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Abstract
TNewly developed tissue clearing techniques turn can be used to render intact tissues transparent to provide a non-obscured window for visualizing brain tissues in three-dimensions . wWhen combined with fluorescent labelling technologies and optical sectioning microscopy this allows visualization of fine structure in three-dimensions. Although Genetic and viralbiological labelling techniques have proved powerful very useful in visualizing structure in animal models but , they are however innot applicable to human and some other animal tissuesbrain tissue., where chemical probes complement their disadvantages and thus widen the scope of tissues used in these novel clearing techniques. Here we present an integral analysis ofn the ideal characteristics of a chemical fluorescent probe for their specific application in cleared tissues. , wWe have carried out aalso  comprehensively reviewed onf the currently available probes, and their working principles, to simplify probe selection for neuropathologists and guide probe development for chemists. WFinally, we proposed several approaches on howfor the development of novel chemical labelling methods might be developed from existing ones, which, when combined with tissue clearing, will provide valuable insights into shall aid in solving many questions regarding the human brain in health and diseasestructure and function.
Introduction
The brain is a complex organ, such that  where its detailed connectivity maps and quantitative data seems to be fundamental to the understanding of its function and pathophysiology (Sporns, 2013). It is increasingly recognized that such a map has to be not only globally complete at the gross level but alsoyet exhaustively precise in the finest details (Figure 1). Although mapping the human brain is theoretically achievable by patiently physically sectioning a tissue into thin slices and then tracing fibers in serial section series (Shibata et al., 2014; Micheva et al., 2010) this is not a realistic approach to understanding its complex and , the realization that the brain can be highly dynamic in connectivity (Kopell et al., 2014), mandates the study of large amount of samples to extract the principles behind such seemingly chaotic wiring, precluding the wide application of these tedious methods to map the brain). Recently, a number of techniques that turn intact brain tissues transparent have emerged, allowing s one to see through the cleared tissue (Susaki and Ueda, 2016). These tissue clearing techniques are of little value, however, if appropriate labelling techniques are not available (Marx 2016). For human brain tissues, this is especially the case where biological tools such as genetic, viral, and toxin tracers are inapplicable. Human brain tissue quality is heterogeneous, dependent on factors such as post mortem delay and the agonal state of the patient immediately before death. , while its large size Furthermore,and some of  poorly controlled sample qualities compounded by the harsh treatment conditions used in some tissue clearing techniques, leads to destruction of protein epitopes and thus unreliable immunostaining made antibody-based labelling methods expensive and unreliable. Therefore, due to the lack of appropriate labelling tools, a significant backwardness of our understanding inour detailed understanding of human neuroanatomy and neuropathology still exists compared tois not as advanced as that for rodents (Crick and Jones, 1993), which has to be urgently addressed as rodent experimental results may not be directly translatable to humans given the complexity of the human brain. Complementing antibodies, chemical labelling methods are the only reliable and practically feasible approach for transparent brain tissue labelling, especially for human brain tissues. Therefore, in this review we aim to provide a selection guide of chemical probes for biologists and pathologists working with tissue clearing techniques, and to introduce this promising field for chemical biologists to contribute for multidisciplinary efforts to decode the brain. The vast array of biological labelling methodsgenetic and viral labelling tools applicable only to rodents can be found in other recent excellent reviews (Susaki and Ueda, 2016; Lerner et al., 2016) and are therefore not describedwill not be further discussed here.
To develop a methodology efficiently, it is crucial to thoroughly understand both its working mechanism and the questions it is designed to address. As a general rule, existing tissue clearing techniques clarify tissues by inducing some degree of protein denaturing and tissue delipidation; therefore, the applied fluorescent probes should be able to survive the denaturation or delipidation involved in certain tissue clearing techniques, targeting other biomolecules such as nucleic acids or glycosylations represent an alternative strategy. As shorter wavelengths of light are more easily scattered and obscured by tissue autofluorescence, near-infrared (NIR) (650 – 900 nm) fluorescent probes are especially well-suited to minimize light scattering at great depths on imaging, and a narrow fluorescent peak can facilitate multiplexed molecular labelling. Furthermore, to improve signal-to-noise ratios, a “smart probe” design that lead to characteristic changes in spectral properties of the probe is preferred. To facilitate a more in-depth discussion on these construction principles
To develop a methodology efficiently, it is crucial to thoroughly understand both the working mechanism of the methodology and the questions it is designed to address. Since chemical biologists’ expertise and contributions are desperately needed by human neuroscientists and neuropathologists, and there exist substantial communication difficulties between the two, we aim to introduce the novel field of three-dimensional (3D) histology in human neuroscience to chemists. Specifically,  wwe first provide an overview on the human brain tissues in their native and transparent states, and the physicochemical processes involved in tissue clearing, followed by a discussion on the ideal characteristics of fluorescent probes for labelling cleared tissues. We then describe the currently available labelling probes as well as potential strategies to expand their utilityies. It is hoped that a clearer direction on the targeted development of chemical labelling techniques would enable multidisciplinary efforts to address challenging biological questions, which is indispensable in our struggle to understand life in its finest detail.
General considerations
The brain tissue – an overview
The brain contains diverse populations of living cells and extracellular substances. In terms of cellular or structural components, the identification of neurons, astrocytes, oligodendrocytes, microglia, blood vessels, and ependymal cells, are of primary interest in the study of brain morphology and structural-function relationship. The uniqueness of these cells lies in their complex arborizations over meter-scale dimensions with extreme precision at the submicron scale (Figure 1A, B), which ensures accuracies in intercellular communication and ultimately, normal brain function. These remarkable morphological features are maintained by extensive cytoskeletal architectures, which can provide a rough visualization of cellular morphology (Fig.ure 1Bi and ii) but not precise wiring patterns (Figure 1Biii and iv); otherwise, these cells have a similar subcellular content as other mammalian cells including a nucleusi with nucleic acids, intracellular membranous systems as endoplasmic reticula, membrane-bound organelles such as mitochondria and vesicles, and a cytoplasm containing soluble proteins and metabolites bounded by thea plasma membrane., Eeach of these structures which can be labelled and visualized using specific probes. (Figure 1A, lower image).
The brainNeural tissues as a whole isare extremely densely packed, where most (about 80%) of the fluid compartments are intracellular (Figure 1C)Figure 1) when vasculature wass were excluded (Syková and Nicholson, 2008). The intermingling of cellular arborizations can be tooso dense that they are difficult to resolve individually when they awere globally labelled (Figure 1D). Each of these cellular extensions are likely to be important as they interconnect with each other within a local or global circuitry.. Thus, the study of the brain involves several orders of scale, from the finest detail at the molecular level, individual synapses (around 50-200 nm), individual neurons (around 5-40 μm), to local circuitry and gross connections in centimeter- or even meter-scale; at the same time, the individual functional circuits have to be distinctively mapped and globally completed., where tThe understanding on each level is crucial for the correlation of brain and behavior, and in healthy and diseased states (Figure 1A).
Factors to be considered in chemically labelling cleared tissues
Tissue clearing methods alter the physicochemical properties of tissues to achieve optical transparency. T, these manipulations should therefore be carefully analyzed before the development or choice of specific chemical labelling strategies. To our knowledge, there have beenare no mechanistic studies on these methodologies, and controversies exists regarding how these techniques operate. Readers who are interested in the variety of tissue clearing methods available and their postulated working principles are encouraged to refer to excellent reviews published recently (Susaki and Ueda, 2016; Treweek and Gradinaru, 2016; Tainaka et al., 2016). Overall, tissue clearing methods can be conceptually unified as a single, simple workflow (Figure 2). In brief, the tissue has to be immersed into a final refractive index homogenizing medium before optical sectioning microscopy. Should this medium be aqueous-based, the tissue clarity can be enhanced by an additional delipidation step by treating it with detergent (hereafter referred to as delipidation-assisted methods); should this medium be organic solvent-based, the tissue must be adequately dehydrated to allow effective infiltration of the hydrophobic solvent (hereafter referred to as organic solvent-based methods). A brief method summary with emphasis on the tissue treatment conditions, and their compatibilities with certain chemical labelling methods can be found in Table 1.
As with all methods, the interrogation of a natural system inevitably changes its properties. Alterations in the physicochemical properties of tissues induced by these optical clearing methods can also alter the effectiveness of chemical probes in labelling desired targets within the cleared tissues. These alterations are similar to those encountered in traditional histology, where the choice of stains also depends heavily on the pre-treatment methods used. For example, paraffin wax embedding and organic solvent-based tissue clearing methods involve tissue dehydration, which can denature and precipitate protein. Antigen retrieval methods in traditional histology and delipidation-assisted tissue clearing can both involve the use of SDS, which removes lipids and other hydrophobic staining targets. Therefore, the compatibility between the stains and tissue clearing method of choice must be checked. Table 1 as well as further discussions below will provide more guidance on this issue. The mechanisms behind the decreased labelling qualitiessuch incompatibilities can be categorized into four groups: (1) the change in the structure of the tissue itself, (2) the interference of the interactions between the small-molecule probe and its desired binding targets, (3) alterations in the fluorescent properties of the tissue, and (4) alterations in the fluorescent properties of the small-molecule probe.
Some harsh treatment conditions in tissue clearing can lead to the destruction of certain tissue components. In delipidation-assisted tissue clearing methods (Chung et al., 2013; Susaki et al., 2014; Murray et al., 20156), the tissue itself is deprived of most of its lipids, and therefore incompatible with dyes that specifically label lipid membranes and lipid droplets, unless the lipid molecule contains aldehyde-crosslinkable groups and are present in abundancet amount within the brain tissue (Murray et al., 20156). Sometimes, even a slight break in the lipid membranes can lead to labelling failures, as is the case where diffusible intracellular tracers can leak out of the cell (see below). Furthermore, the prolonged treatment of tissue at high temperatures or denaturing conditions can destroy unstable biomolecules, most notably RNAs (Murray et al., 20165). In these cases, the target structure itself is lost, and unless specific measures or strategies were made to preserve them (Sylwestrak et al., 2016), it would be impossible to restain them after the clearing process.
Many tissue clearing techniques interfere with the binding of chemical dyes to their targets, leading either to no binding or nonspecific binding to off-targets. This issue remains largely unexplored mechanistically, however, iIn many cases, these tissue clearing methods alter the target conformation and make them unfavorable for chemical probes to bind. For example, the denaturing detergents such as sodium dodecyl sulfphate (SDS) used in some techniques (Chung et al., 2013, Murray et al., 20156), or the clearing of tissue with urea (Hama et al., 2015) or organic solvent infiltration (Spalteholz, 1914; Ertürk et al., 2012), may disrupt protein structures and the conformation required for efficient binding of ligand dyes. In support of this, we observed no actin staining with fluorophore-conjugated phalloidin if the tissue had been treated with SDS or after clearing with organic solvents. The delipidation methods can also lead to loss of hydrophobic environment required for the proper folding of some proteins. This is especially true for transmembrane proteins such as receptors and channel proteins, where there has been no report on the successful labelling of receptors or channel proteins by immunohistochemistry or ligands. With the use of tissue clearing agents, it is also possible that a slight reduction of the dye’s affinity towards its target can already lead to its preferential binding to other tissue components, leading to nonspecific labelling. Finally, the infiltration of tissues with a medium such glutaraldehyde and formaldehyde as fixatives can lead to nonspecific labelling of amine-, hydrazide-, and oxime-containing probes, as the aldehyde groups or imines so-formed might not be adequately quenched in the prior steps. 
The abundance of lipofuscchsin and pigmented substances in the human brain associated with normal aging lead to significant autofluorescence unseen in rodent tissues, with an absorption maximaan absorption maximum at around the blue-green region of the spectrum. In some tissue clearing techniques, the use of glutaraldehyde or tissue dehydration can exacerbate the autofluorescent signal, manifested as an overall brownish-yellow discoloration of the tissue. Both phenomena , which is undesirable as it absorbs the excitation laser in the blue-green range and  decrease its penetrations the signal intensity of the labelled structures, thus it is best to use probes with red-shifted excitation/emission spectra whenever possible. So far, chemical attempts using thiols, sudan black B, and copper sulphate aimed at decreasing autofluorescence are either ineffective or leads to excessive destruction of tissues or antigens, outweighing the benefits of reduced autofluorescence (Murray et al., 20156; Treweek et al., 2015). In our experience, the prolonged treatment of tissues with SDS at high temperatures (55oC) has been noted to reduce such brownish discoloration as well as autofluorescence,. However,but there exists a plateau of decolorization for archived tissues that have been fixed in formalin for a long period of time, indicating that such discoloration cannot be entirely eliminated. Bleaching by methanolic hydrogen peroxide reduces autofluorescence in archived tissuesMethanolic hydrogen peroxide can also bleach the tissue (Renier et al., 2014) and reduces autofluorescence in archived tissues, but comes with a higher risk of antigen or tissue destruction. 
The tissue clearing methods can also have an effect on the fluorescent properties of the small-molecule dye itself. The pH fluctuations in the refractive index homogenizing media could lead to loss of fluorescence, which is especially problematic with organic solvent-based clearing methods where buffer systems are not well-established, leading to conflicting reports in the literature (Renier et al., 2014; Becker et al., 2012) on the issue of which fluorophores are compatible with the same method. Attempts to normalise pH to the appropriate values using sodium ethoxide or trimethylamine (Schwarz et al., 2015) have been made, but can lead to tissue or dye destruction due to their reactive propertiesity. In aqueous-based refractive index homogenizing media, some quenching of fluorescence may occur by direct chemical reaction, as well as fluorescent energy dissipation or sensitization to bleaching reactions, therefore, it is important to thoroughly review the components of a given refractive index homogenizing medium and their physicochemical properties, before proceeding to the selection of appropriate chemical labelling strategy. 
Note that some effects of tissue clearing may be beneficial to the labelling of certain structures in three-dimensions. The delipidation of tissues essentially permeabilize the tissue and facilitates the diffusion of hydrophilic probes (Chung et al., 2013; Lai et al., 2016). Certain aminoalcohols as well as denaturants can decolorize endogenous chromophores and fluorophores (Tainaka et al., 2014), widening the spectral window of probe choices. Prolonged incubation of long-formaldehyde-fixed archival human brain tissues at high temperatures and slight alkaline pH can facilitate the decomposition of N,N’-methylene bridges, which in turn reduces the diffusion restriction and can potentially open up binding sites for dyes (Evers et al., 2011). Although refractive index matching media can quench fluorescence, with appropriate formulation it can also be used to preserve fluorescence and minimize bleaching. 
Apart from the impact of tissue clearing processes, the quality of staining is also determined by the penetration depth of the dye as well as the homogeneity of the staining, a challenge unique to intact, bulky tissues compared to thin sections in traditional histology. Permeabilization of the tissue with detergent opens up transcellular pathways of diffusion, which are especially important for hydrophilic, cell-impermeant stains. The effect of permeabilization usually rapidly plateaus for commonly used detergents such as Triton X-100 and SDS, and further permeabilization efforts are usually fruitless. In these cases, from the currently available data, the diffusion-convection model best describes the penetration of probes in a bulky tissue (Figure 3), which states diffusion restriction, convection restriction, and “sink” effect as the three variables in governing the penetration depth of a probe. The first term of the equation describing the Fick’s law of diffusion has been validated by Li et al. in fully permeabilized tissues (Li et al., 2015) for molecules up to 150 kDa in size. They also found that molecules less than 14 kDa in size diffuse through hydrogel-infiltrated tissues at a rate similar to that in free solutions. Therefore, it is expected that the diffusion of chemical probes would be unrestricted in fully permeabilized, non-hydrogel-embedded tissues. The convection term can be omitted for most tissue samples, where convection-mediated mass flow is considered negligible within the dense tissue matrix. An additional convection restriction has to be considered only for hydrogel-embedded tissues. In these cases, the additional outer layer of hydrogel wrapping around the tissue is porous and does not limit diffusion, however, it may decrease the mass flow of probes reaching the tissue surface. By increasing the porosity of the hydrogel, probe penetration was marginally improved (Yang et al., 2014), perhaps by reducing the convection restrictions near the surface of the tissue (Lai et al., 2016). “Sinks” are any sites that would consume the probe along its diffusion path, regardless of whether the binding is specific as desired or not. Since prolonging the incubation in staining solutions does not improve probe penetration, it is increasingly recognized that the “sink” term is important to consider (Liu et al., 2016). Increasing probe concentration can increase its diffusion rate and saturate the “sinks” for other probe molecules to diffuse further, the increased nonspecific labelling can be reduced by supplementing the probe in divided doses (Liu et al., 2016). Physical methods such as the use of electric field (Li et al., 2015, Kim et al., 2015) and pressure (Lee et al., 2016) may also increase the rate of probe diffusion, decreasing their probability of being trapped by the “sinks”. Modulation of binding kinetics represents a promising approach, where probes are prohibited from binding their targets to facilitate their diffusion, after which the binding inhibitors are eluted out to achieve homogeneous staining at great depths (Murray et al., 2015).Thus, it is important to recognize the two-sided aspects of tissue clearing and their impact on tissues to optimize labelling methods and three-dimensional visualization of neural structures.
The construction principles and ideal characteristics of a dye for 3D visualization of neural tissues
In fluorescent labelling, an ideal Having discussed the impact of tissue clearing on neural tissues, we can now move on to discuss the desirable characteristics of a dye that enables the visualization and study of neural structures in 3D when coupled with tissue clearing techniques. In general, the probe should be (1) specific to the desired structure or molecule; (2) sensitive with a good signal-to-noise ratio; (3) robust as to function in the highly variable sources of brain tissues, especially for human samples. Additional criteria in the setting of tissue clearing include; (4) compatibilityle with these  tissue clearing techniques and other immunohistochemical methods; (5) red or near-infrared fluorescent spectra; (6) resistant to bleaching; (7) allows multiplexed tissue interrogation; and finally (87) in practical terms, simple to use. 
The general structural features of a small-molecule probe can be delineated according to their respective functions. The basic components of a small-molecule probe include include a target-binding moiety and a fluorescence moiety, where the two can be integral or segregated in structural terms (Figure 43). The fluorescence moiety can also be replaced by a functional group which can subsequently be indirectly detected by in situ bioconjugation methods or specific proteins that bind to the affinity moiety, these indirect labelling methods has the advantage of permitting signal amplification to make the detection of certain biomolecules more sensitiveto amplify the signal.
The ideal fluorescent probe for mapping the human brain via tissue clearing depends on several factors (Figure 3). The affinity or specificity of the dye to its desired target is of utmost importance for their usefulness in labelling tissues. In general, this is governed by the structure of the dye molecule, where its surface functional groups, its electrostatic charge in a given environment, as well as its solubility in different compartments and solvent governs its differential affinity to different tissue components. For example, the π-π interactions mediates the efficient intercalation of the familiar nuclear staining dyes into nucleic acids (Milanovich et al., 1996; Sovenyhazy et al., 2003), but are probably weak for their interactions rather than interacting with other hydrophilic proteins. In a more flexible but bulkiery design, a fluorophore can be conjugated to an affinity moiety which binds selectively to certain proteins, as in fluoresceinSiR-conjugated phalloidin or paclitaxel for the labelling of actin or tubulin, respectively (Small, 1999)Hoechst nucleic acid stains. These structural-affinity relationships will be further evaluated below for individual classes of probes. In addition to these general rules, designing or choosing the appropriate probe to label cleared tissues should incorporate considerations on the altered tissue properties that have been discussed above (for a brief summary, see Table 1 and Tainaka et al., 2016). In particular, labelling proteins can be tricky in the tissue clearing setting as they are frequently denatured, where existing probes designed for live imaging or traditional histology may not be directly translatable. Targeting the primary structures, or the protein states under a specific tissue clearing condition might be more realistic. Probes may also be designed to specifically interact with their targets based on their unique stereochemical properties and functional groups, which enables the detection of other biomolecules such as carbohydrates and nucleic acids that are not disrupted by denaturation or delipidation. The chemical principles utilized in these probing methods can also be used in the selective preservation of these molecules, including glycolipids, phospholipids, cholesterol, and exogenously administered drugs important for the study of disease mechanisms.Since most human brain tissues are aged and represent a complex environment, compounded by the prolonged fixation duration (Howat and Wilson, 2014) and subsequent harsh treatment conditions, it is likely that the developed small-molecule could bind nonspecifically or would not bind at all, leading to noises and failure of visualization of specific neural structures. Therefore, the importance of specific and robust binding characteristics of a small-molecule dye cannot be overemphasized.
To overcome the severe autofluorescence in thick human brain tissues, probes producing a high signal-to-noise contrast are desirable.The small molecule probes should also produce a high signal-to-noise contrast in labelling their targets due to the severe autofluorescence that comes naturally within the human brain. Dyes with high quantum yields intrinsically highlight the structures of interest when their bindings are specific; should their specificitiesy be suboptimal or are difficult to optimize, high signal contrasts can still be attained by using dyes that characteristically changes their fluorescent spectra when bound to its target, the so-called “smart probes”. Thioflavin T is one such compound, which fluoresce only when bound to amyloids, where rotations about the σ-bond connecting the two aromatic ring systems are prohibited. This, preventsing the degeneration of excitation energy by molecular motions to allow for subsequent emission of photons as a fluorescence signal (Stsiapura et al., 2007). Other amyloid probes (see below) also exploit this principle, where the hydrophobic environment of the amyloid proteins forces the dye into a planar configuration, extending the conjugated system and therefore induces a red shift in the fluorescence spectrum, allowing selective excitation of bound dyes (Nesterov et al., 2005). In theory, probes that fluoresce only upon activation by enzymes or reactions with the target, and the use of adjunctive signal amplification techniques can further enhance signal contrast, but this approach is seldom, if at all, utilized in modern fluorescent probes.
Tissue clearing processes frequently disrupt the probe-target interactions that leads to their incompatibilities. As discussed in the above section, the use of denaturants in most tissue clearing methods incompatibility between probes and tissue clearing methods are mainly due to affinity interferences and fluorescent quenching. While the latter is mainly a problem of the methodology, the former can be tackled by better designs of the probe. Tissue clearing methods tend to “open up” tissue spaces for adequate reagent probe penetration and tissue homogenization to achieve optical clearing, therefore, they also tend to decrease the binding affinity of the probes to their targets when compared to most in vitro situationsthe traditional paraffin-embedded or frozen sections. Thus, higher affinities between probes and targets never do harm. In cases where the affinity cannot be further enhanced, as is the case for lipophilic tracers (see below), the addition of fixable aliphatic amine or hydrazine groups can allow post-labelling fixation before proceeding to harsh tissue clearing treatment, maximizing compatibility with various tissue clearing techniques. 
The fluorescent properties of the dye for transparent brain tissue labelling also hasve to be carefully optimized. With the brownish discoloration of human tissues, especially after prolonged formaldehyde fixation, the ideal fluorescent range would be in the red or near-infrared (NIR) region, which can be achieved by lengthening the conjugated π-electron system within the fluorophore (Meyers et al., 1994; Shi and Ma, 2012). The use of near-infrared fluorescent probes also minimizes light scattering that can be troublesome for shorter wavelengths of light. Resistance to bleaching is especially important in 3D imaging due to long imaging hours using confocal microscopy, and the use of light sheet microscopy or ultramicroscopy (Mertz, 2011; Dodt et al., 2007) might alleviate such problemwhile microscopy methods which minimizes bleaching, such as light-sheet microscopy and ultramicroscopy (Mertz, 2011; Dodt et al., 2007), are not well-developed in terms of hardware and resolution to accommodate voluminous human brain tissues for detailed brain mapping and data alignment as seen for rodent brain tissues. To efficiently design a probe in the form of an affinity moiety-conjugated fluorophore (Figure. 43), the good choice of prototypic fluorogenic scaffolds (Lavis and Raines, 2014; Grimm et al., 2013) combined with the subsequent appropriate modifications is critical. Fluorescence and fluorescent dyes are an enormous and rapidly advancing field, interested readers can refer to eExcellent reviews on the structural-fluorescence relationships and comprehensive summaries on recently developed near-infrared fluorescent dyes (Pansare et al., 2012; Yuan et al., 2013; Umezawa et al., 2014) are available for interested readers.
While tissue clearing permits rapid visualization of tissue architecture and molecules of interest in 3D space, multiplexed target labelling is needed in delineating their spatial interrelationships. When multiple probes are applied at the same time during multicolor imaging, those with a narrow excitation/emission peak should be used to minimize crosstalk. The ability to multiplex probes depends on the available fluorescent spectral options in each dye series, and can be expanded when a dye contains a tunable fluorogenic scaffold. In cases where there are limited options within a dye series, multiple rounds of tissue labelling may be performed by repeatedly eluting out or bleaching the imaged probes. This has been achieved for antibodies in a single piece of glutaraldehyde-fixed human brain tissue, which can withstand the harsh condition of multiple elution rounds using SDS (Murray et al., 2015). Such a serial labelling approach is especially important for rare human samples as it would maximize the amount of information obtained from a single sample.
In neuroscience, to completely identify and understand brain circuit and connectivity, tracer dyes are needed to label the entire outline of neurons.Apart from the above-described ideals of a fluorescent probe for 3D histology, there are several other problems that are unique to the labelling of thick brain tissues. In the brain, the labelling and imaging of the entire outline of cells, such as a neuron, is essential to the understanding of the brain. Tracer dyes are dyes that do not bind to any cellular components along its diffusion pathway but insteadeither diffuse along an intact phospholipid membrane on contact (lipophilic tracers), or within the cytoplasm of an intact cell (hydrophilic tracers), which are essential for the successful mapping of brain circuitry (see also below). The ideal tracer dye would be freely diffusible even in heavily fixed tissues, fixable so and robust as to withstand subsequent delipidation and denaturing conditions, as well as brightly fluorescent such that the dye would remain detectable even if its concentration is low after diffusing through great distances. 
Finally, our discussion on the molecular probes would not be complete if the practical issues of their application settings arehave not been considered. Certainly, since most of the probes were used in aqueous solutions (except for lipophilic tracers), they should have excellent water solubility and do not interact with commonly used buffer systems and their components. It is also desirable for them to be as thermally stable as possible to enable incubation at high temperatures for quicker faster diffusion speeds. 
The unique challenges in human tissues
MIn most cases,of the above mentioned principles are applicable to both rodent and human brain tissue labelling, and the findings in rodent tissues can in principle be translated directly to human brains. However, apart from the significant autofluorescence encountered in human tissues, we note that there are several significant differences between human tissue clearing and animal and human tissue clearing. In humans, tissue clearing efficacies and speed are lower than thoseat seen in rodents, even with the same formaldehyde fixation duration. Thus, with aqueous- or organic solvent-based refractive index homogenization methods, the clearing efficacies are minimal, the brownish discoloration is intense, and the use of red or infrared fluorescent probes becomes essential to avoid scattering and absorption of short wavelengths of light. With delipidation-assisted methods, the delipidation time required can be up to 5 – 10 times longer than that of rodents even with the use of a higher temperature (55oC for humans ca. 37oC for rodents) (Liu et al., 2015), such prolonged harsh treatment brings the benefit of reduced autofluorescence, but also significant tissue destruction or protein denaturation. With harsher fixation methods such as glutaraldehyde- fixation, the embedded tissue requires even longer SDS treatment at higher temperatures, where the excess aldehydes react with tissue components to form complex chromophores that exacerbates tissue autofluorescence (Murray et al., 2015). Therefore, there exists a compromise between adequate tissue transparency, autofluorescence reduction, tissue structural preservation, and tissue permeabilization. In view of these issuescases, the use of near-infrared fluorescent probes with low molecular weight and neutral charge is advantageous. Should the probe be applied before harsh delipidation/dehydration treatment, it would be best to have (multiple) fixable groups as well as robust spectral properties in different media, such that they can befor post-fixed with aldehyde-fixation, crosslinkers, and other bioconjugation methodsation, as well as robust spectral properties in different media. As a final note, even with optimized tissue processing techniques, logistically, human brain tissues are commonly harvested from the cranium with an average postmortem delay of 24 – 72 hours, depending on the locoregional institution practice. IfShould the body has not been appropriately refrigerated prior to fixationing, significant amount of antigen/protein, nucleic acids, and membrane integrity can be lost (Ferrer et al., 2007; Ferrer et al., 2008), jeopardizing subsequent quantitative study accuracy. Archived human tissues are commonly fixed in formaldehyde for a prolonged period (Howat and Wilson, 2014), leading to nonspecific probe binding and failure to visualize certain neural structures. Therefore, one has to be aware of the significant variations due to such uncorrectable factors, as well as to aim for a robust method that labels structures that are minimally disrupted even with significant post-mortem delays or samples of diverse sources. 
Currently available probes for 3D labelling of intact human brain tissues
With the general principles discussed, in this section, we summarized fluorescent probes that can be applied to tissue clearing to construct a probe selection guide for neurobiologists, as well as to provide an idea for chemical biologists on their characteristics and principles to facilitate further labelling methodology development. 
General Nnucleic acid stains
Nucleic acid stains (Atale et al., 2014) are one of the earliest fluorescent chemical stains applied in conjunction with tissue clearing techniques due to the essentiality in labelling nuclei for tissue orientation. However, to the best of our knowledge, there have been no evaluation study on the different nucleic acid stains employed in these situations. Nucleic acid stains generally label both RNAs and DNAs, but can be selective to either type. These probes bind to the minor or major grove of DNA, to the phosphoribose backbone of the nucleic acids, or by intercalation between base pairs (Milanovich et al., 1996; Sovenyhazy et al., 2003) (Figure 5A4). The probes’ unique interaction modes relying on π-π-stacking interactions (Spielmann et al., 1995) and the electrostatic interactions involving the phosphate ester backbone (Yarmoluk et al., 1999) confer high staining specificities in these dyes. The binding affinities of these dyes can be further enhanced by making a homo- (Rye et al., 1992) or heterodimer (Benson et al., 1993) of intercalation dyes (e.g. thiazole orange can be dimerized to give the TOTO dye), leading to an essentially irreversible bis-intercalation interaction. The photoactivatable ethidium monoazide (Bolton and Kearns, 1978), which covalently crosslinks with nucleic acids upon photoactivation allows permanent labelling of nucleic acids. Apart from high binding specificities and affinities, the staining contrast of these probes are sharp due to selective enhancement or shifts in their fluorescent properties upon binding to nucleic acids, which are secondary to the increased rigidity of the molecule upon binding to such constrained environment, reducing the molecular vibration that dissipates energy and force it to adopt a configuration with a confluent π-orbital arrangement. For example, thiazole orange and its derivatives are intercalation dyes that has a quantum yield and fluorescent signal enhancement of ~500-fold upon binding to nucleic acids (Nygren et al., 1998). To facilitate the differentiation between DNA and RNA, some dyes shows preferential binding towards DNA (e.g. DAPI) (Kapuściński and Yanagi, 1979) or RNA (e.g. SYTO® RNASelect, F22 (Li and Chang, 2006) and CP (Zhou et al., 2015a)). The preferential binding of certain nucleic acid stains to double stranded- or single stranded-nucleic acids, and to local nucleic acid sequences or conformations are not as apparent as in living cell studies, thus they are irrelevant to the discussion in current tissue labelling objectives and are not further discussed here. The structures of the commonly used nucleic acid dyes and superfamilies have been summarized in Figure 5A4, and their fluorescent properties can be found in suppliers’ manuals or laboratory handbooks (Johnson and Spence, 2010; Sabnis, 2015). 
As discussed above, the binding modes of these probes to the nucleic acids are highly specific, making them extremely simple to use and robust in terms of staining quality. All tissue clearing techniques have demonstrated compatibility with at least one nucleic acid stain (Table 21). However, depending on their properties, individual groups of nucleic acid stains maybeare preferred when applied with a particular tissue clearing method. In general, the cell-permeability of the dye and its spectral properties are the major determinants of which dye to use. The popular DAPI and Hoechst stains is applicable to many methods but can be problematic for deep human tissue imaging where autofluorescence in the blue-green range is high; along with DRAQ5, these three dyes did not work well with organic solvent-based tissue clearing methods, possibly due to their lowered affinity to DNA in non-aqueous environment. (Renier et al., 2014) With their enhanced nucleic acid binding affinities, the carbocyanine dyes (e.g. TO-PRO3, SYTO stains) can be applied to organic solvent-based methods (Pan et al., 2016; Renier et al., 2014). These dyes also have broad fluorescent spectra choices, and are easily tunable by extending the conjugated double bond bridging chain (Meyers et al., 1994; Shi and Ma, 2012; Timcheva et al., 1997; Kovalska et al., 2006) (Figure 45A). However, they usually contain permanently charged groups, making them impermeable or weakly permeable to cell membranes, prohibiting their applications in detergent-free tissue clearing techniques. Finally, one has to be aware that the SYTO dyes, TO-PRO dyes, and propidium iodide are not entirely DNA/RNA-selective, and the false-positive staining of RNA-rich regions such as the Nissl substances can in certain cases be problematic (Wlodkowic et al., 2008). 
As apparent from above, there exists no single nucleic acid stain that works with all classes of tissue clearing techniques, which is a significant problem since it has been shown that different tissue clearing techniques can be “mixed and matched” for flexible protocol construction. The minor groove binders are difficult to develop further with their inherently inflexible designs, where it would be difficult to tune their fluorescent properties without affecting their binding affinities, and vice versa. For the carbocyanine stains, although theoretically the conversion of the quaternary ammonium group in the cell-impermeant dyes to a tertiary one would facilitate permeation, it might compromise the specificity of staining as evidence suggests that the electrostatic interactions between the quaternary ammonium atom and the phosphate backbone of nucleic acid contributes to the high affinity binding of these nucleic acid dyes (Yarmoluk et al., 1999). Another approach is to conjugate a fluorophore to these high-affinity intercalation agents for simpler design of probes with desirable spectral properties, permeability, and binding characteristics. The SiR-Hoechst (Lukinavičius et al., 2015) probe is a novel silicon-bearing, far-red fluorescent probe that is cell-permeable, but its binding affinity might be compromised with organic solvents in organic solvent-based tissue clearing methods. Therefore, further development on this aspect could help expand the spectrum of dyes available for nuclear labelling in minimally-destructive, non-permeabilizing tissue clearing methods (Hama et al., 2015), facilitating applications such as the global quantification and spatial mapping of RNAs in intact tissues, and correlated light and electron microscopies in 3D.
Sequence-specific nucleic acid hybridization probes
In recent years, the imaging of single RNA molecules and their quantification in time and space proved crucial in understanding the pathophysiology of many diseases at single-cell levels. This was achieved with many recently developed methodologies that has been applied in cultured cells and tissue sections (Crosetto et al., 2015, Gaspar and Ephrussi, 2015). To detect individual RNA molecules in a sequence-specific manner, fluorescent in situ hybridization (FISH)-based methods have been modified to maximize signal output in probing for a single RNA molecule, either by using a tandem array of probes binding along the target RNA or in situ signal amplification techniques (Fig. 5C). The latter strategy has the advantage of detecting short RNA molecules (such as microRNAs) but suffers from increased experimental complexity and possible unreliability in the tissue setting. With in situ RNA sequencing technologies, one can decipher spatial transcriptomics without prior knowledge on the transcript sequence (Crosetto et al., 2015), however, their application to cleared tissues is likely to be limited by the scanning speeds of optical sectioning microscopes as well as the diffusion of sequencing reagents. 
The aforementioned single-molecule FISH (smFISH) methods are well-established in tissue sections. In thick tissues, FISH has mostly been applied with delipidation-assisted aqueous-based tissue clearing methods. To detect individual RNA molecules in 3D, smFISH with hairpin hybridization chain reaction for signal amplification has been applied in acrylamide-embedded samples after tissue delipidation using SDS (Sylwestrak et al., 2016; Shah et al., 2016; DePas et al., 2016). Moffitt et al. showed that it is possible to multiplex smFISH by using an array of barcoding probes, allowing the measurement of 130 RNA species in a relatively thin (10 μm-thick) sample after acrylamide-embedding and SDS treatment (Moffitt et al., 2016). In these studies, it became apparent that for smFISH experiments in intact tissues, several issues have to be addressed and further improved, especially for its translation to human brain tissues. Firstly, additional RNA preservation may be required in acrylamide-embedded tissues. Sylwestrak et al. reported that an additional carbodiimide-based fixation step is necessary to crosslink the phosphate backbones to adjacent amines before SDS treatment (Sylwestrak et al., 2016), however, this step is not required in other studies for acrylamide-embedded tissues with SDS treatment for up to 5 days (Shah et al., 2016; DePas et al., 2016). Therefore, the best approach to preserve RNAs in intact tissues requires further investigations. Secondly, since the hybridization probes in FISH are negatively charged, they are likely to bind to off-targets via electrostatic interactions, which can be partially resolved with the use of nonspecific RNAs or SDS as blocking agents (Moffitt et al., 2016). Finally, tissue autofluorescence and light scattering leads to blurring of images, false positive signals, and absorption/dispersion of excitation lights, which would compromise the accuracy of RNA quantification. Although the use of red to near-infrared fluorophores may help, the resolution losses often cannot be fully compensated, and also they limit the available spectral window for efficient multiplexed smFISH. Chen et al. recently reported the use of nitrogen mustard-based alkylating agents that crosslinks RNAs in tissues to a superabsorbent polymer, after mild protease digestion of the tissue-hydrogel hybrid, it can be uniformly expanded to ~3 times its original size, allowing significant reduction in tissue autofluroescence and super-resolution imaging of single RNA molecules (Chen et al, 2016). However, this method leads to substantial structural and molecular alterations of the tissue, and some chemical labelling methods may not be applicable after digestion and expansion. From a practical point of view, since RNAs are relatively labile species, they should be labelled and imaged with high priority to avoid their destruction by harsh treatment conditions such as high temperatures or contaminating RNases.
To ensure the reproducibility and accuracy of RNA quantification studies, further work on this promising aspect should focus on the rigorous validation of RNA preservation in tissues after tissue clearing, as well as tackling the problem off-target binding and autofluorescence. The penetration of oligonucleotides appears not to be of significant concern (Sylwestrak et al., 2016), probably due to their small sizes and excessive amounts applied in these studies, in agreement with the modified diffusion-convection model discussed above. The choice of fluorophores with narrow excitation/emission peaks, such as quantum dots, may facilitate multiplexed smFISH in intact tissues within the narrow spectral window. Finally, it would be worthwhile to explore whether other smFISH methods are compatible with tissue clearing, as the hairpin hybridization chain reaction is not without limitations. For example, the consumption of the amplification probes can lead to an inhomogeneous labelling along the tissue depth, and its reliance on hybridization may lead to its incompatibility with tissue clearing techniques utilizing denaturants such as urea and formamide. In this case, an alternative signal amplification strategy such as tyramide signal amplification, or the use of fixable hybridization probes, may be helpful.
Neuron tracers
Neuron tracing studies are crucial for circuitry and connectivity mapping. When applied locally, their physicochemical or biological properties would allow them to be transported by diffusion to all parts of the cell and labelling it in its entirety, instead of a single subcellular component. Although a wide range of anterograde or retrograde tracers that hijacks the cellular transport mechanism gives excellent labelling qualities, they cannot be applied to a fixed tissue (Hellingoetter et al., 2016; Kӧbbert et al., 2000; Lanciego et al., 2011). Therefore, small molecule tracers are the only feasible labelling strategy in postmortem brain tissues. Ideally these dyes consists of the following properties: (1) can freely diffusible within their compartments; (2) fixable by conventional aldehydes to make it compatibleensure compatibility with subsequent immunohistochemistry and delipidation-assisted tissue clearing methods, (3) do not cross to bystander cells; and (4) can remain stable within the traced cell over the long periods of diffusion-based tracing and subsequent tissue clearing treatment. 
Small molecule neuron tracer dyes can be divided into cytoplasmic tracers or membrane tracers, which diffuses within the cytoplasm or along the plasma membrane of a cell, respectively (Figure 56). Cytoplasmic tracers are invariably water-soluble and membrane-impermeant to avoid their leakage to nearby cells or extracellular environment, therefore they have to be delivered into the cell by adjunctive physical means. For example, saponin has been reported to permeabilize fixed cells for subsequent penetration of cell membrane-impermeant probes (Jamur and Oliver, 2010) by forming ~100Å pores in the cell membrane (Seeman et al., 1973), which hydrophilic dyes can diffuse across when applied locally; microinjection of dyes into the cell is also possible for fixed tissues and is commonly used with the fixable dye Lucifer Yellow carbohydrazide (Arends and Jacquin, 1993; Buhl and Lübke, 1989). To date, no cytoplasmic tracers haves been applied in combination with tissue clearing, where the major obstacles appears to lie in the intracellular delivery of hydrophilic cytoplasmic tracers. However, cytoplasmic tracing is intrinsically advantageous: as the cell is filled with fluorescent probes instead of labelling just a single lamina of cell membrane, the signal intensity achieved can be much higher. Further, as these dyes do not penetrate into membrane-bound organelles, they can potentially provide a negative contrast effect leading to the visualization of subcellular compartments where the dye has been excluded. Finally, the diffusion of small molecule probes within the cytoplasm is less restricted than the lateral diffusion of lipophilic dyes in the membranes, leading to faster neuron tracing. 
Lipophilic tracers are amphiphilic and can insert themselves into the cell membrane of neurons or other cells, where it diffuses along the membrane to achieve a cell tracing effect. (Figure 56). Since they label an extraordinary thin layer of membrane, a high concentration of dye with a high molar extinction coefficient and quantum yield is required for adequate visualization of the traced membranes. The carbocyanine family of lipophilic tracers are well-suited for this purpose. (Molnár et al., 2006). The dibenzimidazole-carbocyanine moiety confers a high molar extinction coefficient (Texier et al., 2009), leading to bright fluorescent signals; meanwhile, the spectral properties of these dyes can be rationally shifted by altering the number of methine carbons within the carbocyanine moiety, or by the changing the terminal heteroaromatic moieties (Meyers et al., 1994; Shi and Ma, 2012). The lipophilic side chains attached to the benzimidazole/oxazole nitrogen directs the dye to phospholipid bilayers, an elegant example of how a good combination of a target-binding moiety and a fluorescent moiety can give probes with desirable labelling and spectral properties. As such, the lipophilic side chains can also be altered to tune the dyes’ physicochemical properties, without compromising the dye’s fluorescent properties. For example, the saturated lipophilic side chain can be shortened to facilitate faster insertion into lipid bilayers, or replaced with unsaturated chains that might speed up its lateral diffusion along the membrane (Hosokawa et al., 1992). The carbocyanine lipophilic tracers DiI, DiD, and DiO has been shown to be applicable in fixed tissues (Godement et al., 1987), but long tracing studies has been hampered by their slow diffusion speeds (max. 6 mm per day for DiI) (von Bartheld et al., 1990). DiA and DiASP are aminostyryl dyes that differs from each other in their alkyl chain lengths attached to the dialkylamine group, and the applicability of both dyes in fixed tissue neuron tracing has been well demonstrated (Schwarz and Thier, 1995). Both carbocyanine and aminostyryl tracer dyes are self-quenched in their crystalline states, and their fluorescence enhances significantly when they become solubilized in lipid membranes. When the aliphatic tails of DiA were shortened along with other changes in the pyridinium group, tThe FM dyes were constructedalso bear an aminostyryl moiety but with shorter aliphatic chains for their reversible insertion into lipid membranes (Figure 56). They reversibly bind to plasma membranes and have mainly been applied in the in vivo setting for the study of synaptic vesicle dynamics (Hoopmann et al., 2012). The FM dyes are, however, theoretically applicable ex vivo for short tracing studies. The styryl dyes were constructed from the fluorescent core of p-styrylpyridine, where the center conjugated π-bond system can be lengthened to bathochromatically shift the excitation/emission maxima of the dye. The conjugated double bond system and the terminal styrene moiety is lipophilic, which can be further tuned by altering the alkyl length of the dialkylamine group at the para- position of the styryl group, altering its affinity to the lipid bilayers. A binding kinetics study using liposomes as models confirmed that lengthening the alkyl group of the p-dialkylamine and the conjugated double system can increase its affinity to the lipid membrane, making it more suitable for membrane tracing experiments. Thus, FM 1-84, FM 1-43, SynaptoGreen C3 and SGC5 are probably the best candidates for membrane tracing (Wu et al., 2009). Interestingly, due to the interactions between the two cationic groups within the FM dyes and the anionic phosphate group of phospholipids, the FM dyes inserts better into neutral and anionic lipid membranes, and such interaction also governs the burying depth of the hydrophobic p-styrylpyridine fluorescent moiety into the hydrophobic center of phospholipid bilayers. As the p-styrylpyridine fluorescent core has significant increases in quantum yield when transited into a hydrophobic environment, the degree of anionic charges on the phospholipid surface governs the binding affinities of the FM dyes to the lipid membranes as well as their fluorescent intensities (Schote and Seelig, 1999). Extending the hydrophobic alkyl tails of the dialkylamino group of the styryl dyes might modulate its affinity to the lipid membranes, striking a balance between dye retention and lateral diffusion rate within membranes. Other less commonly used lipophilic tracers include octadecyl rhodamine B, PHK2, PHK3, PHK26 (Parish, 1999). Recently, the NeuroVvue dyes along with their diffusion and spectral properties has been described (Jensen-Smith et al., 2007), which showed potential superiority to the carbocyanine dyes in terms of signal-to-noise ratio when applied to formaldehyde-fixed mouse tissues (Fritzch et al., 2005). The NeuroVue dyes belongs to the family of carbocyanine dyes, but their precise chemical structures were not reported in the literatureremain unknown. They differ from the traditional lipophilic carbocyanine tracer dyes in that they are asymmetric in the terminal moieties of the carbocyanine and the additional substituents on the central cyanine chain (Tonniges et al., 2010). 
When using lipophilic dyes for tracing studies, a higher temperature and the use of a dye with unsaturated hydrophobic tail facilitates diffusion, while the concentration of fixative used did not alter the speed of diffusion of DiI and DiO (Chen et al., 2006). DiI has been applied extensively in the study of human neuroanatomy (Sparks et al., 2000) and has so far been proven to be the most successful and popular dye (Hellingoeter and Jensen, 2006), it also apparently diffuses along membranes for longer times compared to DiO which ceases to diffuse at critically low local concentrations (Lukas et al., 1998; Chen et al., 2006), and the staining by DiO seems to fade after 3 – 4 weeks (Honig and Hume, 1989). Since one of the major limiting factors in lipophilic tracers is their slow diffusion speeds, various methods has been proposed to speed up their lateral diffusion without compromising labelling quality, including the use of FAST-DiI (where the lipophilic tails in DiI have been replaced by unsaturated aliphatic chains), higher temperatures (up to 40oC) (Chen et al., 2006), delayed fixation (Sparks et al., 20006), and external electric fields (Swift et al., 2005). Further, as calcium has been proposed to facilitate transcellular transport of lipophilic dyes leading to nonspecific tracing, the use of EDTA in the incubation solution has been proposed to maximize quality of tracing (Murphy and Fox, 2007; Hofmann and Bleckmann, 1999). The results, however, remained highly heterogeneous among different studies, and it is difficult to draw a conclusion on which method provides the best results. Thus, the diffusion distance and rate appears to be affected by a combination of several factors, including the degree of tissue fixation, the neuroanatomical region, the membrane composition of the neuron to be traced, the hydration status of the tissue, the amount and method of dye applied, and the properties of the lipophilic tracer itself. 
As a practical note with tissue clearing methods, since the retention of nonfixable lipophilic dyes depends on cell membrane integrity and solubilization of their hydrophobic tail within the phospholipid bilayer, they are only compatible with aqueous-based refractive index homogenization methods which are detergent-free, including ClearT (Kuwajima et al., 2013), ScaleS (Hama et al., 2015), FRUIT (Hou et al., 2015), and SeeDB (Ke et al., 2013) (Hou et al., 2015). In cases where urea (and possibly for other denaturants) is used, as in ScaleA2 (Hama et al., 2011), the maintenance of tissue volume is critical as severe volume expansion may lead to loss of membrane integrity and degradation of DiI labelling (Kuwajima et al., 2013; Hama et al., 2015) (Table 2). Meanwhile, methods that delipidate tissues (CLARITY (Chung et al., 2013);, CUBIC (Susaki et al., 2014)) or those that involves the use of organic solvents such as ethanol (Duncan et al., 2011) and tetrahydrofuran (Diaz et al., 1992) that would extract portions of lipids (3DISCO) would disrupt the lipophilic dye tracing staining. To make these lipophilic tracers applicable to histological sections and compatible with permeabilization for immunohistochemistry, a [p-(chloromethyl)benzoyl]aminomethylated-derivative of DiI (CM-DiI) has been developed, which can be retained with aldehydes fixatives via an unknown mechanism, even after organic solvent treatment in routine paraffin-embedded tissue processing (Andrade et al., 1996), suggesting that it could be compatible with organic solvent-based tissue clearing methods. CM-DiI has also been confirmed in a recent study to be compatible with CLARITY, which showed that both CM-DiI and the fixable styryl dye FM1-43FX can be retained after 6 days of sodium dodecyl sulphate-mediated delipidation at 37oC. Surprisingly, the same study also suggests that FM1-43FX might superior to CM-DiI and a sulfphophenylated analog of DiI in terms of dye retention and fluorescence intensity following membrane tracing (Jensen and Berg, 2016), which is unexpected from its reversible binding kinetics to the lipid membranes (Wu et al., 2009). Moreover, there are several studies showing that permeabilization with the detergent Tween-20 (Jensen-Smith et al., 2007; Lukas et al., 1998) or brief treatment with low concentration (0.01%) of Triton X-100 (Seabold et al., 2010) could be compatible with non-fixable lipophilic dye tracing, and whether this would be applicable to thick tissues for combining lipophilic tracing and 3D immunohistochemistry remains to be confirmed. The relatively new NeuroVue dyes have been applied in the study of cochlear development and vestibulocochlear neuroanatomical pathways (Maklad et al., 2004; Gurung and Fritzsch, 2004), and their further applications awaits to be extended by further research. The lipophilic tracer dye DiD has also been used as a general sphingomyelin stain in a delipidation-assisted method. This subset of amine-containing sphingomyelin is first preserved with glutaraldehyde-fixation, and DiD is applied after delipidation (Murray et al., 20156). This method is useful for visualizing sphingomyelin-rich white matter tracts but not for the detailed morphology of individual neurons.
Nissl stains
The Nissl substance (Nissl, 1894) has long been used as a general cytoarchitectonic guide for neuroanatomical orientation and classification, which is actually the elaborate rough endoplasmic reticula network within neurons that reflects their intense protein synthesis activities; it also redistributes or disappears when the neuron is injured that indicates a reorganizing activity within the cell. The Nissl substance contains an abundant amount of ribosomes, and can be stained by cationic dyes such as cresyl violet, thionines, toluidine blue, and methylene blue. The interaction of these traditional stains with the Nissl substance is complex and incompletely understood. The treatment of tissue with RNase completely eliminates Nissl staining by these dyes, indicating the necessity of ribosomal RNA for Nissl staining (Kádár et al., 2010). However, not all RNA stains can be used for Nissl staining, nor the Nissl stains bind to RNAs in solution. For example, acridine orange is an RNA-specific dye but its staining on ribosomes has been inconsistent and poor (Ginsberg and Che, 2004; Sylwestrak et al., 2016); instead, acridine orange has been reported to stain specific states of ribosomes (O’Brien et al., 1980; Gordon et al., 1997), suggesting that proteins complexing the ribosomal RNAs might shield certain RNA-specific probes from labelling ribosomes of certain states; the positive charges carried by the traditional Nissl substance stain might also contribute to their specific electrostatic interactions with ribosomes (Scott and Willett, 1966). Thus, although RNA-specific intercalation dyes (e.g. acridine orange, SYTO® RNASelect), hematoxylin-mordant complexes, and Nissl stains are all dependent on RNAs for a positive staining, their differences in dye-nucleic acid interaction modes and the variety of conformations adopted by different RNA species led to their differential and specific staining patterns. Newer fluorescent Nissl stains (NeuroTrace® from Molecular probes) (Johnson and Spence, 2010) with different fluorescent spectra has been developed, and appears to be non-inferior to the traditional Nissl stains in terms of staining quality, specificity, and signal contrast in tissue sections. 
Of the traditional Nissl stains mentioned, cresyl violet-stained Nissl substances has been demonstrated to emit a red fluorescent signal (Alvarez-Buylla et al., 1990). However, the stain cannot be directly applied in thick tissues due to their intense nonspecific staining to the neuropils, leading to intense background fluorescence and decreased signal-to-noise ratio. Whether other Nissl stains or the NeuroTrace® dyes can be applied in tissue clearing remains to be confirmed.
Amyloid stains 
Many neuropathological lesions are secondary to the accumulation of misfolded proteins with abundant beta sheet structures, leading to their spontaneous aggregation into insoluble plaques and inclusions that are believed to have a direct cytotoxic effect (Querfurth and LaFerla, 2010). The load of such inclusions have been found to partially correlate with cell loss in certain brain regions, and may lead to specific neurological deficits and associated signs and symptoms (Ross and Poirier, 2004). In combination with tissue clearing techniques, the mapping and quantification of such plaques in various regions is expected to facilitate large scale clinicopathological studies that can incorporate more samples and larger tissue volumes, the resulting reduced sampling bias and increased statistical power could provide more insights into the origin and progression of neurodegenerative diseases. In particular, there isare continued interests in the development of newer probes for in vitro and in vivo imaging of amyloid beta (Aβ) plaques for monitoring disease progress in Alzheimer’s disease (Jakob-Roentne and Jacobsen, 2009), either radiologically via positron emission tomography (PET) or microscopically in animal models using multiphoton microscopy. Probes are also being developed targeting other aggregated proteins, such as alpha synuclein and tau, which are important in the pathogenesis of many neurodegenerative diseases (see below). Although some of these probes were developed for in vivo use, Tmany of these compounds have been shown to be applicable to fixed tissue sections as well, and the conversion of PET probes to fluorescent probes for microscopy tissue imaging have been shown to be possible (Jung et al., 2015), suggesting that there exist common interaction modes among these molecules with amyloids. Chemical structures and essential data of these probes can be found in Figure S1 and Table S1.
The fluorescent staining of beta sheet-rich or amyloid plaques can be achieved by various traditional histochemical dyes, including congo red (Puchtler and Sweat, 1965), thioflavin S and T (Hobbs and Morgan, 1963; Vassar and Culling, 1959), thiazine red R (Luna-Muñoz et al., 2008; Bacskai et al., 2003), and crystal violet (Elghetany and Saleem, 1988), where congo red appears to be superior to others in terms of diagnostic accuracyies and staining specificity (Cooper, 1969). Derivatives of congo red, including X-34 (Styren et al., 2000) and Methoxy-X04 (Klunk et al., 2002), have been synthesized with better signal-to-noise ratio compared to the parent compound. The latter compound is also capable of in vivo imaging due to its nontoxic pharmacological properties. Since then, newer generations of probes have also been designed, synthesized, and verified (Chang et al., 2011; Heo et al., 2013). However, the yellow-fluorescent spectra of these newer compounds hinder their deep imaging in living mice, and their emission spectra overlaps with the autofluorescence of the heavily fixed human brain tissues. The disadvantages of yellow-green fluorescent amyloid probes stimulated the search for near-red- to infrared-fluorescent amyloid probes, and a number of them have already been applied in animal models (Li et al., 2004; Zhang et al., 2015; Cui et al., 2014; Hintersteiner et al., 2005; Nesterov et al., 2005; Watanabe et al., 2015, Zhou et al., 2015b). 
The amyloid probes are a very successful class of fluorescent probes. The design of high-affinity amyloid probes has been greatly facilitated by the hydrophobic, rigid binding spaces within the amyloids, which provide distinguishing environments that differ substantially from those within other cellular proteins, allowing highly specific binding and staining. The relatively well-elucidated structure-affinity relationships of the traditional probes (Eckroat et al., 2013; Biancalan and Koide, 2010; Groenning, 2010) also laid the foundation for the rational design of these probes (Cui et al., 2011; Zhang et al., 2015; Zhang et al., 2013) and fine-tuning on their structural features to specifically alter their biophysical and fluorescent properties. Finally, the uniquely hydrophobic and rigid environment within amyloids facilitates the design of “smart” probes which selectively enhances their fluorescence when bound, achieving high signal-to-noise ratio labelling (Sutharsan et al., 2010; Li et al., 2004; Groenning, 2010). In certain cases, these fluorescence enhancementthese fluorescence enhancements even allowsallow the omission of post-staining washing steps.
Three-dimensional imaging and quantification of amyloid plaques (Table 2) in the whole mouse brain has been achieved with a benzyl alcohol-benzyl benzoate-based tissue clearing method using methoxy-X04 (Jӓhrling et al., 2015). Recently, congo red has also been used for the detection of amyloid beta plaques in mouse and human tissues in combination with a dibenzyl ether-based tissue clearing method, and was successfully applied in conjunction with immunohistochemistry (Liebmann et al., 2016). For delipidation-assisted methods, we have also used thioflavin S with success (unpublished results), suggesting that SDS treatment is compatible with amyloid staining. In the setting of human tissue clearing, the challenge of application of such dyes lies in its heavy autofluorescence that decreases signal-to-noise ratio of amyloid plaque staining. Furthermore, prolonged aldehyde fixation can shift the isoelectric points of proteins, and can potentially entrap the hydrophobic amyloid probes and other dyes, leading to nonspecific staining, this is especially prominent for lipofuscchsins, myelin, and membrane proteins where a significant hydrophobic environment are already present (unpublished observations). The hydrophobicity of these dyes can be a mixed blessing in their application to thick tissues, which can result in good permeability but also low water solubility. With increasing understanding on the structural-spectral relationship of fluorescent amyloid probes (Cui et al., 2014; Nesterov et al., 2005; Ran et al., 2009), the rational design of more robust and deep-penetrating near-infrared dyes should be achievable in the near future in tissue clearing.
Apart from Aβ amyloids, alpha-synuclein-related pathologies, such as Lewy bodies and Lewy neurites, are also important as the hallmark of several neurodegenerative diseases such as Parkinson’s disease, multiple system atrophy, and dementia with Lewy bodies. These aggregates are rich in β-sheets, and contain hydrophobic pockets that can be fluorescently probed using thioflavin S and thiazin red (Dickson, 2005). In recent years, immunohistochemistry has replaced these nonspecific histochemical methods as the gold standard in the diagnosis of alpha-synuclein pathologies (Croisier et al., 2006). Successful immunostaining of aSYN aggregates in tissue sections usually requires harsh antigen retrieval conditions such as 80% formic acid or microwave treatment. In bulky tissues, Lewy bodies can be immunostained in human brain tissues after 40 days of SDS treatment at 55oC (Liu et al., 2015), however, whether aSYN pathologies can be immunostained without such aggressive antigen retrieval is unknown.
aSYN can exist as monomers, oligomers, and fibrillar aggregates. The fibrillar form is a distinguishing component in Lewy bodies and neurites (Lashuel et al., 2013). Although a histochemical dye specific for fibrillar aSYN is not available, a number of fluorescent probes has been developed to investigate the in vitro aggregation process of aSYN (Munishkina and Fink, 2007), which can serve as lead compounds in the development of aSYN-specific histochemical stains. These probes fluoresce only when bound to purified fibrillar aSYN in vitro (Celej et al., 2008; Volkova et al., 2008; Celej et al., 2009; Kovalska et al., 2012; Leung et al., 2015), however, they have not been applied in the tissue setting. Thioflavin S and the amyloid probe K114 has been applied to stain for Lewy bodies and neurites in human brain tissue sections, they are however, nonspecific and would also stain Aβ plaques and neurofibrillary tangles (Dickson, 2005; Crystal et al., 2003). Two novel in vivo radioligands for PET-imaging of aSYN pathologies have recently been developed and applied in human tissues. The benzoxazole-derivative BF-227 has been shown to bind to aSYN pathologies in tissue sections and in vivo, however, it also binds Aβ plaques and gives high background staining (Kikuchi et al., 2010). The radioligand SIL23 is apparently more selective for aSYN fibrils over Aβ amyloid but suffers from nonspecific binding to white matter due to its lipophilicity, and there is no data for its use in post-mortem tissues sections (Bagchi et al., 2013). Thus, a fluorescent probe for the selective staining of aSYN fibrils remains to be found. The most recent NMR studies showed that the topological arrangements are distinctively different between aSYN (Tuttle et al., 2016) and Aβ1-42 fibrils (Xiao et al., 2015), which may be utilized in designing more specific probes.
In addition to fibrillar aSYN, oligomeric aSYN is important in the pathogenesis of Parkinson’s disease and related diseases as a precursor to fibrillar aSYN. It is also increasingly being recognized as the cytotoxic form that leads to neuronal damage and death (Lashuel et al., 2013). In support of this, a recent study using a more sensitive immunohistochemical method revealed previously undetected oligomeric aSYN pathologies (Roberts et al., 2015). Thus, imaging oligomeric aSYN may provide insights in how these pathologies develop and spread neuroanatomically (Visanji et al., 2013). Some in vitro probes specific to purified aSYN oligomers are available (Celej et al., 2008; Kovalska et al., 2012; Leung et al., 2015), however, their binding specificities relative to fibrillar aSYN are probably insufficient for their use in tissues. Developing a strictly oligomer-specific probe from existing ones could be difficult. Currently available aSYN fibril probes target the hydrophobic clefts within the fibrils, since the number of these binding pockets in fibrils significantly outnumber that in oligomers, it would be difficult to selectively highlight the oligomers if such binding mode is used. Indeed, strategies that target conformations specific to oligomeric aSYN seems to be more promising. Although not a small-molecule probe, an aSYN variant termed PG65 has been engineered to probe protein conformations specific to aSYN oligomers. PG65 contains four cysteine residues in the linker domain adjacent to its native oligomerization domain. When PG65 binds to the aSYN oligomers via its native oligomerization domain, a conformational change occurs in the linker domain, which orientates the four cysteine residues for their read out by an arsenic-containing fluorescent probe (Hernandez et al., 2013). Such conformational change occurs only with aSYN oligomers, leading to their specific detection in vitro. If the fluorescent intensity of the signal can be enhanced, it would be interesting to see whether such results can be translated to detect aSYN oligomers in tissues. In cultured neurons and paraffin-embedded tissue sections, a proximity ligation assay utilizing the monoclonal antibody syn211 has been shown to detect aSYN oligomers in a highly specific manner (Roberts et al., 2015). The mechanism behind such high specificity is not known, and further investigation into such issue may help in identifying targets for the development of aSYN oligomer-specific small-molecule probes. Recent X-ray crystallography data on model peptides provided structural insights on the β-hairpin structures within the aSYN oligomers (Salveson et al., 2016), and may shed light on their structural and affinity differences from aSYN fibrils (Tuttle et al., 2016). 
The microtubule-associated protein tau, is one of the three key proteins implicated in neurodegenerative diseases in addition to Aβ and aSYN, and the presence of aggregated tau correlates better with cognitive decline in Alzheimer patients compared to Aβ load. In the adult human brain there are six alternatively spliced isoforms of tau, which can be group into 3-repeats (3R) and 4R tau isoforms based on the number of tandem repeat sequences of 31-32 amino acids present in the isoform (Wang and Mandelkow, 2016). These tandem repeat sequences mediate the physiological binding of tau to microtubules which stabilizes them, and also contains two hexapeptide motifs that are thought to be essential in the aggregation of tau into paired helical filaments and neurofibrillary tangles, the characteristic neuropathology found in Alzheimer’s disease, frontotemporal dementia, and other tauopathies (Kovacs, 2015). On the amino terminal side of these tandem repeats is a proline-rich sequence containing multiple serine and threonine residues, which are invariably hyperphosphorylated in aggregated tau. In aggregated tau, the tandem repeats form the core of the filaments, while the flanking regions of the tandem repeat sequences project away from the core to form a fuzzy coat and are largely unfolded, which can be detected by the phosphorylated tau-specific antibodies and other fluorescent probes that are useful in neuropathological diagnosis and imaging (Wang and Mandelkow, 2016). Similar to the case of aSYN, aggregated tau may not be the major pathogenic substance in neurons but represent a protective mechanism in sequestering oligomeric, soluble tau, the more toxic species causing neuronal damage and synaptic pruning. However, the lack of tools specific to oligomeric tau severely hampered its characterization.
Regarding tau filaments, the presence of a beta sheet-rich amyloid structure allows its visualization in tissues using the nonspecific probe thioflavin S. In Alzheimer’s disease, both Aβ amyloid and tau tangles are present, and therefore probes that can distinguish between the two is important. In the fluorescent probes that presumably target the β-pleated structures in tau, many stains Aβ plaques as well (Mohorko et al., 2010; Velasco et al., 2008; Bolӓnder et al., 2012), while others have been shown to be relatively tau specific (Okamura et al., 2005; Ono et al., 2011; Fodero-Tavoletti et al., 2011; Maruyama et al., 2013). Apart from targeting the beta sheets within tau aggregates, the presence of a hyperphosphorylated sequence projecting away from the filamentous core facilitates the development of tau-specific probes targeting the phosphate groups. This was exemplified by a BODIPY-based fluorescent probe which contains two 2,2’-dipicolylamine groups, each complexing a Zn(II) ion that can specifically bind to phosphorylations spaced at regular intervals on a peptide (Ojida et al., 2009). Based on this approach, a near-infrared probe had also been developed but is yet to be applied in tissue sections (Kim et al., 2013). This strategy may also be helpful in the development of probes for tau oligomers, however, the soluble, hyperphosphorylated tau species are rapidly dephosphorylated by phosphatases during the postmortem delay, necessitating rigorous preservation methods in order for them to be detected (Wang and Mandelkow, 2016). Recently, an oligothiophene derivative as a novel class of compound has also been developed to detect P301S-mutated tau fibrils in transgenic mice (Brelstaff et al., 2015). A near-infrared fluorescent probe has been reported, but unfortunately showed inconclusive staining results in human brain tissues (Seo et al., 2016).
Note that a probe that stains for one type of tau pathology in a neuropathological entity does not guarantee its ability in detecting other tau pathologies in other diseases. For example, although the probes THK523 (Fodero-Tavoletti et al., 2011) and benzimidazole derivatives BF-158 and BF-170 (Okamura et al., 2005) are able to specifically label neurofibrillary tangles in Alzheimer’s disease tissues, they were not able to label the 3R and 4R tau aggregates in Pick’s disease and progressive supranuclear palsy tissues (Okamura et al., 2005; Maruyama et al., 2013). Even less specific probes such as curcumin, BSB and thioflavin S do not label all tau pathologies (Mohorko et al., 2010; and see Table 3 in Schmidt et al, 2001). By screening a series of probes, Maruyama et al. has identified that a core structure of 15 to 17Å in size to be essential in the detecting non-Alzheimer disease-associated tau inclusions, leading to their rational design of a series of probes (PBB1 – 5) capable of detecting tau inclusions in Pick’s disease, progressive supranuclear palsy, and corticobasal degeneration in addition to Alzheimer’s disease (Maruyama et al., 2013). To summarize, the specificity of a tau-specific probe must be carefully characterized according to morphological, immunohistochemical, and histochemical criteria (Kovacs, 2015), in which a multidisciplinary effort involving neuropathologists and chemists is needed.
Cytoskeletal protein probes
These probes are based on toxins conjugated with fluorophores that specifically binds to a class of cytoskeletal protein. The most commonly used are fluorophore-conjugated phalloidin or phallacidin for the selective labelling of F-actin (Small, 1999). Similarly, paclitaxel, which is known to bind polymerized tubulin, can also be conjugated to fluorophores for fluorescent microscopy. Until now, there have been no results demonstrating the use of these dyes with various tissue clearing methods, and our attempts in using these probes with delipidation-assisted (CLARITY) and organic solvent-based (3DISCO) tissue clearing methods have failed with AlexaFluor488-conjugated phalloidin (unpublished observations). Since a specific conformation of the cytoskeletal proteins in their polymerized states is required for the tight binding of these probes, the harsh treatment conditions in these clearing techniques would likely have rendered them fragmented and therefore not stainable. Probes that bind intermediate filaments such as neurofilament and glial fibrillary acidic proteins, and cytoskeleton-associated proteins such as tau (an axonal marker) and MAP2 (a dendritic marker) are much more useful in the visualization of neuronal and glial arborizations (Figure 1b), however, to date there has been no small-molecule probes that target them specifically, which should be an encouraged area for future research that would greatly facilitate the study of the brain with tissue clearing.

Miscellaneous probes and antibody alternatives
Three-dimensional mapping of the cerebral vasculature could contribute to the understanding of stroke symptomatology as well as local circuitry and blood flow regulation dynamics. Recently, AlexaFluor 633-hydrazide has been discovered as an artery-specific fluorescent dye, which specifically labels the elastic laminae of arteries via an unknown mechanism (Shen et al., 2012), and may be useful for aqueous-bassaed refractive index homogenization techniques as the target is accessible to the probe via diffusion along blood vessels. Although not a small-molecule probe, the detection of endothelial- and pericyte-specific carbohydrates by Lycopersicon esculentum lectin (Mazzetti et al., 2004) and Griffonaia simplificifolia GS-I lectin (Porter et al., 1990) respectively can also be helpful for global vasculature staining. The use of lectins has the advantage that the ligands detected are non-denaturable and therefore unlikely to be affected by the harsh treatments conditions in various tissue clearing protocols. Other fluorophore-conjugated lectins may be useful in the future as they detect the stable carbohydrate ligands within the tissue (Roth 2011), where they play important roles in neuroinflammation and intercellular signaling pathways (Gabius and Kayser, 2014). Other fluorophore-conjugated proteins that hasve been used in histochemistry include DNase I for G-actin (Cramer et al., 2002) and α-bungarotoxin for nicotinic acetylcholine receptors in neuromuscular junctions (Simonson et al., 2010). However, their usages have not been confirmed in tissue clearing methods, and our attempts to use α-bungarotoxin for the staining of neuromuscular junctions in CLARITY and iDISCO have so far been proven fruitless.
Future perspectives and Conclusion
Proper fluorescent labelling of selected tissue components is the cornerstone of 3D transparentized tissue imaging. Without thiswhich, all tissue clearing techniques would be useless. While biological genetic and viral labelling techniques are powerful, they are not without limitations, such as in the cases of human studies, multi-tissue component visualization, and amyloid labelling where transgenic labelling would be difficult or impossible. Chemical probes have already been proven useful in complementing addressing these disadvantages of in vivo labelling techniques.  In the above sections we saw that only three classes of small molecule dyes have been applied to tissue clearing, and each probe possesses undesirable disadvantages, suggesting that many problems regarding the development of fluorescent dyes for imaging remains to be resolved. A nucleic acid stain which is compatible with all classes of tissue clearing methods and fluoresce in the near-infrared range would be ideal, which might be achievable by the development of a cell-permeant, high-affinity bis-intercalation cyanine dye, or conjugating the near-infrared-fluorescent SiR dye to a high-affinity probe. As delipidation-assisted tissue clearing of human brain tissues results in the greatest transparency, a fixable lipophilic tracer that can withstand extremely harsh delipidation conditions will be extremely helpful to the discovery visualization of novel neuroanatomical pathways. Finally, the development of novel stains specific to the cytoskeletal proteins as well as other receptors or proteins that are compatible with these tissue clearing methods would be useful to provide a rough estimation of local neural circuitry and neuronal morphology, which maybe significantly altered under certain pathological states (Chung et al., 2013); a candidate probehigh-throughput screening approach similar to that employed in pharmaceutical development may speed up the ligand probe developmentdiscovery of probe candidates. 
In addition, apart from developing new probes, several traditional histochemical stains or methods might be converted to theirits fluorescent counterparts. In the simplest form, optimization of the Nissl staining protocol may already convert a 2D labelling method into a 3D one. The famous Golgi stain (Golgi, 1873) and itstheir variations (Ramόn y Cajal and De Castro, 1972; Cox, 1891; Kopsch, 1896) led to the foundation of the neuron dogma and modern neuroscience. This, which is based on the formation of silver chromate (Fregerslev et al., 1971a) or mercuric chloride (Fregerslev et al., 1971b) precipitates that apparently diffuses and lead to almost full labelling of the neuronal arborizations, even down to the level of individual dendritic spines. This technique is also valuable in that the neurons or glial cells are sparsely labelled, such that individual neurons and their morphologies are well-demonstrated. Regardless of the mechanisms, these precipitates containing soft metal ions might be probed by soft chelators (e.g. thiols) that are both fluorophore-conjugated and fixable, allowing the conversion of an argentophilic signal into a fluorescent one, mimicking the effect of cytoplasmic tracers or fluorescent protein-labelled neurons in transgenic animals (Figure 1b). There are many more century-old staining methods that give excellent results and lead to our current understanding of tissue microanatomy (Lee, 1995). In view of the rapid development of next generation histological techniques in three-dimensions, P perhaps it is time for us to rediscover this rich treasure of knowledge that has been accumulating since the dawn of micro-anatomical appraisal, when biology and chemistry was an integral subject of interest to the histologists and microscopists, and to rejuvenate their usage as the next generation histological techniques in three-dimensions are being developed. With the appropriate labelling tools, tissue clearing has already been proven to be extremely powerful in the study of the brain in animal models, leading to landmark studies that has have helped solved many questions inaccessible to 2D histological techniques (Renier et al., 2016; Ye et al., 2016). In the near future, the development of novel chemical labelling methods would be indispensable for the maturation of tissue clearing techniques and volume imaging microscopy, reminiscent of what has happened in the development of traditional histology, uncovering many finer details of the biological structures and their organizational principles in three dimensions. Such mutually benefiting relationship will surely help clarify many complex neuroscientific questions and lighten upincrease our understanding on how the brain works in healthy and diseased states.
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Figure and Table legends
Figure 1. Overview of the structure of the brain and chemical labelling strategies. Aa. The scales of the brain and cellular anatomy of the neuron. The human brain (upper left) contains neurons that can communicate over great distances, which is illustrated in this case where a neuron (white) can project from the frontal cortex to the occipital lobe via the superior longitudinal fasciculus; at the microscopic level, within each area of the brain (upper right), there exist complex local circuitries where neurons communicate each other and compute their outputs. The lower panel shows the general, simplified structure of an illustrated neuron, with the major components labelled (black text) and their corresponding stains listed (green text). Bb. 3D microscopic image examples of the brain. i. and ii. The effect of labelling cytoskeletal proteins (intermediate filaments) in 3D with antibodies (glial fibrillary acidic protein in blue for astrocytes (i.); and neurofilament in red for neurons (ii.)) in humans, where only a rough outline of the cell can be seen compared to neurons traced via genetic or tracer labelling techniques (as in iii.). The inset in i. shows a mouse astrocyte labelled and imaged using the same method at the same scale; compared to those in humans, the arborizations of mouse neurons and astrocytes are less complex. The antibody penetration depths were less than 150 μm in both cases due to the dense antigens trapping the antibodies and preventing them from diffusing further. The upper left paneliii. shows aA pyramidal neuron which has been transgenically labelled in the mouse brain and processed with a delipidation-assisted clearing technique, the highlighted area is shown on the rightiv. demonstrating numerous dendritic spines, where intercellular communications through synapses take place. The magnification of the neuron is comparable to those illustrated in the upper right panel of Aa., and one can readily appreciate the precision and resolution a brain mapping project must possess to identify the synaptic contacts between cells. The lower panels show the effect of labelling cytoskeletal proteins (intermediate filaments) in 3D with antibodies (glial fibrillary acidic protein in blue for astrocytes; and neurofilament in red for neurons) in humans, where only a rough outline of the cell can be seen compared to neurons traced via genetic or tracer labelling techniques. The inset in the lower left panel shows a mouse astrocyte labelled and imaged using the same method at the same scale; compared to those in humans, the arborizations of mouse neurons and astrocytes are less complex. The antibody penetration depths were less than 150 μm in both cases due to the dense antigens trapping the antibodies and preventing them from diffusing further. Cc. The other challenge in brain mapping is that the tissue is extremely densely packed, here in a transmission electron micrograph, the extracellular space has been coarsely outlined as yellow areas; this also accounts for the poor diffusion of probes if the membranes are not disrupted by detergent permeabilization. The ultramicroscopic structures were as labelled; mt: mitochondrion. Dd. The effect of almost global labelling of neurons in a mouse cortex using transgenic methods, imaged after tissue clearing using an aqueous-based refractive index homogenization method. Due to the extreme neuronal density and their cytoplasmic processes, even within such thin (50 μm-thick) slice of brain, the neuronal fibers are already too dense to be individually traced as they obscured each other in this 3D rendering. Scale bar: 100 μm.
Figure 2. Overview of tissue clearing process for 3D histological imaging. The fixed tissue invariably undergoes refractive index homogenization which turns the tissue transparent prior to imaging. There can be an optional delipidation step before refractive index homogenization to enhance tissue clarity and probe permeability. For organic solvent-based refractive index homogenization, the tissue must be dehydrated prior to homogenization in a hydrophobic solvent. Chemical labelling can be applied at any time point after tissue fixation and before refractive index homogenization.
Figure 3. Factors governing probe penetration depth in bulky tissues.
The modified diffusion-convection model (shown in its mathematical form in A.) describes the factors governing probe penetration depth in thick tissues. A. The modified diffusion-convection model states that: for the change in probe concentration (of a location deep within the tissue) over time (∂c/∂t), it is governed by the diffusion speed of the probe from the tissue surface (which obeys the Fick’s law, D∆c), the consumption of the probe along its diffusion pathway (S, which is always negative in this case) by “sinks”. Convection-assisted movement of probes is considered to be negligible in tissues. However, for acrylamide hydrogel-embedded samples, a two compartment model can be used, where probes have to first traverse the superficial layer of the hydrogel before reaching the tissue surface. For probes moving through the hydrogel, convection-assisted probe movement is significant and can be described as an additional convection term (in grey). Note that compared to the original diffusion-convection model, the diffusion term has been reverted back to the original Fick’s law of diffusion in 3D, as there is no evidence or reason to assume that the diffusivity of the probe will change with its concentration within the tissue. B. The sink effect is a unique problem for thick tissues. Shown here is a real life example of the sink effect in action. In both cases, human tissues of the same sizes were labelled with an excess amount of primary antibodies against neurofilament (NF) and tyrosine hydroxylase (TH), after which the same amount of secondary antibody is applied. With NF having a much denser antigen distribution, the secondary antibody is rapidly consumed, and the staining reached 15-times shallower compared to that for TH.
Figure 43. Principal components of a fluorescent dye and its ideal characteristics. Aa. A fluorescent probe can be viewed as consisted of an affinity moiety linked to a fluorescent moiety. Ideally, the affinity moiety leads to preferential binding of the probe to its target rather than remain solubilized in the solvent, as well as has a weak affinity to other unrelated substances within the tissue; the fluorescent moiety should be stable, resistant to bleaching, with a large Stokes shift, well separated excitation/emission (Ex/Em) peaks, high molar attenuation coefficient (ε) and quantum yield (Φ), and demonstrate spectral shifts when bound to its target, all these contribute to good signal contrast and bright fluorescence intensity. The fluorescence spectrum is ideally in the red or near-infrared region to avoid light attenuation by scattering and absorption (see text). τ: fluorescent lifetime. Overall, with concerns on its practical usage, the probe should be water-soluble and membrane-soluble. Bb. Examples of dyes which are constructed from an affinity moiety (in green) to their targets and a fluorescent moiety (with magenta glow). In the case of Hoechst-SiR probe and TO-PRO3, the affinity moietiesy simultaneously fluoresce and therefore serves dual functions.
Figure 45. Nucleic acid stainslabelling methods. Aa. The major binding modes of the nucleic acid stains were illustrated on the left, and general structures of the commonly used stains were shown and grouped according to their major binding modes. The XO-PRO-n and XOXO-n dyes shares common general structures within each familyies, individual stains differs from each other in the “XO” moiety, which governs partly the dyes’ affinity to the nucleic acids by intercalation as well as its fluorescent spectrum. The SYTO stains is a superfamily containing many dyes of diverse structures where individual structures were not announced by the suppliers. In the general structure shown, X can be a C(CH3)2 moiety, sulfur, oxygen, or nitrogen, L1 and L2 represent optionally-substituted monocyclic or polycyclic aromatic ring and can be absent, (A) is an optional alkyl chain, and n can be any odd numbers that is usually less than 7. CP and F22 are RNA-selective probes. Bb. The fluorescence emission spectra of the commonly used nucleic acid stains. Since the XO-moiety in XO-PRO and XOXO dyes governs the fluorescent spectra, their fluorescent spectra were labelled in correspondence with the moieties instead of individual dyes. 34580, 33258, S 769121, 33342, SiR are the suffix labels representing the corresponding Hoechst dyes. C. Sequence-specific detection of single RNA molecules. i. The labile RNAs must be adequately preserved before any harsh treatment conditions, which has been achieved by crosslinking the RNA molecule to fixed tissue proteins, or to a hydrogel framework where the tissue had been embedded within. The double-headed arrows mark the atoms that will be covalently bonded after these preservation methods. ii. Two smFISH methods have been applied in tissue clearing for the detection of preserved RNA molecules. On the left, a tandem array of fluorophore-conjugated oligonucleotides (usually ~20 nt in length) were used to detect a single molecule of the target RNA; on the right, an initiator is first hybridized to the RNA molecule, after which the 5’- and 3’-flanking sequences of the initiator hybridization sequence can be read out by a series of fluorescently-labelled hairpin probes (the hybridization chain reaction, HCR).
Figure 56. Neuronal tracers. The neuron illustration shows how two different classes of neuron tracers can be applied locally, either by the application of a crystal of the lipophilic dye (DiI is used here as an example) or by microinjection of a hydrophilic dye. Over time, these dyes will diffuse slowly within their respective compartments to label the entire neuron. The general structures of the lipophilic tracers were shown and as labelled. For DiA/4-Di-10-ASP: n = 9 (4-Di-10-ASP) or 15 (DiA). For FM dyes/SGC3: n = 1 (FM 1-84, FM 1-43, FM 1-43FX, FM 2-10, SynaptoGreen C3) or 2 (FM 4-64, FM 4-64FX, FM 5-95); a = 1 (FM 2-10, FM 4-64, FM 4-64FX, FM 5-95), 2 (SynaptoGreen C3), 3 (FM 1-43, FM 1-43FX), or 4 (FM 1-84); R is a ethyl group for all dyes except in FM 5-95 where R is a methyl group and in fixable (FX) derivatives where R is a hydrogen atom. For DiX dyes: n = 1 (DiO, DiI), 2 (DiI), or 3 (DiR). For NeuroVue (or PTIR) dyes, the precise structures are not known reported in the literature and only a putative general structure is displayed. The carbocyanines in NeuroVue, which is dyes are usually asymmetric,  and where L1 and L2 represent optionally-substituted monocyclic or polycyclic aromatic rings and can be absent, X can be a C(CH3)2 moiety, sulfur, oxygen, or nitrogen; n can any odd numbers less than 7; a + b = 34. The upper right panel displays the emission maxima (in nm) of the lipophilic tracer dyes in the visible and near-infrared spectrum. NV: NeuroVue dye; SGC: SynaptoGreen C. 
Table 1. Application of fluorescent nuclear stains in different classes of tissue clearing methods.
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Tables
Table 1. 
	Aqueous-based refractive index (RI) homogenizationa

	Advantages as a class:
	Compatible with lipophilic tracers and subsequent ultrastructural studies if no detergents or denaturants were used.

	Disadvantages as a class:
	Incompatible/poorly compatible with immunostaining or cell-impermeable probes if no detergents were used, achieves relatively poor tissue transparency.

	Specific techniques (by references)
	Tissue preservation method
	Solutions/conditions used in tissue pretreatment(s) before labellingb
	RI homogenization solution used after labellingb

	Hama et al., 2011
	PFA
	Ureac/glycerol/Triton X-100d
	Ureac/glycerol/Triton X-100d

	Kuwajima et al., 2013
	PFA
	Nonee
	Formamidec/PEG200

	Ke et al., 2013
	PFA
	Nonee
	Fructose/1-thioglycerolf

	Hou et al., 2015
	PFA
	Nonee
	Ureac/fructose

	Aoyagi et al., 2015
	PFA
	Nonee
	TDE

	Hama et al., 2015
	PFA
	Ureac/sorbitol/Triton X-100d/DMSO/other additivesg
	Ureac/sorbitol/Triton X-100d

	Ke et al., 2016
	PFA
	Saponind/iohexol
	Iohexol/EDTA

	Delipidation-assisted aqueous-based refractive index (RI) homogenizationa

	Advantages as a class:
	Simultaneously decolorize tissue samples and reduces tissue autofluorescence (see text for further discussion).

	Disadvantages as a class:
	Incompatible with lipophilic tracers, can result in extensive protein denaturation or tissue architecture disruption.

	Specific techniques (by references)
	Tissue preservation method
	Solutions/conditions used in tissue pretreatment(s) before labellingb
	RI homogenization solution used after labellingb

	Chung et al., 2013, Tomer et al., 2014
	PFA, Acrylamide embedding
	SDSc,d,h
	Glycerol or FocusClearTM

	Susaki et al., 2013
	PFA
	Ureac/THPED/Triton X-100d,e
	Ureac/THPED/sucrose

	Yang et al., 2014, Treweek et al., 2015
	PFA, Acrylamide embedding
	SDSc,d,h
	Sorbitol/Triton X-100d or Iohexol/Triton X-100d

	Costantini et al., 2015
	PFA, Acrylamide embedding
	SDSc,d,h
	TDE

	Kim et al., 2015
	PFA, Acrylamide embedding
	SDSc,d,h
	N-methylglucamine/sorbitol/diatrizoic acid

	Murray et al., 2015
	Glutaraldehyde
	SDSc,d,h
	N-methylglucamine/iodixanol/diatrizoic acid 

	Lai et al., 2016
	PFA
	SDSc,d,i
	TDE or Iohexol/Triton X-100

	Liu et al., 2016
	PFA
	SDSc,d,i
	TDE

	Economo et al., 2016
	PFA
	Ureac/THPED/Triton X-100d,f
	Sorbitol/DMSO

	Organic solvent-based refractive index (RI) homogenizationa

	Advantages as a class:
	Best for lipid-rich regions such as the white matter, fast and consistent clearing efficacy

	Disadvantages as a class:
	Incompatible with lipophilic tracersj, significant tissue discoloration and autofluorescence, can be incompatible with fluorescent proteins

	Specific techniques (by references)
	Tissue preservation method
	Solutions/conditions used in tissue pretreatment(s) before labellingb
	RI homogenization method used after labellingb

	Spalteholz, 1914, Dodt et al., 2007
	PFA
	Nonee
	Graded EtOH dehydration; CH2Cl2 treatmentm (for Dodt et al., 2007 only); benzyl alcohol/benzyl benzoaten

	Schwarz et al., 2015
	PFA
	Nonee
	Graded iPrOH or tert-BuOH dehydration; CH2Cl2 treatmentm; benzyl alcohol/benzyl benzoaten

	Becker et al., 2012, Ertürk et al., 2012
	PFA
	Nonee
	Graded THF dehydration; CH2Cl2 treatmentm; DBEn

	Renier et al., 2014
	PFA
	H2O2/MeOHk, Triton X-100, Tween-20, NP-40, DMSOl
	Graded THF dehydration; CH2Cl2 treatmentm; DBEn

	Renier et al., 2016
	PFA
	H2O2/MeOHk, Triton X-100, Tween-20, NP-40, DMSOl
	Graded MeOH dehydration; CH2Cl2/MeOH treatmentm; DBEn

	Pan et al., 2016
	PFA
	H2O2/MeOHj, Triton X-100, Tween-20, NP-40, DMSOk
	Graded tert-BuOH dehydration; CH2Cl2 treatmentm; CH2Cl2/DPEn


Abbreviations: tert-BuOH: tert-butyl alcohol; CH2Cl2: dichloromethane; DBE: dibenzyl ether; DPE: diphenyl ether; DMSO: dimethylsulfoxide; EDTA: ethylenediaminetetraacetic acid; EtOH: ethanol; MeOH: methanol; NP-40: NonidetTM P-40 detergenet; PEG200: polyethyleneglycol 200; PFA: paraformaldehyde; iPrOH: isopropanol; SDS: sodium dodecyl sulfate; TDE: 2,2’-thiodiethanol; THF: tetrahydrofuran; THPED: N,N,N’,N’-tetrakis(hydroxypropyl)ethylenediamine; 
a We recommend the use of “RI homogenization” instead of “RI matching” in the description of tissue clearing, as the former is more accurate in describing the physical basis of tissue clearing; i.e. achieving an optically homogeneous medium (despite its physical inhomogeneity) within the tissue to reduce light scattering at boundaries of potential refractive index mismatches. Incubating tissues in a solution that has a refractive index matching that of the tissue does not necessarily lead to tissue clearing.
b The solutions are usually buffered by certain buffer systems and preserved with 0.01% sodium azide, which were not stated for simplicity. Commonly used buffer systems are phosphate buffer saline, phosphate buffer, Tris buffer, and sodium borate buffer.
c Denaturant. Denaturants presumably facilitate the penetration of refractive index homogenizing agents into the tissue, and are typically used at high concentrations sufficient to denature and unfold many proteins.
d Detergent. Prior to labelling, detergents permeabilize tissues for deep penetration of cell-impermeant probes and antibodies; during refractive index homogenization, detergents presumably facilitate the penetration of refractive index homogenizing agents into the tissue.
e Cell-impermeant stains and antibodies are incompatible with these methods due to the lack of prior tissue permeabilization.
f May react with certain stains due to the presence of a reactive thiol group.
g Other additives include methyl-β-cyclodextrin and γ-cyclodextrin for the removal of membrane cholesterol, and N-acetyl-L-hydroxyproline for loosening collagen triple helices.
h Complete tissue delipidation is required for these methods.
i Partial tissue delipidation is sufficient for these methods.
j All organic solvent-based tissue clearing methods requires tissue dehydration prior to refractive index homogenization, which solubilizes lipids and are thus incompatible with lipophilic tracers.
k Optional methanolic hydrogen peroxide tissue bleaching step, which reduces tissue discoloration. Alcoholic dehydration of tissue may cause denaturation of proteins by precipitation.
l The tissue pretreatment consists of a complex series of permeabilization steps involving the detergents Triton X-100, Tween-20, NP-40, and the solvent DMSO, among other pretreatments including glycine quenching and serum blocking. 
m May extract highly lipid-soluble stains, especially for amyloid stains.
n May disrupt π-π interactions essential for the binding of certain nucleic acid stains (see Table 2).

Table 2.
	Stain
	Ex/Em (λmax in nm, when intercalated with DNAbound to target)
	Cell membrane Permeability
	Tissue clearing method proven to be compatible/incompatible

	
	
	
	Aqueous-based RI homogenization (e.g. ScaleS, SeeDB, ClearT)
	Delipidation-assisted (e.g. CLARITY, CUBIC)
	Organic solvent-based RI homogenization (e.g. BABB, 3DISCO)

	Nucleic acid probes
	
	
	
	
	

	DAPI
	350/470
	Permeant
	Yes (Hama et al., 2015; Ke et al., 2016)
	Yes (Costantini et al., 2015; Lai et al., 2016)
	Possible but with suboptimal results (Soderbolm et al., 2015; Smith and Going, 2012, unpublished observations)

	DRAQ5
	646/697
	Permeant
	Unknown but theoretically possible
	Yes (Yang et al., 2014)
	No (Renier et al., 2014)

	Hoechst stains
	352/461
	Permeant
	Yes (Hoechst 33258 (Kuwajima et al., 2013))
	Unknown but theoretically possible
	No (Renier et al., 2014)

	Propidium Iodide
	536/617
	Impermeant
	Yes (with permeabilization) (Hama et al., 2015)
	Yes (Epp et al., 2015; Tainaka et al., 2015)
	Possible but with suboptimal results (Smith and Going; 2012)

	SYTO dyes
	Variable
	Variable
	Unknown but unlikely to give good results without permeabilization
	Yes (SYTO 16) (Susaki et al., 2014; Yang et al., 2014; Tainaka et al., 2014; Lee et al., 2015))
	Yes (SYTO 16 but with altered spectrum (Renier et al., 2014; Kim et al., 2015))

	TO-PRO dyes
	Variable
	Impermeant
	Unknown but unlikely to give good results without permeabilization
	Yes (Susaki et al., 2014; Kim et al., 2015)
	Yes (Pan et al., 2016; Renier et al., 2014)

	Lipophilic tracers
	Variable
	N/A
	Yes (DiI (Kuwajima et al., 2013; Hama et al., 2015; Hou et al., 2015; Ke et al., 2013))
	Yes (CM-DiI and FM 1-43FX (Jensen and Berg, 2016))
	Unknown but theoretically possible for fixable dyes such as CM-DiI and FM 1-43FX

	Amyloid probes
	Variable
	Many are permeant
	Unknown but theoretically possible for some probes
	Yes (Thioflavin S (unpublished results))
	Yes (Methoxy X-04 (Jӓhrling et al., 2015), and Congo red (Liebmann et al., 2016))



