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Abstract: In vivo tissue transparency in the visible light spectrum is beneficial for many research
applications that use optical methods, whether it involves in vivo optical imaging of cells or their
activity, or optical intervention to affect cells or their activity deep inside tissues, such as brain tissue.
The classical view is that a tissue is transparent if it neither absorbs nor scatters light, and thus
absorption and scattering are the key elements to be controlled to reach the necessary transparency.
This review focuses on the latest genetic and chemical approaches for the decoloration of tissue
pigments to reduce visible light absorption and the methods to reduce scattering in live tissues. We
also discuss the possible molecules involved in transparency.

Keywords: in vivo transparency; imaging depth; optical tissue clearing; deep-tissue optogenetics;
genetically modified animals; model organisms with transparent tissues

1. Introduction

Many animals have transparent tissues or are completely transparent in their everyday life. Some
can even become entirely transparent at will, such as certain cephalopod mollusks that change the
light adsorption of their skin (Zylinski and Johnsen, 2011) [1], depending on pictorial depth cues and
directional illumination (Zylinski et al., 2016) [2]. Animals with natural transparency have significant
advantages for research, extending the range of possibilities for the application of different optical
methods (Fetcho and O’Malley, 1995; O’Malley et al., 2003; White et al., 2008; Bin and Lyons, 2016;
Antinucci and Hindges, 2016; Harrison et al., 2016; Nicolson, 2017; Saleem and Kannan, 2018) [3–10].
Even if the animal is not generally transparent, it usually has specialized living transparent cells,
at least in the visual system of the animal, and this cell transparency can be specifically analyzed
(Zayas et al., 2018) [11]. Questions arise: Why are some living cells transparent, while others are not?
Can we maintain living cells while making them transparent in vivo for technical purposes? Can we
make animals transparent or at least partially transparent or develop transparent animal tissues and
organs in vivo?

The classical view is that a tissue is transparent if it neither absorbs nor scatters light. Thus,
absorption and scattering are the key elements to be controlled to reach the necessary tissue transparency.

Except for a few pigments, the majority of organic molecules in the cell have no ability to
absorb visible light. Thus, (1) elimination of these pigments will reduce absorption and thereby yield
decoloration. This can be achieved chemically by addition of reactive substances that eliminate specific
pigments or genetically by identifying specific mutations that disrupt biosynthesis of the pigment.
After elimination of pigments, the primary reason for any remaining opacity of organic tissues is light
scattering (Brunsting and Mullaney, 1974; Tardieu and Delaye, 1988) [12,13].

Light scattering is caused by localized nonuniformities in refractive indices (RIs, Jacques and
Pogue, 2008; Jacques, 2013, Perelman, 2017) [14–16]. These nonuniformities lead to alteration of the
direction of light propagation when they pass through the interface between regions of different RIs
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(e.g., cytoplasm–organelle–cytoplasm or cytoplasm–protein–cytoplasm). Given enough directional
changes due to multiple instances of refraction and reflection, the tissue, though nonabsorbing, will
be opaque and nontransparent (Johnsen, 2001; Zueva et al., 2016) [17,18]. To reduce this scattering,
(2) chemical or genetic procedures can be applied to homogenize mismatched RIs between individual
cellular organelles and the cytoplasm. Chemical substances may be injected into the cytoplasm,
changing RIs of individual cellular elements or the cytoplasm, or the refractive substance may be
generated inside the cytoplasm due to genetic alterations that change the cytoplasm or organelle RI.
Of course, complete transparency, which is advantageous in predator–prey competitions, can only
be attained with aquatic animals, because the RI of their natural habitat can be easily matched to
the cytoplasm RI. This complete transparency is difficult to achieve in animals that live in air or on
land, and these animals usually have few transparent tissues. In addition, the interference of cellular
elements plays a role in opacity, which to some extent can be managed by homogenizing mismatched
RIs and reducing optical edges. In addition, transparency within the visible spectrum can be “partially
restored” by newly developed digital microscopy methods, such as transmission matrix inversion
(Xu et al., 2017; Cua et al., 2017) [19,20], which may also overcome light scattering problems.

2. Methods for Reducing Light Absorption

2.1. Chemical Decoloration of Pigments

The most common biomolecule causing chemical coloration and one of most important pigments
in the animal world is melanin. Different melanin-type black pigments are formed through a series
of oxidative reactions involving the amino acid tyrosine in the presence of the enzyme tyrosinase,
and many substances that affect this synthesis can be used for skin depigmentation (Parvez et al.,
2006; Heriniaina et al., 2018) [21,22]. Among the skin melanin lightening and depigmenting agents,
magnesium-l-ascorbyl-2-phosphate (MAP), hydroxyanisole, N-acetyl-4-S-cysteaminylphenol, arbutin
(hydroquinone-beta-d-glucopyranoside), and hydroquinone (HQ) as well as kojic, glycolic, and azelaic
acids are the most widely known worldwide (reviewed in Parvez et al., 2006 [21]). In zebrafish larvae,
an excellent vertebrate model for in vivo imaging because of its low level of light scattering, the most
popular melanin decolorant is 1-phenyl-2-thiourea (Karlsson et al., 2001) [23]. Many other known
pigments are the products of purine metabolism. For example, ptherines are usually synthesized from
guanosine phosphate (Rebelo et al., 2003) [24], while many carotenoids (xanthines) are synthesized
directly from guanine and are usually affected by different xanthine oxidases. Astaxanthin is the
most frequent carotenoid in sea animals (Matthews et al., 2006) [25], and it was shown that blocking
carotenoid synthesis by adrenocorticotropin (ACTH) reduces yellow-red coloration in goldfish (Hata
and Hata, 1972) [26]. Carotenoids are also the main colorant in fish muscle cells. It is known
that xanthine dehydrogenase oxidizes the yellow pteridine xanthopterin to the colorless pteridine
leucopterin, and substances that affect this process also affect the chitin color in fly (Forrest et al.,
1956) [27]. Many sea mollusks change the light absorption spectrum in different skin patches at
will (Demski, 1994; Liuet al., 2017; Reiter et al., 2018) [28–30]. Similarly, rapid skin light absorption
changes employing different specialized mechanisms are present in some anurans (Saenko et al., 2013;
Teyssier et al., 2015) [31,32].

The pigment cells of cyprinid fishes, including zebrafish, comprise three types. First, there
are the iridophores, which are packed with purine crystals identified as guanine and hypoxanthine.
Iridophores in fish usually produce coloration due to the reflection or interference of light by regular
alternating layers of guanine or hypoxanthine and cytoplasm, functioning as a Bragg-type light reflector
(usually having the appearance of colored metal). In some fish species the spacing between layers can
be changed by an internal cellular apparatus activated by a cellular light sensor, thus changing the
wavelength of light that is most strongly reflected and shifting the iridophore color (Lythgoe et al.,
1984; Schweikert et al., 2018) [33,34]. The second type of pigment cells are the melanophores (with
black melanin in melanosomes), and the third type of pigment cells, found in zebrafish, are the
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xanthophores, which contain pteridine pigments (in pterinophores) and a small amount of carotenoid
droplets. It has been suggested that the yellow color of xanthophores in zebrafish are mainly due to
sepiapterin (Ziegler et al., 2000) [35]. The development of the pigmentation pattern in zebrafish is a
tightly regulated process that depends on both the self-organizing properties of pigment cells and on
extrinsic cues from other tissues (Eskova et al., 2017) [36]. Substances affecting pigmentation have been
frequently investigated in zebrafish as the preferred animal model, with chemicals reducing coloration
and augmenting the overall transparency of the larvae (Gunia-Krzyżak et al., 2016; Lajis, 2018) [37,38].

2.2. Genetic Approach to Removing Pigments

Many researchers worldwide use genetically selected albino animals that lack skin melanin.
Albino animal skin is much more transparent; thus, these animals have extreme sun sensitivity, and
even mechanosensitive neurons in the skin have become affected by light, impairing their functioning
(Ono et al., 2017) [39]. However, the original reason for using albinos was as a genetic marker for
perfectly inbred animals and to get pure animal lines (Rader, 2004) [40]. Interestingly, white people, with
less melanin, historically populated the northern regions of Earth. Black people have less transparent
skin, which absorbs more UV light with melanin than does white skin, and therefore require more sun
exposure to produce the same amount of vitamin D. This led to the vital advantage of natural mutations
that reduced skin coloration in people in northern regions and thereby reduced vitamin D deficiency
(Conway and Trudeau, 2018) [41]. As we already mentioned, aquatic animals have an advantage if
they are transparent, and they have many natural mutations that reduce skin pigmentation. Zebrafish
that lack iridophores are known as roy orbison (roy) mutants, those that lack melanophores as albino
mutants, and those that lack both melanophores and iridophores are known as ruby mutants. The
zebrafish nacre mutant has no melanocytes, due to deletion of the melanocyte-inducing transcription
factor (mitfa) gene as the result of genetic engineering (Lister et al., 1999) [42]. This mutant was crossed
with the roy spontaneous mutant, generating the compound roy/nacre double homozygous mutant
and resulting in a complete loss of the iridophore layer (White et al., 2007) [5]. The authors named
this double mutant casper, referencing the famous cartoon ghost of the same name. Casper displays
combined melanocyte and iridophore loss, in which the body of the fish is largely transparent due to loss
of light absorption and reflection from iridiphores (White et al., 2007) [5]. Later, the roy mutation was
found to be dependent on the mpv17 gene (D’Agati et al., 2017) [43]. Another clear zebrafish mutation
named crystal was designed especially for in vivo imaging (Antinucci, Hindges, 2016) [7]. This mutant
was obtained by combining different viable mutations affecting skin pigmentation, but, unlike casper,
the crystal mutant also lacked pigmentation in the retinal pigment epithelium, enabling optical access to
the eye (Antinucci and Hindges, 2016) [7]. Currently, a range of transparent zebrafish are being used for
imaging studies. The following are the main genes that are mutated for the generation of transparency
in zebrafish: mitfa (nacre zebrafish line) eliminates melanophore development; slc45a2 (albino zebrafish
line) disrupts melanin synthesis; mpv17 (roy orbison zebrafish line) encodes a mitochondrial gene
mutation that results in the complete loss of iridophores (D’Agati et al., 2017) [43]. There are also
zebrafish lines bearing any two or all three mutations (casper, mitfa, and mpv17) responsible for crystal
pigmentation. Using these mutants, many recent in vivo studies have been successfully performed
(Karlsson et al., 2001; Chen et al., 2018; Auer et al., 2018; Kline et al., 2019) [23,44–46]. However,
zebrafish are normally transparent only during the larval period and become opaque as they mature,
mainly because of light scattering at lipid–water interfaces. Similar genetic manipulations were used
to obtain a transparent mutant of the medaca fish. This mutant fish is very small and is relatively
transparent, even in adult stages, allowing visualization of maturation of the gonads (Wakamatsu,
2001) [47]. Even in this case, light scattering is the limiting factor for transparency.
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3. Methods for Reducing Light Scattering

3.1. Chemical Reduction of Scattering In Vivo

Chemical methods to achieve reduced scattering are similar to the methods used post mortem
for tissue clearing (reviewed in: Chung et al., 2013; Richardson, Lichtman, 2015) [48,49] but must
be compatible with living organisms. Usually, cell organelles (except the nucleus with RI ≈1.36;
Steelman et al., 2017) [50] have RIs in the range 1.38–1.45 (Zhang et al., 2017) [51], while the cytoplasm
has RI ≈ 1.38 (Barer and Ross, 1952; Ross, 1954; Steelman et al., 2017) [50,52,53]. Addition of neutral,
biocompatible, and soluble chemical substance (optical clearing agent, OCA) with a greater RI that can
enter the cytoplasm and augment the RI to the level of individual cellular organelles can eliminate
the mismatch. This option will reduce multiple internal reflections or refractions of light in cellular
organelles, eliminating the light scattering by organelles and leading to cell transparency. In addition,
there is a mismatch between interstitial fluid and the cell, which produces scattering at the cell surface.
Administration of the immersion liquid with an RI greater than that of the tissue interstitial fluid (as
well as hyperosmotic properties) induces a partial replacement of the interstitial fluid by the immersion
substance and hence decreases scattering. As immersion substances for in vivo clearing, aqueous
solutions of glucose and mannitol, propylene glycol, glycerol, and other biocompatible chemicals may
be used (Tuchin, 2006) [54].

Injection of the bioneutral propylene glycol (RI 1.43 at 589 nm) or glycerol (RI 1.47 at 589 nm)
in vivo significantly reduces skin scattering and augments transparency (Tuchin et al., 1997; Tuchin,
2006) [54,55]. It was found that 75% glycerol had a significant clearing effect but caused local skin
edema within 24 h, while 30% glycerol reduced the reflectance spectra of skin without injury. Moreover,
40% glucose injection produced clearing without necrosis in human skin (reviewed in: Wen et al.,
2010; Zhu et al., 2013) [56,57]. It is sometimes beneficial to use membrane-penetrating agents, such as
thiazone, together with the OCA, allowing faster intracellular OCA penetration by simple spreading
of the mixture on the skin without injection (Shi et al., 2017) [58]. Similarly, Triton X-100 detergent
can also be used with skin for these purposes (unpublished data). A special microneedle array
can be used for OCA delivery to the skin (Tuan-Mahmood et al., 2013) [59]. For the purposes of
super-resolution microscopy, an immersion substance with higher RI may be used to match the RIs of
tissues to that of immersion oil (1.518), thus minimizing both light scattering and spherical aberrations
in high-index objectives. For example, Intralipid emulsion (20%, Sigma-Aldrich) was used for in vivo
super-resolution imaging of neuronal structures in mouse brain (Urban et al., 2018) [60]. This approach
is similar to the SeeDB2 effect that enabled super-resolution microscopy of various tissue samples up
to a depth of >100 µm (Ke et al., 2016) [61].

3.2. Genetic Approach to Reducing Scattering

As we already mentioned, there is an RI mismatch between the cytoplasm and cellular organelles
as well as between the cells and the interstitial fluid, which produces optical scattering by living tissue,
and an OCA delivered to the cytoplasm can reduce this mismatch. However, instead of delivering
an external synthetic OCA to the tissue, it can be synthetized by the cell itself. The question arises:
What endogenous OCAs are used in nature to make animal tissues transparent (for example, the
transparent tissue in the eye), and how we can genetically manipulate and concentrate this substance
in the cell? Currently, a majority of published studies have tried to first identify the natural OCA and
its corresponding synthesis genes so that a genetic approach can be applied, and there are two main
molecular classes of endogenous OCAs that have been identified.

3.2.1. Glycosaminoglycans and Antifreeze Proteins in Fish

Many small water-borne animals, such as fish larvae, are transparent in order to survive natural
selection. For example, eel (Leptocephali), surgeonfish (Acanthuridae) have very transparent larvae,
and some larger fish, such as barreleye fish (Macropinna microstoma), develop a transparent shield
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on their head, including part of the cranium, which remains transparent in adulthood (Robison
and Reisenbichler, 2008) [62]. It was proposed that these fish are transparent as a result of their
bodies having energy storage in the form of transparent inert materials that consist primarily of
glycosaminoglycan (GAG) compounds matrix with overall RI about 1.43 (Pfeiler 1988; Pfeiler et al.
2002; Miller, 2009) [63–65]. The gelatinous extracellular matrix of GAG comprises most of the bodies of
the leptocephali, and this matrix contains a high percentage of water, ranging from 90–95% of total body
weight (Miller, 2009) [65]. Pfeiler and coworkers (2002) [64] reported that hyaluronan is the principal
GAG in the body matrix of seven species of anguilliform and in ladyfish (Elops saurus) and other
Elopiformes leptocephali, but it is a minor GAG component in the bonefish Albula sp. (Albuliformes).
In bonefish leptocephali, keratin sulfate appears to be the dominant form of GAG, with hyaluronan
and chondroitin sulfate as minor components (Pfeiler et al. 1988) [63]. Thus, GAG in fish larvae bodies
resembles the substance predominant in the vitreous humor in many vertebrates. Another OCA was
determined after fish and bacterial antifreeze proteins (AFP) were discovered (DeVries and Wohlschlag,
1969; Davies et al., 2002) [66,67]. Present in the blood and inside cells, these proteins with ice-binding
properties block ice formation at low temperatures. In addition, it was shown that their concentration
inside the cell reduces light scattering, making cells more transparent (Gilbert et al., 2004) [68].

3.2.2. Crystallins

Cells in the vertebrate optical tract are overwhelmingly transparent. Specific
small-molecular-weight soluble proteins called crystallins (because of the crystal lens) are found
in particularly high abundance in the cytoplasm of many cells of the vertebrate optical tract. Large
quantities of crystallins were discovered in the cytoplasm of corneal cells, both in corneal epithelial cells
and in stromal keratocytes (Krishnan et al., 2007; Jester, 2008) [69,70]. Similarly, crystallins are abundant
in the cytoplasm of highly elongated fiber cells in the vertebrate lens and in lens epithelial cells (Delaye
and Tardieu, 1983; Horwitz et al., 1999; Andley et al., 2009) [71–73]. In the retina, crystallins with
a 23-kDa molecular weight (corresponding to both αA- and αB-crystallin) were described in frog
(anuran) Müller cells (Simirskiı̆ et al., 2003) [74], and αA-crystallin was found in the photoreceptor
cells of mice and rats (Deretic et al., 1994; Maeda et al., 1999) [75,76]. Recently we described crystalline
α, and specifically αA-crystallin, inside rat Muller cells and photoreceptors (Zayas-Santiago et al.,
2018) [11].

It has been shown that crystallins are important for cell transparency in both the cornea and the
lens (Delaye and Tardieu, 1983; Takemoto, Boyle, 1998; Jester, 2008) [70,71,77]. Chemical or genetic
modification of crystallins leads to opacity, while reduction of soluble α-crystallins leads to cataracts
(Datiles et al., 2008) [78]. Similarly, in the cornea, decreased expression of corneal crystallins in stromal
keratocytes has been associated with increased in vitro and in vivo light scattering (Jester, 2008) [70].
In the lens, point mutations have been identified in the genes encoding α-, β-, and γ-crystallins that
lead to the development of an hereditary form of human cataracts, either present at birth or developing
at an early age (Graw, 2009; Andley et al., 2009) [73,79].

Crystallins have been found inside rat Muller cells and photoreceptors (Zayas-Santiago et al.,
2018) [11]. Müller cells have been described as living light guides in the retina, which help to trap,
hold, and conduct light from their endfeet to the photoreceptors (Franze et al., 2007; Reichenbach and
Bringmann, 2010; Agte et al., 2011, Reichenbach and Bringmann, 2013; Agte et al., 2018; Karl et al.;
2018) [80–85]. Crystallins provide a possible mechanism for creating an ideal refractive medium
for light transport. This colocalization of crystallin within Müller cells has not only been found in
rats, but also in cats (Lewis et al., 1988) [86], frogs (Simirskii et al., 2003) [74], mice, and humans
(Ruebsam et al., 2018) [87] as well as in caiman retina (previously unreported, Figure 1). Crystallin α is
represented by three genes encoding crystallin αA (Cryaa) and crystallin αB (including Cryaba and
Cryabb). In adult zebrafish Cryaa is not expressed in the skin, and there is mainly Cryz and Cryl1
expression and a small amount of Cryabb, Crybb1l2, Cryba4, Crybb3, Cxrym, and Cryba2b expression.
In zebrafish embryos (according to the site: www.zfin.org), Cryaa in embryos is expressed only in the
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crystal lens, while Cryabb is distributed throughout the body. The expression of Cryaa mainly in the
optical tract in all transparent tissues, including the retina, specifically implicates this αA crystallin in
transparency also in caiman. In the caiman (Caiman crocodilus fuscus) retina, Cryaa expression can be
found in the ganglion cell layer, the inner nuclear layer, and in the area of the photoreceptor inner
segments (Figure 1A). In the inner nuclear layer, the Cryaa protein product, αA-crystallin, is observed
surrounding the neuronal nuclei and forms structures around repetitive columns of neurons. These
structures resemble the Müller cell body, similarly as it was observed using the classical glial marker
vimentin and glutamine synthetase (Zayas-Santiago et al., 2014 [88], Figures 2B and 6A–C). In a retinal
wholemount (Figure 1B), αA-crystallin is also observed in the ganglion cell layer and within the inner
limiting membrane layer surrounding the ganglion cell nuclei. The islands formed correspond to the
area covered by the Müller cell endfeet. αA-crystallin is also observed on top of the outer nuclear layer.
The inner segments of photoreceptors are present in this area (Zayas-Santiago et al. 2014 [88], Figure
6A). These images were obtained following the same methodology discussed in Zayas-Santiago et al.
(2018) [11] and were carried out under Institutional Animal Care and Use Committee approval and in
accordance with the Association for Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research. Determining the possible role of crystallins in the
transparency of the retina and in light guidance by Müller cells still needs to be investigated.
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Figure 1. Immunolocalization of αA-crystallin in the caiman retina. (A) αA-crystallin (CRYS, green) is
expressed in the inner nuclear layer (INL) surrounding the nuclei of neurons (DAPI nuclear staining,
blue). Crystallin is also localized surrounding ganglion cell nuclei (red box) in the ganglion cell
layer and in the inner segment area of photoreceptors. (B) αA-crystallin observed from the top of
whole-retina tissue. Crystallin is confined to the endfeet of Müller cells in the ganglion cell layer (white
arrow). IPL, inner plexiform layer; ILM, inner limiting membrane; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; IS, inner segments of photoreceptors. Scale bar in A, 20 µm
and in B, 10 µm.

The involvement of αA-crystallin in transparency can be proven in microorganisms as well. It is
known that Mycobacterium may have either a transparent (stationary)- or opaque (growing)-phase
cell type, which can be transitioned from one to another without mutation, and this transition is
temperature sensitive. The transparent variant tolerates higher growth temperatures and is resistant to
most therapeutic agents. Because it is possible that the transparent variant is the causative agent of
disease in man, it is of importance to understand the mechanism of the transparent-to-opaque transition
(Woodley, David, 1976) [89]. αA-crystallins are both heat-shock proteins, allowing cells to survive at
higher temperatures, and transparency-promoting agents, and it is possible that crystallins are the
cause of the transparent-to-opaque transition. It is known that the 16-kDa α-crystallin homologue
in Mycobacterium is the dominant protein produced by stationary-phase cultures in vitro, but it is
undetectable in logarithmically growing cultures (Yuan et al., 1998; Stewart et al., 2006) [90,91].
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3.2.3. Possible Genetic Manipulation to Induce Transparency and Some Future Perspective

The use of glycosaminoglycans as a genetically manipulated OCA is difficult, and their effects are
not entirely understood. On the other hand, αA-crystallin and its encoding gene is well characterized.
While there is no active development in this direction currently, we suggest that the genetic approach
has a promising future.

One difficulty is that crystallins have other functions in the organism, such as serving as heat-shock
proteins and regulatory proteins, and their overexpression needs to be optimized for timing, intensity,
and tissue specificity in order to minimize disturbances in organism development and performance.
The overexpression approach has a long history of application in transgenic animals, as overexpression
of additional copies of the target gene, maintained under control of a tetracycline-responsive promoter
or by expression of the transactivator Cas9. The most physiologically adequate variant is considered
to be conditional overexpression, which proceeds only in the presence of the inducer and does not
interfere with normal development. Thus, mutated animals develop normally, transparency is induced
only before the experiment, and the degree of transparency may be optimized for each case.

Transactivation of gene expression is a capability of the CRISPR-Cas9 gene-editing system
(Perez-Pinera et al., 2013) [92]. It utilizes the fusion of inactivated (“dead”) Cas9 (which is able to
form a complex only with its guide RNA and bind to the target, but is unable to cut the target) and a
transcription activation domain, usually taken from a viral gene. This approach has the advantage
of expressing the animal’s endogenous gene, whose level is determined by the basal level of gene
expression and may be regulated by the addition of activation domains fused with Cas9 (Cheng et al.,
2013) [93].

An experimental organism that could be used for this approach is zebrafish, which is already
transparent in larval form but lacks the necessary transparency in adults, due to light scattering.
Therefore, the goal of inducing crystallin transparency in adult zebrafish may be achieved by two
strategies: (1) insertion of the crystallin genes under the control of tetracycline-responsive promoters
and (2) insertion of the transactivator Cas9 gene with several genes for single-guide RNAs (sgRNAs).
Both approaches have their inherent advantages and disadvantages, which may become obstacles to
stable cell line generation. Moreover, this work will allow comparison of these approaches, which will
also make it methodologically valuable.

Skin transparency may be achieved by transduction (i.e., infection) of all living skin cells with
lentiviral vectors encoding αA-crystallin under a ubiquitous promotor. The efficiency of lentiviral
infection was shown to be high with intradermal injections in mice (Woodley et al., 2004) [94], as
lentiviruses are able to successfully infect non-dividing cells (and thus eliminate the need for creating a
population of dividing cells, for example, by wounding). This approach requires cloning of the human
αA-crystallin gene into the pLOC plasmid (widely used for lentiviral expression) and assembling it
into viral particles with the accessory plasmids pdelta8.9 (packaging) and pVSVG (envelope). As a
result, this packaging system generates replication-defective lentiviral particles so that these viruses are
able to infect cells only once, without generation of viral offspring and thus maintaining system safety.
At the same time, lentiviruses insert their genomes into the genomes of the host cells, thus achieving
stable expression without the risk of plasmid elimination. The only disadvantage of lentiviral vectors
is that they can tolerate insertion of only short genes. Fortunately, the αA-crystallin coding sequence
is only 522 base pairs, so lentiviral capacity will not be a problem in this case. Also, by varying the
multiplicity of infection (i.e., the number of infectious viral particles per cell), we have the opportunity
to adjust the level of crystallin overexpression to non-toxic and effective levels. Moreover, this approach
can be extended to practically any other tissue.

4. In Vivo Transparency of Bones and Other Mineralized Tissue

There are two types of bone tissue, cortical bone and cancellous (spongy) bone, and three types of
mineralized dental tissue, including enamel, dentin, and cementum. All of these tissues are heavily
mineralized and usually non-transparent, and light scattering is the main obstacle to their transparency.
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However, some animals naturally develop transparent bone that is highly mineralized. Many fish
larvae have transparent bones, and part of the cranium of barreleye fish remains transparent during
their lifetime, but the underlying physical principles are poorly understood (Robison and Reisenbichler,
2008) [62]. It was shown that the heavily mineralized teeth of the deep-sea dragonfish remain unusually
transparent (in order to optically trick their prey), as they have special nanostructured dentin consisting
of a woven pattern of nanometer rods (5 nm in diameter with 0.8 nm spacing) that nearly eliminates
light scattering (Velasco-Hogan et al., 2019) [95]. This may be the key to engineering bone clearing
in vivo—to discover how it happens naturally in fish. But for practical purposes, when it comes to
tissue clearing, mineralization poses a particular challenge, because conventional removal of minerals
using histological methods does not work for in vivo imaging, as these clearing substances are usually
toxic (Greenbaum et al., 2017; Jing et al., 2019) [96,97]. A few articles have described the injection of
OCAs to increase bone transparency. A decrease in absorption by up to 20% and a decrease in the skull
bone scattering coefficient by up to 30% using glycerol have been demonstrated. Moreover, a decrease
in bone reflectance by up to 70% was achieved using propylene glycol (Genina et al., 2008) [98]. Even
so, the majority of experiments with optical imaging of neurons and blood vessels, for the purposes
of optogenetics or optical stimulation/inhibition of neurons through the intact skull, used modified
bone-thinning methods. In these methods a part of the skull bone was made significantly thinner by
mechanical removal of the external bone surface, which was replaced with an artificial transparent
material (e.g., glass, silicone, acrylic, or cyanoacrylate,) to form a window into the brain (Guo et al.,
2014; Kalchenko et al., 2014; Steinzeig et al., 2017) [99–101]. As far as we know, there has been no
genetics research to develop transgenic animals with naturally transparent crania (e.g., with reduced
mineralization) for experimental studies.

5. Other Models of Transparency

Alternative views about transparency mechanisms have been recently developed. These are based
on the importance of specific filament-like biological nanostructures, known as beaded intermediate
filaments, in light propagation, because many chemical or genetic manipulations of these molecules
lead to opacity (Quinlan et al., 1996) [102]. These filaments were found first in lens cells and in the
cornea but have also been described in retinal cells (reviewed in: Zueva et al., 2016 [18]). Many
researchers view these filaments as cytoskeletal elements that are only important for transparency
because they maintain short-range order in the organization of cytoplasmic proteins and organelles,
thus enabling light propagation (Tardieu and Delaye, 1988; Zayas-Santiago et al., 2018) [11,13]. An
alternative explanation is that these specialized intermediate filaments decorated by αA-crystallin
span the cell and can transmit light energy using quantum confinement mechanisms (Zueva et al.,
2014; Zueva et al., 2016; Makarov et al., 2017) [18,103,104]. In this model, light scattering by organelles
and protein particles is of no importance, because the light energy is contained inside the filaments
during light propagation. These new models are intriguing, but still need substantial experimental
confirmation and further development of methodological approaches to manipulate with.

6. Conclusions

Many investigators have developed methods that exploit the advantages of in vivo tissue
transparency. Conventional in vivo imaging and spectroscopy, optical neural activity recording and
stimulation, as well as optogenetics have all benefited from increased imaging depth using different
methods of optical tissue clearing in vivo. There are two main approaches, chemical (pharmacological)
and genetic, that reduce both light absorption and scattering. The power of both approaches has
been demonstrated, but to completely eliminate the damaging effects of artificial OCAs, we suggest
that genetic modification to obtain model organisms with transparent tissues represents the future of
in vivo imaging.
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