effective light-sheet microscopy. This problem

was then addressed in 2014 by Hiroki Ueda and colleagues,

who developed clear, unobstructed brain/body imaging cock-

tails and computational analysis (CUBIC), an efficient hydrophilic

tissue-clearing method (Susaki et al., 2014). They used a sys-

tematic chemical screening strategy and found a series of amino

alcohols, which can be used to delipidate and decolorize

mammalian brains. CUBIC protocols for whole-body clearing

also seem to permit light-sheet imaging of heart, lung, liver, kid-

ney, pancreas, and other organs (Susaki et al., 2014, 2015; Tai-

naka et al., 2014), although whole-body imaging still has not

been rigorously demonstrated because of the lack of an objec-

tive definition of whole-body imaging. One of the possible defini-

tions for whole-body or -organ imaging would be the successful

detection of cells or cellular nuclei in a whole body or a whole

organ with more than a certain level of accuracy (e.g., 95% ac-

curacy).

Further chemical screening and profiling led to the develop-

ment of a series of CUBIC reagents (CUBIC-L or CUBIC-HL for

delipidation, CUBIC-R+ for RI matching, CUBIC-B for decalcifi-

cation of bone, CUBIC-P for decolorization, and CUBIC-X for

tissue expansion) (Kubota et al., 2017; Murakami et al., 2018;

Tainaka et al., 2018). Parallel efforts revealed the chemical prin-

ciples of each tissue-clearing process (Susaki and Ueda, 2016;

Tainaka et al., 2016, 2018). CUBIC-based clearing was extended

to the fruit fly D. melanogaster. With this approach (FlyClear),

endogenous fluorescence in whole undissected animals was

preserved across developmental stages from larva to adult fly

(Pende et al., 2018). In addition to these CUBIC-related reagents,

other hydrophilic tissue-clearing reagents with different pur-

poses have been independently developed, including thiodie-

thanol (TDE) immersion (Aoyagi et al., 2015; Costantini et al.,

2015; Hasegawa et al., 2016; Staudt et al., 2007); see deep brain

(SeeDB) (Ke et al., 2013); ScaleS (sorbitol-based scale) (Hama

et al., 2015); FRUIT (a cocktail of fructose and urea) (Hou et al.,

2015); urea-based amino-sugar mixture (UBasM) (Chen et al.,

2017); clearing-enhanced 3D (Ce3D) (Li et al., 2017); see deep

brain 2 (SeeDB2) (Ke et al., 2016); ClearT (formamide) /ClearT2

(a cocktail of formamide and polyethylene glycol) (Kuwajima

et al., 2013); Warner’s method (Warner et al., 2014); ClearSee

(Kurihara et al., 2015); rapid clearingmethod based on triethanol-

amine and formamide (RTF) (Yu et al., 2018); illuminate cleared

organs to identify target molecules (LUCID) (Mizutani et al.,

2018); a series of sugars, sorbitol (Hirshburg et al., 2007) and su-

crose (Chance et al., 1995; Tsai et al., 2009); and a series of X-ray

contrast, Histodenz in refractive index matched solution (RIMS)

protocol (Yang et al., 2014) and iodixanol in system-wide control

of interaction time and kinetics of chemicals (SWITCH) protocol

(Murray et al., 2015).

In parallel with the development of hydrophobic and hydro-

philic tissue-clearing methods, a hydrogel-based tissue-clearing

method called clear lipid-exchanged acrylamide-hybridized rigid

imaging/immunostaining/in situ-hybridization-compatible tissue

hydrogel (CLARITY) was also developed in 2013 by Karl

Deisseroth and Kwanghun Chung. In this process, lipids are

removed by perfusion of sodium dodecyl sulfate (SDS), a strong
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detergent, and tissue is subsequently transformed into a clear

acrylamide gel retaining biological elements (Chung et al.,

2013). CLARITY employs an electrophoresis step to accelerate

tissue clearing and is therefore more complex than many other

hydrophobic and hydrophilic tissue-clearing methods that rely

on passive diffusion. Following SDS perfusion, proteins and nu-

cleic acids are retained, presumably because of their stabiliza-

tion by the exogenous acrylamide gel. Using CLARITY, it may

be possible to visualize endogenous fluorescent proteins and

to label epitopes with fluorescent antibodies (Chung et al.,

2013). Although reliable fluorescence preservation and immuno-

labeling remain challenging, intact CLARITY-processed brains

have been successfully imaged at high resolution (numerical

aperture [NA] = 1.0) with light-sheet microscopy (Tomer et al.,

2014). Raju Tomer and colleagues developed the passive

CLARITY technique (PACT) by decreasing gel density to improve

tissue permeability and probe penetration (Tomer et al., 2014).

Viviana Gradinaru and colleagues combined PACT with PARS

(perfusion-assisted agent release in situ) to render rodent bodies

transparent (Treweek et al., 2015; Yang et al., 2014). Other vari-

ations of CLARITY have been applied to bones (Greenbaum

et al., 2017a) and for the detection of RNA (Greenbaum et al.,

2017b; Yang et al., 2014). Sensitive methods for fluorescence

in situ hybridization have been used to effectively visualize single

RNA molecules within tissue (Shah et al., 2016).

Hydrogel-based methods have been further exploited to

achieve super-resolution imaging. Expansion microscopy,

developed by Ed Boyden and colleagues, uses a swellable hy-

drogel to isotropically expand tissues. Expanded structures

within tissuemay enable imaging at an effective resolution higher

than that achievable using conventional microscopy (Chen et al.,

2015). Kwanghun Chung and colleagues developed another hy-

drogel-based expansion microscopy method, magnified anal-

ysis of proteome (MAP), in which they omitted the protein diges-

tion process to preserve proteins in the expanded brain (Ku et al.,

2016), and recently introduced stabilization under harsh condi-

tions via intramolecular epoxide linkages to prevent degradation

(SHIELD), in which they used polyepoxy chemicals to protect

florescence, antigenicity, transcripts, and tissue architecture

(Park et al., 2018). Similar to hydrophobic and hydrophilic tis-

sue-clearing methods, variations of hydrogel-based tissue-

clearing reagents with different purposes have been developed,

including optimized CLARITY (Lee et al., 2014), CLARITY-TDE

(Costantini et al., 2015), plant-enzyme-assisted (PEA)-CLARITY

(Palmer et al., 2015), simplified CLARITY (Lai et al., 2016), active

clarity technique-pressure related efficient and stable transfer of

macromolecules into organs (ACT-PREST) (Lee et al., 2016), and

fast free-of-acrylamide clearing tissue (FACT) (Xu et al., 2017)

Since the earliest combined use of hydrophobic (Dodt et al.,

2007), hydrophilic (Susaki et al., 2014), or hydrogel-based (Tomer

et al., 2014) tissue-clearing methods and modernized light-sheet

microscopy, the performance of tissue-clearing approaches and

light-sheet microscopy has been continuously improved, broad-

ening their utility (Ariel, 2017; Azaripour et al., 2016; Chakraborty

et al., 2019; Fu et al., 2016; Gradinaru et al., 2018; Hörl et al.,

2018;Migliori et al., 2018;Richardsonand Lichtman, 2015; Silves-

tri et al., 2016; Susaki and Ueda, 2016; Tainaka et al., 2016; Voigt

et al., 2019) (Figure 1). Indeed, with advanced tissue-labeling
and -staining techniques, tissue-clearing methods, and light-

sheetmicroscopy, whole-brain profiling of cells can be performed

comprehensively and efficiently (Belle et al., 2014; Murakami

et al., 2018; Renier et al., 2014, 2016; Susaki et al., 2014; Ye

et al., 2016). Integration of tissue-clearing and light-sheet micro-

scopy also promises to transform methods for interrogating the

structure and connectivity of neural circuits spanning the brain

(Ogawa and Watabe-Uchida, 2018; Economo et al., 2016, 2018;

Winnubst et al., 2019).

The Present State of the Art and Challenges in Tissue
Clearing
Tissue-clearingmethods provide a powerful approach for optical

imaging deep within biological specimens. Methods for tissue

clearing are under active development so that they may be

applied to larger samples and to improve their compatibility

with an expanded set of techniques for labeling and visualizing

structural and biochemical features of tissues. The physical

and chemical principles that underlie tissue-clearing processes

are also of great interest (Figure 2), and enhanced understanding

of these processes continues to drive the development of new

tissue-clearing methods.

Improvements in tissue-clearing methods have relied both on

identification and application of more effective tissue-clearing

chemicals (Pan et al., 2016; Tainaka et al., 2014, 2018) and on

enhanced fixation procedures that permit the use of harsher re-

agents and procedures (e.g., strong detergents and high tem-

perature) (Murray et al., 2015; Park et al., 2018; Yang et al.,

2014). The identified potent tissue-clearing chemicals or condi-

tions have been applied not only to entire bodies of rodents

(Pan et al., 2016; Tainaka et al., 2014; Yang et al., 2014) but

also to entire human organs, including a lymph node (Nojima

et al., 2017), a kidney (Tainaka et al., 2018; Zhao et al., 2019),

an eyeball, and even a human brain (Zhao et al., 2019).

Tissue-clearing methods, whether hydrophobic, hydrophilic,

or hydrogel based, attempt to minimize light scattering—espe-

cially Mie scattering (Tuchin, 2015)—caused by mismatches in

the RIs of different components of biological materials (e.g.,

lipids and proteins) with the RI of the medium (e.g., water)

(Figure 2A, light scattering). Among biological materials, water

usually exhibits the lowest RI (�1.33), dried lipids exhibit inter-

mediate RIs (1.46–1.48) (Kienle et al., 2014; Pusterla et al.,

2017), dried proteins and DNA exhibit higher RIs (1.540–1.598

for dried proteins, Bashkatov et al., 2018; �1.58 for dried DNA,

Inagaki et al., 1974), and hydroxyapatite (HAp) extracted from

bone tissue exhibits the highest RI (1.600–1.604) (Antonio,

1949; Ascenzi and Fabry, 1959). In addition to reducing light

scattering caused by inhomogeneity of RIs, tissue-clearing

methods minimize light absorption caused by pigments such

as heme (Figure 2A, light absorption).

Practically, most tissue-clearing methods aim to preserve pro-

teins and/or nucleic acids while removing other components of

tissue. Effective tissue-clearing methods usually achieve the

following five chemical processes: (1) removing lipids (delipida-

tion) and (2) removing HAp (decalcification) to reduce the inho-

mogeneity of RIs in biological samples; (3) removing pigments

(decolorization) to reduce light absorption; (4) embedding in a

hydrophobic solvent or aqueous medium with an RI matching
Neuron 106, May 6, 2020 371
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Figure 1. Timeline of Advances in Tissue-
Clearing Methods
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the remaining components of the tissue; and (5) sometimes ex-

panding biological samples and thus contributing to RI matching

(Figure 2B, RI matching). The RIs of RI-matching media differ

across hydrophilic (1.52 for CUBIC-R+), hydrogel-based (1.45–

1.49 for RIMS), and hydrophobic (1.56 for 3DISCO) methods,

likely reflecting commensurate sample expansion and shrinkage

(Kubota et al., 2017; Tainaka et al., 2016, 2018).

The optimal RIs of different tissue-clearing methods have

been explained by considering a physical property of natural bio-

logical tissue (Murakami et al., 2018). As predicted from a

pioneering study on cross-linked gels of extracted natural poly-

mers such as DNA (polynucleotide), protein (polypeptide), and

agarose (polysaccharide) by Amiya and Tanaka (1987), a recent
372 Neuron 106, May 6, 2020
study has revealed that fixed and delipi-

dated natural organs behave as an elec-

trolyte polymer gel even without exoge-

nous polymers (Murakami et al., 2018). If

a biological tissue acts as a polymer gel,

the average RI (Rp) of the biological tissue

(polymer gel) could be described by the

average RI (Rm) and volume Vm of its com-

ponents (monomer) according to the Lor-

entz-Lorenz equation (Figure 2C, light

scattering) (Lorenz, 1880; Lorentz, 1880),

where the average RI of biological tissue

Rp is an increasing function of Rm/Vm.

Therefore, the expansion and shrinkage

of biological tissues lead to the decrease

and increase of the average RIs, respec-

tively, which should be matched by RI-

matching media (Figure 2B, RI matching).

As described earlier, the average RI of

biological tissues can be matched by an

RI-matchingmedium. However, a remain-

ing issue in delipidated, decalcificated,

and decolorized biological samples (i.e.,

cross-linked gels of natural polymers

such as proteins and nucleic acids) is the

localized deviation of theRIs of thesepoly-

mers from the average RI of the sample

(and hence from the RI-matching me-

dium). One possible solution to address

thisRI-deviation problemwouldbeRImix-

ing to dissolve such light-scattering mate-

rials (i.e., materials of deviation of RIs from

the average RI) into the RI-matching me-

dium, because light scattering (Mie scat-

tering) depends not only on RI mismatch

but also on the size of the light-scattering

materials (Figure 2B, RI mixing). If the

effective size of the light-scattering mate-

rials (e.g., proteins with a micrometer-

scale structure) could become sufficiently
smaller than the wavelength of visible lights (0.38–0.75 mm) by

dissolving them into the medium, the RIs of materials can

bemixedwith those ofmediumand/or other dissolved light-scat-

tering materials nearby within the wavelength of visible lights.

Hence, this RI-mixing processwould effectively cancel out RI de-

viation of different light-scattering materials. Importantly, pur-

suits of RI-matching reagents have already identified a couple

of chemicals that might have this RI-mixing property. For

example, chemical screening of more than 1,600 hydrophilic

chemicals identified effective RI-matching reagents (Tainaka

et al., 2018), some of which (e.g., imidazole and antipyrine) also

exhibit strong interaction with cross-linked natural polymers

such as a gelatin gel (Murakami et al., 2018). Interestingly, known
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materials (i.e., materials of deviation of RIs from the
average RI) into RI-matching medium, because
light scattering or Mie scattering depends also on
the size of the light-scattering materials.
(C) Chemical principles of tissue clearing. Delipi-
dation, decalcification, and expansion processes
contribute to the composite RI of biological sam-
ples (calculated by the Lorentz-Lorenz equation),
which should bematched by RI-matchingmedium.
Decolorization of heme can be achieved by
competitive binding of 1-methylimidazole or other
amines to iron-containing heme instead of histidine
in globin. Each tissue-clearing chemical process is
associated with the characteristic chemical nature
of the tissue-clearing chemicals.
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RI-matching reagents (e.g., DMSO) can interact strongly with

cross-linked natural polymers even without water, implying that

this RI-mixing concept might be applicable to hydrophobic

reagents. A unified understanding of the physical properties of

biological materials and chemical properties of RI-matching

and RI-mixing reagents will lead to the efficient engineering of

average and deviation of RIs (RI engineering) in biological tissues

to achieve optimal transparency of larger samples. In addition,

the RI-mixing concept built upon Mie scattering theory and our

model of RI matching through the Lorentz-Lorenz equation,

both of which are proposed in this review, might represent sub-

stantial conceptual advancements in the physical principles of

tissue clearing since Spalteholz first proposed the RI-matching

concept in 1911.
In addition to physical principles of RI

matching and RI mixing in biological tis-

sues, chemical understanding of other tis-

sue-clearing processes such as delipida-

tion, decolorization, and decalcification

have advanced (Figure 2C, light scat-

tering). Delipidation removes lipids to

reduce the inhomogeneity of RIs in biolog-

ical samples and allows other reagents

to diffuse deep into biological samples.

Therefore, delipidation has already
become a common component of hydrophobic, hydrophilic,

andhydrogel-based tissue-clearingmethods. In hydrophobic tis-

sue-clearing methods such as BABB, 3DISCO, uDISCO,

iDISCO+, and sDISCO, polar solvents including THF (3DISCO)

(Becker et al., 2012, 2014; Ert€urk et al., 2012, 2014; Hahn et al.,

2019) and alcohols such as ethanol (BABB) (Dent et al., 1989),

tert-butanol (FluoBABB and uDISCO) (Pan et al., 2016; Schwarz

et al., 2015), and methanol (iDISCO+) (Belle et al., 2014; Renier

et al., 2014, 2016) are used as the first step to remove water

and partially remove lipids from biological samples. As a second

step, hexane (BABB) (Dent et al., 1989) and DCM (3DISCO,

uDISCO, and iDISCO+) (Becker et al., 2012, 2014; Ert€urk et al.,

2012, 2014) are used to extensively remove lipids. In hydrophilic

tissue-clearing methods, the nonionic detergent Triton X-100
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(Scale and CUBIC-1) (Hama et al., 2011; Susaki et al., 2014;

Susaki and Ueda, 2016) and amino alcohols, including Quadrol

(CUBIC-1) (Susaki et al., 2014; Susaki and Ueda, 2016), trietha-

nolamine (CUBIC-2) (Susaki et al., 2014; Susaki and Ueda,

2016), and N-butyldiethanolamine (CUBIC-L) (Kubota et al.,

2017; Tainaka et al., 2018), are used as potent delipidation chem-

icals. In hydrogel-based tissue-clearing methods such as

CLARITY and PACT, the ionic detergent SDS (Chung et al.,

2013; Treweek et al., 2015; Yang et al., 2014) is mostly used for

delipidation. Improved delipidation procedures have led to the

development of more efficient tissue-clearing protocols. The

ionic detergent sodium dodecylbenzenesulfonate (CUBIC-HL)

(Tainaka et al., 2018), non-ionic detergent 3-[(3-cholamido-

propyl)dimethylammonio]-1-propanesulfonate (CHAPS) (Zhao

et al., 2019), aliphatic amines suchas1,3-bis(aminomethyl)cyclo-

hexane (CUBIC-HL) (Tainaka et al., 2018), and hexanediol (Inoue

et al., 2019; Tainaka et al., 2018) were shown to be effective re-

agents for delipidation of human tissue. Because there is a

trade-off between the strength of tissue clearing, especially deli-

pidation, and the preservation ofmolecular and cellular organiza-

tion in tissues,weshould carefully choose the stringencyof tissue

clearing according to the required transparency for the imagingof

the samples.

Decolorization removes pigments to reduce light absorption in

biological samples. Heme in red blood cells can be eluted by

amino alcohols such asQuadrol in mild chemical conditions (Tai-

naka et al., 2014). The hypothesis for decolorization of hemewas

proposed such that a basic nitrogen in amino alcohols may

competitively bind to iron-containing heme instead of histidine

in globin (Figure 2C, light absorption) (Tainaka et al., 2014,

2016). This competitive binding hypothesis was strongly sup-

ported by the identification of a more potent decolorization com-

pound, 1-methylimidazole, from more than 1,600 chemicals

(Tainaka et al., 2018), which almost completely mimics the func-

tional residue of histidine. In addition, SDS inCLARITY and PACT

successfully decolorizes heme, likely as a result of the denatur-

ation of the heme-hemoglobin holoenzyme by SDS (Epp et al.,

2015; Lee et al., 2014; Treweek et al., 2015).

Decalcification removes calcium phosphate to reduce light

scattering in biological samples containing bone. The inorganic

bonemineral, HAp, was used for chemical screening of 1,600 re-

agents by measuring the optical density 600 (OD600) of a chem-

ically treated HAp suspension. In addition to EDTA, which has

been known as a strong calcium chelator, potent decalcifica-

tion-enhancing compounds were identified. Imidazole was

found to facilitate EDTA-based decalcification, perhaps because

of the protonation of phosphate ions (Tainaka et al., 2018). This

enhanced decalcification may be the result of both chelation of

calcium ions by EDTA and protonation of phosphate ions by

imidazole (Tainaka et al., 2018).

In addition to the empirical findings of efficient tissue-clearing

reagents and/or conditions, a more unified understanding of tis-

sue-clearing chemistry has been gradually obtained by chemical

profiling of potent reagents (Tainaka et al., 2014, 2018). In partic-

ular, the chemical profiling of more than 1,600 chemicals has

been conducted for delipidation, decolorization, decalcification,

tissue expansion, and RI matching (Murakami et al., 2018; Sus-

aki and Ueda, 2016; Tainaka et al., 2016, 2018). Based on these
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screens, we have hypothesized that delipidation is enhanced by

salt-free amines with high logP (octanol-water partition coeffi-

cient). Similarly, decolorization appears to be associated with

competitive binding to iron-containing heme against histidine

by N-alkylimidazole and decalcification as a result of chelation

of Ca2+ by EDTA and protonating of PO4
2� by an organic base.

Tissue expansion is facilitated by hyperhydration and RI match-

ing by electron enrichment of an RI-matching medium by an

aromatic amide (Figure 2C, light scattering and light absorption)

(Murakami et al., 2018; Tainaka et al., 2018). Altogether, our

advancing understanding of the principles underlying tissue

clearing provide a foundation for new approaches suitable for

specific biological applications.

Another important challenge in tissue clearing is labeling of tis-

sues with antibody. Since the 1980s, tissue clearing followed by

whole-mount antibody staining was attempted for comprehen-

sive imaging of whole organs and body, especially for nervous

systems of insects and shrimp and the Xenopus embryo (Beltz

and Kravitz, 1983; Bishop and O’Shea, 1982; Dent et al.,

1989). Recently, tissue clearing and staining was applied to 3D

observation of murine and human embryos (Belle et al., 2017;

Hsueh et al., 2017; Renier et al., 2014), various animal organs

and bodies (Cai et al., 2018; Chung et al., 2013; Coutu et al.,

2018; Gleave et al., 2013; Hama et al., 2015; Hasegawa

et al., 2019; Kubota et al., 2017; Kumar et al., 2010; Renier

et al., 2016; Sillitoe and Hawkes, 2002; Susaki et al., 2014; Tai-

naka et al., 2014; Yang et al., 2014), and pathological samples

of human tissues (Chung et al., 2013; Hildebrand et al., 2018;

Lai et al., 2018; Liu et al., 2016; Nojima et al., 2017; Tanaka

et al., 2017; Zhao et al., 2019). To improve the penetration speed

of antibodies in a large tissue sample, several approaches have

been adopted. First, stringent permeabilization by several

methods has been attempted to increase the pore size of fixed

specimens and hence enhance the penetration of antibodies.

These methods include (1) delipidation (Chung et al., 2013;

Duve et al., 1983; Hama et al., 2015; Lai et al., 2018; Susaki

et al., 2014; Yang et al., 2014; Zhao et al., 2019); (2) dehydration

(Belle et al., 2014; Dent et al., 1989; Duve et al., 1983; Gleave

et al., 2013; Renier et al., 2014, 2016; Sillitoe and Hawkes,

2002; Zhao et al., 2019); (3) weaker fixation (Gleave et al.,

2013); and (4) partial protein digestion with proteases (Gleave

et al., 2013; Kumar et al., 2010; Sillitoe and Hawkes, 2002). Sec-

ond, weakening non-specific interactions between antibodies

and fixed tissues using chemicals such as urea (Hama et al.,

2015) or SDS (Murray et al., 2015) has been also attempted to

inhibit trapping of antibodies and hence accelerate the diffusion

of antibodies deep into the tissues. Third, active transports by

electrophoresis (Kim et al., 2015a; Lee et al., 2016; Wang

et al., 2018) or pressurization such as trans-cardinal perfusion

(Cai et al., 2018; Yang et al., 2014) were also tested on tissue

samples to enhance the penetration of antibodies. Finally,

increasing the amounts of antibodies by their iterative supplies

(Chung et al., 2013; Lai et al., 2018) or reducing the size of anti-

bodies by using nanobodies (Cai et al., 2019) was also effective

to increase the penetration rate of antibodies. At present, these

attempts to increase the penetration rate of antibody can suc-

cessfully label relatively small and thin tissues, partially

dissected tissues, or embryonic tissues with the lesser
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Figure 3. Timeline of Advances in Light-Sheet Microscopy
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extracellular matrix. These attempts can also successfully stain

an adult mouse brain or a dissected human specimen with rela-

tively sparse epitopes such as c-Fos, amyloid plaques, or a mi-

croglia marker (Belle et al., 2014; Liebmann et al., 2016; Renier

et al., 2014, 2016; Zhao et al., 2019). However, homogeneous

antibody staining of adult mouse brains against high-density epi-

topes such as NeuN and neurofilament has not yet been

adequately demonstrated and therefore remains a challenge in

tissue clearing.

The Present State of the Art and Challenges in Light-
Sheet Fluorescence Microscopy
Light-sheet fluorescence microscopy is a powerful technique for

rapid and minimally phototoxic volumetric imaging of biological

specimens. The high imaging speed, high signal-to-noise ratio,

and high light efficiency of this method are the direct result of

the central design principle in light-sheet imaging: a thin volume

section of the specimen is selectively illuminated by a sheet of

laser light, and fluorescence emitted fromwithin this volume sec-

tion is imaged onto a camera positioned at a right angle to the

light sheet. The illuminated volume section and the detection

focal plane are coplanar; thus, (1) no out-of-focus regions are

exposed to laser light and (2) an image of the entire thin volume

section can be acquired simultaneously. The first feature en-

sures that the specimen’s photon budget is used efficiently

and dramatically reduces photo-bleaching and photo-toxic ef-

fects compared with conventional and confocal fluorescence

microscopy. The second feature provides high imaging speeds

limited only by camera performance. This design facilitates rapid

3D imaging simply by moving the light sheet and detection focal

plane through the specimen and acquiring a series of images

across the volume. Because of these strengths, light-sheet mi-

croscopy has foundwidespread use throughout the life sciences

over the course of the past decade and is employed routinely in
the fields of developmental biology (Huisken et al., 2004; Keller

et al., 2008; McDole et al., 2018; Rozbicki et al., 2015), cell

biology (Chen et al., 2014; Liu et al., 2018; Nixon-Abell et al.,

2016; Reichmann et al., 2018; Valm et al., 2017), and neurosci-

ence (Ahrens et al., 2013; Chhetri et al., 2015; Dodt et al.,

2007; Holekamp et al., 2008; Kawashima et al., 2016; Lemon

et al., 2015; Panier et al., 2013; Wolf et al., 2015; Wan

et al., 2019).

Although even the most basic implementations of light-sheet

microscopy already offer key benefits, advances in microscope

design have added strengths and synergies (Figure 3). These im-

provements have allowed microscopists to address many

commonly encountered challenges in biomedical imaging,

including fundamental limitations in spatial resolution, limitations

in image quality arising from light scattering and aberrations, and

limitations in the rapid imaging of large specimens.

Light scattering is a common problem in biological specimens

with limited transparency, which includes most living, multi-

cellular organisms. By introducing structured illumination (Breu-

ninger et al., 2007; Keller et al., 2010) or line-confocal detection

(Baumgart and Kubitscheck, 2012; de Medeiros et al., 2015;

Fahrbach and Rohrbach, 2012; Silvestri et al., 2012) in light-

sheet microscopy, the contribution of scattered light to image

formation can be greatly reduced, thus improving contrast and

resolution in deeper regions of the specimen. A complementary

strategy for improving depth penetration (and reducing scat-

tering in biological tissues) involves the use of longer-wavelength

light for fluorescence excitation and relies on the principle of

multi-photon excitation to allow a molecule to enter an excited

state through concurrent absorption of multiple lower-energy

photons. The use of this concept in light-sheet microscopy

was first demonstrated for static light sheets (Palero et al.,

2010) and then improved through integration in beam-scanning

light-sheet microscopes (Mahou et al., 2014; Truong et al.,
Neuron 106, May 6, 2020 375
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2011). However, even with structured illumination, confocal

detection, and multi-photon excitation, many biological speci-

mens are too large to be imaged in high resolution in their en-

tirety, primarily because of light scattering and absorption. To

address this issue, light-sheet microscopy has been enhanced

by multi-view imaging capabilities (Krzic et al., 2012; Lemon

et al., 2015; Pende et al., 2018; Schmid et al., 2013; Swoger

et al., 2007; Tomer et al., 2012). In such implementations, the

specimen is illuminated by more than one light sheet (typically

two light sheets from opposite directions) (Huisken and Stainier,

2007) and imaged by more than one camera (typically two cam-

eras from opposing views), which improves physical coverage of

large specimens without compromising temporal resolution or

temporal continuity across the volume. Finally, scaling up light-

sheet imaging to very large transparent specimens is feasible

through the use of modified objective arrangements, as well as

tiling strategies, in which sample translation can help overcome

the limited field of view of the camera, and detection optics (Hörl

et al., 2018; Migliori et al., 2018; Voigt et al., 2019).

Improvements in spatial resolution have become possible by

using beam shaping to create thinner light sheets (Chen et al.,

2014; Fahrbach and Rohrbach, 2010; Pende et al., 2018;

Planchon et al., 2011; Saghafi et al., 2014; Sheppard, 2013;

Vettenburg et al., 2014), as well as by using orthogonal multi-

view imaging (Chhetri et al., 2015;Wu et al., 2013). In conventional

light-sheet microscopes, axial resolution is typically substantially

lower than lateral resolution—often by up to a factor of 5–10when

imaging a large field of view. Because axial resolution in the

detection system can only be increased up to a limit imposed

by the numerical aperture of the detection objective, one option

for improving overall system resolution is the reduction of light-

sheet thickness. Light sheets constructed from Bessel beams

and optical lattices (Chen et al., 2014; Fahrbach and Rohrbach,

2010; Planchon et al., 2011) can be made thin enough to improve

overall axial resolution to around 300–400 nm, which is compara-

ble to the lateral resolution limit. However, the field of view of such

microscopes is typically limited to around 100 mmalong the illumi-

nation axis; thus, other solutions are needed for rapid, high-reso-

lution imaging of larger specimens. By acquiring orthogonal views

of a sample, followed by registration and multi-view deconvolu-

tion of these multiple views, images with near-isotropic spatial

resolution on the order of 300–400 nm can be obtained without

the need for constructing thin light sheets (and thus without the

need to limit imaging to a small field of view) (Chhetri et al.,

2015; Wu et al., 2013). In addition, complementary efforts are un-

der way to investigate the design of light sheets that maintain a

narrow beam waist over long spatial distances (Pende et al.,

2018; Saghafi et al., 2014). Alternatively, the relationship between

size of field of view and light-sheet-waist thickness can be de-

coupled by tiling or scanning the light-sheet waist across the field

of view (Dean et al., 2015; Fu et al., 2016) or translating the sample

relative to the light-sheet waist (Migliori et al., 2018), which pro-

vides more uniform illumination across the field of view.

Although the techniques described earlier offer high system

resolution, the effective spatial resolution in a real biological sam-

ple can be substantially lower as a result of optical aberrations.

Unfortunately, most biological specimens, even those that are

relatively transparent, introduce significant aberrations that alter
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the path and shape of the light sheet and distort the shape of

the detection focal plane. When limiting the observation to suffi-

ciently small regions in the sample, thus ensuring that wavefront

errors are relatively uniform across the small field of view, light-

sheet microscopy can be combined with adaptive optics to effi-

ciently compensate for most, if not all, of these distortions (Jorand

et al., 2012; Liu et al., 2018; Wilding et al., 2016). However, con-

ventional adaptive optics are typically unsuited to light-sheet

applications that require rapid live imaging of large, optically het-

erogeneous specimens with a field of view exceeding 100 mm. In

this latter scenario, geometrical mismatches between light sheets

and detection focal planes can be rapidly mapped across the

specimen (and over time) by real-time image processing and

approximately corrected for through optical defocus and light-

sheet tip and tilt manipulations (McDole et al., 2018; Royer

et al., 2016). With this complementary approach, diffraction-

limited performance of the light-sheet microscope can be at least

partially recovered in specimens as large and complex as

zebrafish, fruit fly, or mouse embryos, which typically provides a

2- to 5-fold improvement in spatial resolution.

Temporal resolution in light-sheet microscopy is generally

limited by camera speed. To preserve the high frame rates

offered, for example, by state-of-the-art scientific complemen-

tary metal–oxide–semiconductor (sCMOS) cameras in a volu-

metric imaging setting, the microscope’s detection objective

can be moved in synchrony with the light sheet by fast piezo po-

sitioners (Ahrens et al., 2013; Lemon et al., 2015). For example,

high-performance piezos are capable of moving detection ob-

jectives at rates of several tens to hundreds of hertz for travel

ranges of up to several hundred micrometers (Greer and Holy,

2019; Piezosystems_Jena, 2019; Wan et al., 2019). The advan-

tage of this approach is that it ensures optimal image quality

by always acquiring images at the native focal plane of the objec-

tive; however, the cost of a good piezo is not insignificant. Less

expensive alternative solutions include the use of remote

focusing with electric tunable lenses (Fahrbach et al., 2013) or

extended depth-of-field detection (Olarte et al., 2015; Quirin

et al., 2016; Tomer et al., 2015). The reduced cost and ability

to keep the objective stationary come at the expense of a reduc-

tion in resolution and image quality, which result from imaging

away from the native focal plane and, in the latter case, from

the use of an elongated detection point-spread function.

Research in recent years has also produced a range of useful,

alternative designs of light-sheet microscopy, such as imple-

mentations that are compatible with biological preparations on

coverslips and other horizontal surfaces (McGorty et al., 2015;

Strnad et al., 2016; Wu et al., 2011) or designs that use a single

objective for illumination and detection (Bouchard et al., 2015;

Dunsby, 2008). The latter concept sacrifices some optical perfor-

mance by reducing the effective numerical aperture and

acquiring images away from the native focal plane, but it also en-

ables light-sheet imaging of samples with limited optical access

and supports applications that constrain the placement and

orientation of microscope optics.

Whole-Brain Profiling of Cells
Developments in microscopy have helped to bring about a

method-driven renaissance in neuroanatomy that is distinguished
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by a focus on large-scale projects generating unprecedented

amounts of anatomical data. Quantitative, whole-brain profiling

of the spatial distribution of cells, their molecular features, and

their connectivity represents a powerful application of modern-

ized tissue-clearing and light-sheet microscopy in neuroscience.

Comprehensively mapping the distributions of neuronal and glial

types across the brain allows brain regions to be delineated with

unprecedented precision and their components to be defined,

leading to an enhanced understanding of brain structure and facil-

itating comparisons across individuals and across species.

Until recent advances in genetic labeling, tissue processing,

and lightmicroscopy, comprehensivelymapping cells throughout

the brain has only been possible in simple organisms, such as the

nematode Caenorhabditis elegans (White et al., 1986). The size

and complexity of the mammalian brain present barriers to prog-

ress in understanding the organization of the nervous system of

higher organisms. Accordingly, the classical anatomical literature

of the mammalian brain has been piecemeal, with a given study

typically examining only one or a few brain regions and one or a

few cell types at a time, typically in the male brain. For example,

theuseof classical stereologicalmethodshas led toquantification

of interneuron distribution in sensory cortices (Gonchar et al.,

2008; Pfeffer et al., 2013; Prönneke et al., 2015; Rudy et al.,

2011; Xuet al., 2010), but this approachhasproven tobe too labo-

rious to be applied to whole-brain cell-type analyses (Glaser and

Glaser, 2000; Schmitz and Hof, 2005; Williams and Rakic, 1988).

A simple method, called isotropic fractionator, was developed

for counting cell nuclei in suspension by flow cytometry after tis-

sue dissociation and was successfully applied to comparative

studies of neuronal and glial cell counts in the mouse brain and

across a range of species (Herculano-Houzel et al., 2015a,

2015b, 2013; Kverková et al., 2018; Marhounová et al., 2019;

Olkowicz et al., 2016). However, because the mammalian brain

comprises many brain areas (e.g., mouse brain has >400 unique

areas) that would need to be precisely dissected, this method is

not appropriate for comprehensive analyses or easily adaptable

for analysis of specific cell types.

Automated block-face imaging methods combining top-view

light microscopy and integrated tissue sectioning enable high-

quality, high-resolution brain-wide imaging. This approach sub-

stantially improved upon histological methods in which thin

tissue sections aremanually cut, mounted on slides, and imaged

individually. The enhanced throughput of automated block-face

imaging represents a critical factor for large-scale neuroanatom-

ical projects. Imaging in a block-face configuration also provides

enhanced reliability and minimal distortion, producing complete

datasets that may be registered to standardized anatomical

reference atlases—critical for integrating anatomical data from

multiple experiments. Several block-face imaging methods

have been developed. Serial two-photon tomography (STPT)

takes advantage of two-photon excitation to provide optical

sectioning in standard paraformaldehyde-fixed tissues. STPT

can be used to generate a series of two-dimensional images

spanning all regions of the brain (Kim et al., 2017; Osten and

Margrie, 2013; Ragan et al., 2012) or full 3D image volumes span-

ning the brain (Economo et al., 2016). Knife-edge scanning

microscopy (KESM) (Mayerich et al., 2008) and micro-optical

sectioning tomography (fluorescence micro-optical sectioning
tomography [fMOST]) (Gong et al., 2016; Li et al., 2010; Zheng

et al., 2013) can also generate complete, 3Dwhole-brain imagine

volumes using micron-scale sectioning and single-photon imag-

ing of resin-embedded tissue. Block-face serial microscopy to-

mography (FAST) (Seiriki et al., 2017) uses a spinning-disk

confocal microscope to achieve high imaging rates in a block-

face configuration.

One application of these methods is brain-wide mapping of

genetically defined cell types. For example, Osten and col-

leagues developed an automated, quantitative brain-wide cell

profiling platform (qBrain) that can be used to map the brain-

wide distribution of genetically defined cell types across regions

in the mouse brain. qBrain combines recombinase-based

knockin driver mouse lines that label genetically defined cell

types (Huang, 2014; Huang and Zeng, 2013; Madisen et al.,

2012), automated brain imaging at single-cell resolution by

STPT, and computational analyses that include cell detection

by convolutional neural networks (Kim et al., 2015b, 2017; Ragan

et al., 2012). The application of this platform to cell-type anatomy

has immediately demonstrated the power of unbiased, whole-

brain anatomical mapping in uncovering novel principles of

mammalian brain organization. First a comparison of quantita-

tive distribution of three major inhibitory neuron cell types, those

expressing somatostatin (SST), parvalbumin (PV), and vasoac-

tive intestinal peptide (VIP), across the mouse brain isocortex

revealed hierarchical organization of the neocortex, because

sensory-motor areas were found to be dominated by output-

modulating PV-positive interneurons, whereas association areas

were composed of large numbers of input-modulating SST-pos-

itive interneurons. Another perhaps even more surprising finding

from this study was the identification of nine brain regions with

different distributions of these cell types between male and fe-

male mouse brains, with eight regions containing more VIP+ or

SST+ neurons in the female brain despite the female brain being

smaller overall than the male brain. Most regions with sexually

dimorphic cell-type distributions were from the structures of

the vomeronasal system, which regulate reproductive and social

behaviors. This finding provides direct, quantitative evidence

that anatomical differences underlie sexually dimorphic behav-

iors (Bayless and Shah, 2016; Simerly, 2002). Given the unex-

pected results derived from analyses of only 3 cell types using

STPT, it seems likely that further quantitative atlasing of cell-

type distributions will provide additional insights into how the

cellular composition of different brain areas may contribute to

their functions.

Block-face imaging methods remain attractive because of

their high resolution and compatibility with large tissue samples.

However, due to many of the technological advances reviewed

here, large-volume imaging using tissue clearing and light-sheet

microscopy are closing the gap and provide several key advan-

tages over block-face methods. Block-face imaging requires

specialized instruments that may not be readily accessible to

many researchers, while light-sheet microscopes are becoming

increasingly common fixtures in microscope facilities. Further-

more, light-sheet imaging can achieve acquisition rates for volu-

metric data that are several orders of magnitude faster than

block-face imaging methods. Still, to realize whole-organ cell

profiling, clearing methods must achieve high transparency of
Neuron 106, May 6, 2020 377
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Figure 4. Whole-Brain Profiling of Cells by Light-Sheet Fluorescent Microscopy
(A) Volume-rendered and single-plane images of a brain transduced with AAV-PHP.eB:NSE-H2B-mCherry (mCherry, green) and counterstained by RD2 (red),
which is cleared by CUBIC-L/R+. Overlapped signals are shown in yellow. A volume-rendered image is shown in the center. Single-plane and magnified images
are shown for cerebral cortex, hippocampus, olfactory bulb, and striatum. Both horizontal (x-y) and coronal (x-z) views are also shown. Scale bars, 200 mm (single-
plane image) and 25 mm (magnified image).
(B) 3D and cross-section images of the positive-cell-number ratio map of whole mouse brain infected by AAV-PHP.eB (NSE-H2B-mCherry). Voxel size, 80 mm.
Scale bars, 2 mm and 50 mm.

(legend continued on next page)
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samples so that the light sheet is not degraded by tissue-

induced scattering, aberration, and absorption. In addition,

light-sheet imaging methods must maintain consistent quality

across large fields of view. Increasingly, these constraints can

be met by state-of-the-art tissue-clearing methods and light-

sheet fluorescent microscopy. As a result, this approach is

becoming an appealing strategy for whole-brain profiling of cells

in intact mammalian brains (Liebmann et al., 2016; Murakami

et al., 2018; Renier et al., 2014, 2016; Susaki et al., 2014,

2015; Sylwestrak et al., 2016; Tatsuki et al., 2016; Tomer et al.,

2014). For example, a tissue-clearing and expansion method,

CUBIC-X, in combination with custom-made light-sheet fluores-

cent microscopy with a 103 objective lens (NA = 0.6, working

distance = 8 mm), allowed 1.3 million images covering the entire

mouse brain to be successfully obtained.

Whole-brain datasets generated by these instruments range

from�100 GB to�30 TB of data per single mouse brain, neces-

sitating the development of new computational tools for ana-

lyses. 3D reconstructions, anatomical registration, and signal

detection and quantification, for example, have been demon-

strated using supervised machine learning algorithms trained

on expert-annotated ground truth data (Hawrylycz et al., 2011;

Kim et al., 2015b; Kuan et al., 2015; Ng et al., 2007; Ragan

et al., 2012). In datasets collected using CUBIC-X, GPU-based

image analysis was used to extract the 3D coordinates of all cells

in the adult mouse brain. Leveraging existing anatomical seg-

mentations of the mouse brain (Dong, 2008; Lein et al., 2007),

this approach yielded a whole-brain atlas with single-cell resolu-

tion (CUBIC-Atlas) (Murakami et al., 2018). Further development

of the cell detection algorithm improved the accuracy and speed

of this analysis pipeline so that more than 90% of cells in the

mouse brain could be identified in several hours (up to 2 TB/h)

(Matsumoto et al., 2019). Using this cell-nucleus detection algo-

rithm, the updated CUBIC-Atlas 1.2 of 8-week-old C57BL/6J

mouse brain was constructed that contains the spatial coordi-

nates and brain regions associated with more than 108 cells

(Matsumoto et al., 2019). The improved throughput offered by

these protocols allows the analysis of numerous (>100) samples,

providing a highly versatile platform for biomedical research,

including comparative analyses across a range of mammalian

and vertebrate species, and opening a new and exciting frontier

in neuroanatomy (Figure 4).

The molecular features of cells in the brain—their transcrip-

tomes and proteomes—provide information extending beyond

their morphology—both about their type and about the cellular

processes related to function. Classic approaches for immuno-

fluorescence and fluorescence in situ hybridization for labeling

proteins and mRNAs, respectively, have been most frequently

applied within thin tissue sections through which fluorophore-

conjugated macromolecules can quickly diffuse. In addition to

reducing the scattering and absorption of light, processes

such as delipidation and hydrogel embedding increase the
(C) Average cell number of all anatomical regions in three 8-week-oldC57BL/6Nm
olfactory areas; HPF, hippocampal formation; CNU, cerebral nuclei; HY, hypothal
ventricular system.
(D) Positive-cell-number ratio of each anatomical region in mouse brain infected
Matsumoto et al. (2019).
diffusivity of proteins and oligonucleotides within tissue. There-

fore, there is a natural synergy between techniques for clearing

tissue samples and for labeling the mRNAs and proteins within

them. Nevertheless, devising methods that permit the penetra-

tion of antibodies (for immunofluorescence) and oligonucleo-

tides (for in situ hybridization) into tissue samples as large as

intact organs has remained challenging. Penetration of macro-

molecules into tissues cleared using various clearing tech-

niques has been demonstrated, for example, by CLARITY

(Chung et al., 2013), iDISCO+ (Renier et al., 2016), vDISCO

(Cai et al., 2018), CUBIC-L/R+, and CUBIC-X (Matsumoto

et al., 2019; Murakami et al., 2018). Nevertheless, uniformly

staining thick samples—particularly intact, adult mammalian

brains—may require protocol and/or probe optimization to

effectively label different molecular targets. In addition, molec-

ular labeling may be time consuming, requiring several weeks

or months for probes to thoroughly penetrate large samples

even following delipidation and/or hydrogel embedding. Active

processes, such as stochastic electrotransport, may accelerate

macromolecule diffusion (Kim et al., 2015a; Lee et al., 2016).

Ongoing methodological development aims to increase the

speed, reliability, and set of molecular targets that may be

labeled in cleared tissue.

One powerful application of whole-brain tissue clearing and

molecular labeling is efficient, brain-wide identification of cells

expressing immediate early genes (IEGs). The expression of

IEGs such as c-fos, Arc, Egr-1, FosB, and Npas4 marks tran-

scriptionally activated neurons and that can be used as an indi-

rect measure of cells that have been recently active. Whole-brain

mapping of IEG-expressing neurons using tissue clearing and

light-sheet imaging has been demonstrated using iDisco+ (Re-

nier et al., 2016) to delineate the brain-wide set of neural circuits

engaged by parenting behavior. Identifying neural circuits using

this approach allows the neural circuits engaged by neural pro-

cesses to be mapped efficiently and comprehensively across

the brain.

Whole-Brain Profiling of Circuits
The recent proliferation of neuroanatomical methods has also

enabled whole-brain profiling of connectivity in the brain. Con-

nectivity determines how information flows through neural cir-

cuits, giving rise to the diversity of mammalian behaviors from

the simple startle response of defensive behaviors to the

complex neuronal computations during cognitive and emotive

processing. Mesoscale connectivity, which describes the

long-range projections of neural populations, controls which

brain areas are connected (Mitra, 2014). At the microscale,

mapping the brain-wide connectivity of single neurons provides

a fine-scale description of how signals are routed between

brain areas. Mapping connectivity using light microscopy at

both the mesoscale and the microscale involves more stringent

requirements for resolution and contrast than mapping cells,
ouse brains. Only the edge regions (i.e., having no child region) are shown. OLF,
amus; MB, midbrain; P, pons; MY, medulla; CB, cerebellum; FT, fiber tract; VS,

by AAV-PHP.eB (NSE-H2B-mCherry). The data and figure are adopted from
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Figure 5. Whole-Brain Profiling of Circuits
Single-neuron reconstruction reveals structured
connectivity patterns.
(A) Left, anterograde tracing of a population of
neurons in a source brain region can reveal regions
of the brain to which the source connects (i.e.,
regions A, B, and D, but not C and E). Middle,
single-cell axonal reconstruction reveals where
individual neurons connect. Right, from single-
neuron reconstructions, classes of neurons with
similar connectivity can be identified and struc-
tured patterns of connectivity across a population
can be determined.
(B) Top left, single-neuron reconstructions of pro-
jection neurons in the subiculum (boxed region).
Top right, axonal reconstructions reveal distinct
brain-wide patterns of connectivity (color coded)
(Cembrowski et al., 2018; Winnubst et al., 2019).
Bottom left, single-neuron reconstructions of
pyramidal tract neurons in themotor cortex (boxed
region). Bottom right, axonal reconstructions
reveal two distinct types of pyramidal tract neu-
rons based on their brain-wide connectivity (green,
magenta) (Economo et al., 2018).
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because axonal processes with diameters much smaller than

neuronal somata must be detected with high fidelity. Therefore,

block-face imaging methods have remained the dominant

approach and have been deployed successfully for mapping

connectivity. At the mesoscale, STPT has been used to map

the long-range connectivity of thalamic projections, connec-

tions between the cortex and the striatum, and perhaps most

notably, region-to-region connectivity as part of the Allen

Institute for Brain Science Mouse Connectivity Project. This

project has assayed the brain-wide projections of genetically

identified populations of cells in hundreds of brain regions (Oh

et al., 2014).

Althoughmapping mesoscale connectivity effectively identifies

the set of brain regions to which a neural population projects,

microscale connectivity controls how those connections are

structured at the cellular level. This information is crucial for iden-

tifying cell types and defining how information is represented and

communicated between brain areas (Figure 5). To determine

long-range connectivity in the brain with single-neuron resolution,

Economo and colleagues extended STPT to full, volumetric imag-

ing of the mouse brain by increasing the acquisition rate by

20-fold and combining it with tissue clearing (Economo et al.,

2016) and sparse neuronal labeling. In doing so, they were able

to reconstruct the axonal projections of single neurons in their
380 Neuron 106, May 6, 2020
entirety. Using whole-brain imaging to

determine axonal connectivity increased

the efficiency of this process by several or-

ders of magnitude compared with existing

histological approaches (Economo et al.,

2019). Efficient, single-neuron reconstruc-

tion has also been demonstrated using

fMOST (Li et al., 2018). These methods

have enabled the brain-wide projections

of more than 1,000 neurons to be recon-

structed in their entirety (Winnubst et al.,

2019). Mapping connectivity at the micro-
scale has been instrumental for revealing the heterogeneity of

projection neurons and the structure of the projection pathways

they comprise in motor (Economo et al., 2018), somatosensory

(Hooks et al., 2018), and visual (Han et al., 2018) cortices; hippo-

campus (Cembrowski et al., 2018); and claustrum (Wang et al.,

2019). Despite the success of projects using block-face imaging

tomap long-range connectivity in the brain, instruments designed

for this purpose are not widely available to most researchers.

Advances in light-sheet microscopy (Chhetri et al., 2015; Keller

and Dodt, 2012; Verveer et al., 2007) promise to substantially

reduce the time necessary for brain-wide imaging with sufficient

resolution to resolve and reconstruct axons, increasing the effi-

ciency of this process and enabling comprehensive atlasing of

long-range connectivity patterns in the mammalian brain (Econ-

omo et al., 2019).

Future Perspective
Seamless integration of tissue-clearing methods and light-sheet

microscopy will continue to enable key applications in neurosci-

ence, including whole-brain profiling of cells and circuits in

rodents. In the near future, improvement of clearing, staining, im-

aging, and image informaticswill expand the spectrumof applica-

tions to whole-brain profiling of cells in primates and humans, one

of the grand challenges in neuroscience. Isotropic imaging of



ll
Review
cleared and 5-fold expanded entire mouse brains at 1.3 3 1.3 3

1.3 mm resolution gives rise to�2.5 TB of data per brain (�0.5 TB

3 5-fold volume expansion) and is estimated to be sufficient for

extracting cell-nucleus information and constructing 3D single-

cell-resolution whole-brain atlases. Because marmoset brains

(�7.6 g) and human brains (�1,330 g) are approximately 15-

and 2,660-fold larger, respectively, than mouse brains (�0.5 g)

(Stephan et al., 1981), whole-brain profiling of marmoset and hu-

man brains will give rise to �38 TB and 6.65 PB of data, respec-

tively, and provide single-cell-resolution whole-brain atlases

comprising �1.5 3 109 and �2.7 3 1011 cells, respectively. To

achieve whole-brain profiling of cells in primates and humans,

several remaining issues need to be addressed. One of the re-

maining issues toward this goal is more stringent delipidation.

Although the chemistry of the delipidation process in tissue

clearing has been greatly advanced by chemical screening and

profiling (Inoue et al., 2019; Tainaka et al., 2018; Zhao et al.,

2019) and by developing stringent fixation protocols (Park et al.,

2018), delipidation of the lipid-rich brains of marmosets and hu-

mans may require improvements in delipidation chemistry, in

particular for the white matter of the brain. Another remaining

issue is auto-fluorescence, in particular human brain specimens.

Because the human brain is usually fixed in formaldehyde for a

long period, there is a need for minimizing auto-fluorescence

arising from long-term fixation. The third issue on the path toward

whole-brain profiling of cells in such large brains is the need for

development of optimal microscopy for marmoset and human

brains. Because amarmoset brain is 15 times larger than amouse

brain, the development of new, large-aperture opticswith the long

working distance required to cover the entire marmoset brain will

be necessary. As far as human brains are concerned, an imaging

strategy based on physical sectioning of the brain will likely pre-

sent the most promising approach. Even in this case, advance-

ments in microscopy will be essential for rapid, high-resolution

imaging of the resulting thick slices (e.g., �5 mm thickness) with

a cross-section area of�100 cm2. Especially for such large tissue

samples that may even comprise human tumors (Dodt et al.,

2015), light sheets with an extended Rayleigh range (Saghafi

et al., 2014) could be particularly helpful. In addition, more power-

ful image informatics are needed to accurately and rapidly extract

information from terabyte- and petabyte-scale datasets. Although

these challenges may seem daunting at present, we believe that

they will likely be solved in the near future, enabling the construc-

tion of 3D single-cell-resolution whole-brain atlases that serve as

a foundation upon which to integrate additional information, such

as cell types, cell states (e.g., c-Fos expression), and cellular con-

nectivity.

In the realm of structural connectivity, whole-brain profiling of

circuits at the single-neuron level presents another grand chal-

lenge for mammalian neuroscience. As discussed earlier, a

recent study characterized the long-range axonal projections

of more than 1,000 neurons from a few key areas in the mouse

brain (Winnubst et al., 2019). However, a detailed brain-wide

classification of neurons into morphological cell types in the

mouse brain would likely require a sampling of at least 100,000

neurons (�0.1% of all cells in the mouse brain, because it is esti-

mated that there are�1,000 brain regions in themouse brain and

likely more than 10 cell types per region) (Winnubst et al., 2019).
Furthermore, a more complete description of neuronal cell types

would require establishing correspondences of morphology,

gene expression, and function at the single-neuron level. Faster

imaging afforded by novel light-sheet approaches, together with

increased throughput in the reconstruction process (a 10- to

20-fold improvement over the current state of the art) because

of further automation, could make this goal achievable in a few

years. Obtaining such comprehensive information on the struc-

tural organization of the brain will provide foundational informa-

tion necessary for functional insights into the mammalian brain

in health and disease.
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Gunn-Moore, F.J., and Dholakia, K. (2014). Light-sheet microscopy using an
Airy beam. Nat. Methods 11, 541–544.

Voie, A.H., Burns, D.H., and Spelman, F.A. (1993). Orthogonal-plane fluores-
cence optical sectioning: three-dimensional imaging of macroscopic biolog-
ical specimens. J. Microsc. 170, 229–236.

Voigt, F.F., Kirschenbaum, D., Platonova, E., Pagès, S., Campbell, R.A.A.,
Kastli, R., Schaettin, M., Egolf, L., van der Bourg, A., Bethge, P., et al.
(2019). The mesoSPIM initiative: open-source light-sheet microscopes for im-
aging cleared tissue. Nat. Methods 16, 1105–1108.

http://refhub.elsevier.com/S0896-6273(20)30190-2/sref161
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref161
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref162
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref162
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref162
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref163
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref163
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref163
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref163
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref164
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref164
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref164
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref164
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref165
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref165
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref166
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref166
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref166
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref166
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref167
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref167
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref167
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref168
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref168
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref168
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref169
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref169
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref169
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref170
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref170
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref170
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref171
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref171
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref171
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref172
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref172
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref172
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref172
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref173
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref173
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref173
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref174
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref174
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref174
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref174
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref175
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref175
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref175
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref176
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref176
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref176
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref176
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref177
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref177
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref177
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref178
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref178
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref178
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref179
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref179
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref179
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref180
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref180
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref180
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref181
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref181
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref181
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref182
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref182
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref182
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref182
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref183
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref183
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref183
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref183
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref184
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref184
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref184
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref184
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref185
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref185
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref185
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref186
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref186
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref187
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref187
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref187
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref187
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref188
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref188
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref188
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref188
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref188
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref189
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref189
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref189
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref190
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref190
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref190
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref190
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref191
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref191
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref192
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref192
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref193
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref193
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref193
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref194
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref194
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref194
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref195
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref195
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref195
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref195
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref196
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref196
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref196
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref197
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref197
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref197
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref197
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref197
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref198
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref198
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref198
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref199
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref199
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref199
http://refhub.elsevier.com/S0896-6273(20)30190-2/sref199


ll
Review
Wan, Y., Wei, Z., Looger, L.L., Koyama, M., Druckmann, S., and Keller, P.J.
(2019). Single-Cell Reconstruction of Emerging Population Activity in an Entire
Developing Circuit. Cell 179, 355–372.

Wang, Z., Zhang, J., Fan, G., Zhao, H., Wang, X., Zhang, J., Zhang, P., and
Wang,W. (2018). Imaging transparent intact cardiac tissue with single-cell res-
olution. Biomed. Opt. Express 9, 423–436.

Wang, Y., Xie, P., Gong, H., Zhou, Z., Kuang, X., Wang, Y., Li, A.-a., Li, Y., Liu,
L., Veldman, M.B., et al. (2019). Complete single neuron reconstruction reveals
morphological diversity in molecularly defined claustral and cortical neuron
types. bioRxiv. https://doi.org/10.1101/675280.

Warner, C.A., Biedrzycki, M.L., Jacobs, S.S., Wisser, R.J., Caplan, J.L., and
Sherrier, D.J. (2014). An optical clearing technique for plant tissues allowing
deep imaging and compatible with fluorescence microscopy. Plant Physiol.
166, 1684–1687.

White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986). The struc-
ture of the nervous system of the nematode Caenorhabditis elegans. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 314, 1–340.

Wilding, D., Pozzi, P., Soloviev, O., Vdovin, G., and Verhaegen, M. (2016).
Adaptive illumination based on direct wavefront sensing in a light-sheet fluo-
rescence microscope. Opt. Express 24, 24896–24906.

Williams, R.W., and Rakic, P. (1988). Three-dimensional counting: an accurate
and direct method to estimate numbers of cells in sectionedmaterial. J. Comp.
Neurol. 278, 344–352.

Winnubst, J., Bas, E., Ferreira, T.A., Wu, Z., Economo,M.N., Edson, P., Arthur,
B.J., Bruns, C., Rokicki, K., Schauder, D., et al. (2019). Reconstruction of 1,000
projection neurons reveals new cell types and organization of long-range con-
nectivity in the mouse brain. Cell 179, 268–281.e13.
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